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STLSAARY

Creep tests at room temperature under combined tension-torsion
have been performed on thin walled tubes of commercially pure aluminium

(ElA) in the annealed, extruded and prestrained conditions,

The required creep stresses were achieved by incremental
loading along a constant stress ratio path (radial loading). Axial (eiz)

and shear (592:) strains were measured throughout deformation,

Strains produced by radial loading on annealed and extruded
aluminiun consisted of en instantaneous component and a short-time creep
component. For all stress paths the latter component was of the form

€ ¢ £ where the time exponent m lay in the parabolic range 0<M<'/2 .

The plastic prestraining of annealed aluminiwm was either beneficial
or detrimental to its combined tension-torsion creep resistance. Forward
prestrains (in tension or positive torgion) or large reversed prestrains
(in compression or negative torsion) were beneficial to creep resistance
by hardening the aluminium in the direction of the stress path., The
effect was to eliminate the short-time creep component of radial loading
and to reduce the primary creep strains and secondary creep rates of
ensuing long-~time creep. Small amounts of revexrsed prestrain were
- detrimental to creep resistance by softening the aluminium in the direction
of the stress path. The effect was to increase the parabolic cxeep
component of radial loading (m lowered) and to increase the primary creep

strains and secondary creep rates of ensuing long-time creep.-

Experimental observations on flow behaviour were not in agreement
with predictions from isotrepic theory. The anisotropy in the three
conditions of aluminium was examined in the instantaneous plastic strain
increment vector of loading (dﬁ'gpz /dG{z) and in the strain rate vector
of short and long-time creep ( 892/€;z)' For each stress path on
annealed aluminium the colinearity in these vectors indicated an initially
anisotropic material which hardened uniformly throughout deformation,
Stress paths on extruded aluminium produced rbtations in the injtial
instantanecous vectors of loading while stress paths on prestrained
aluminium produced rotations in the irstantaneous vectors of loading and
in the strain rate wvectors of long—timé creep. With increasing stress
of loading or with accumulating creep strain the vectors rotated into
colinecarity. The bebavﬁour was typical of the nature of anisotropic

bardening in material possessing a strain history,

xiii
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Plastic strain increment ratio's derived from the yield funcetions
of Edelman and Drucke ?‘2 4',“(9" -m¢€; \( -?‘5;’“\ and Yoshinmura
f 2 4},‘ 4’ k € J were found to descrlbe the plasvtic anisotropy J;.n '
the three conditlons of aluminium. Hill's yieldlfunction f: J;':Cijut q;} Vet
was descriptive of the plastic anisotropy in uniform hardening. This
- led to an extension‘ of each theory for creep. In general strain rate
ratios derived from the extended theories were in good agreement with

observations on creep anisotropy.



LIST OF SYMBOLS

The following symbols kave been employed to describe thin
walled cylinder behaviour due to combined tension-torsion loading.

(as in Appendix II).

a : Beam dimension,

A briginal specimen c.3.8.

At Current specimen c.s.a.

c Combined load.

d , Specimen diemeter.,

4,, d, Original outside and inside diemeters.
d; R d; Current outside and inside diameters,

Eccentricity of loading dimension,

Second moment of specimen area,

_Wb‘

J Polar moment of specimen area.
k Diameter ratio ( =d, /d;).

1, Ofiginal specimen gauge length,
Y or 1, A Current specimen gauge length.
r,©, 2 Pdlar coordinates,

r Specimen radius,

Th - Mean radius.

t | Wall thickness,

r Torsional load.

T, o Applied specimen torqus.
o Tensile load.

w, Applied axia) load.

X,¥,% Cartesian coordinates,
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" Linear dimension in bending theory.

Axial extension.

Engineer's axial strain, -
Origiral and current stress ratio.
Original and current axial stress,

Original and current shear stress.
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The following symbols have been used to describe the time
independent plastic flow of Appendix I and Chapters 3-6, '
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Yield criteria functions,

Elastic constants.

Anisotropy constants,

Tensor suffices,

Stréss tensor invariants,

Shear yield stress.

Plastic strain increment ratio.
Tensile yield stress,

Plastic strain increment ratio coefficients.
Elastie, plastic and total strains.
Plastic strain increment tensors.
Principal plastic strain increments,
Normal plastickstrain increments,
Shear plastic strain increment,
Equivalent plastic strain increment,

von Mises and Tresca equivalent plastic strain

increments,

Equivalent anisotropic plasfié strain increment,
Maximum plastic shear strain increment.

Flastic work increment.>

Xronecker delta,

Flow rule parameter,

Stress tensors,

Deviatoric stress tensor,

Piincipal deviatoric stresses,

Axial stress,



To:

T

&
0;196'1
%, v
/49

(v 4

e

xviii

Shear stress,

Maximum shear stress,

Equivalent stress.

von Mises and Tresca equivalent stresses,
Equivalent anisotropic stresses.
Deviatoric plane. .

Rotation of the axés of anisotropy.
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The following symbols have been used to describe the creep

behaviour of Appendix I and Chapters 3-6.

a,b,B, B',B,,B,

a',b!

A,A',B,C,D,E,N, [

Ay,B
n,P,P, »B,
F

KXk
K,M,D
m,m, ,m,
q

%

Av or di,
DYg; or dT4;
A

¢

Cons tants in the transient creep equations,

Long time creep constants,

Experimental stress-=strain rate constants.

Anisotropy coefficients,
Stress exponents.

Second invariant function,
Flow rule constants.

Plastic potential'functions.
Time exponents,

Stress difference exponent,
Time,

Absolute test temperature,

Absolute melt temperature.

Instantaneous elastiec and plastic strains,

Creep strain, creép strain rate,
Creep strain rate tensor,
Principal creep strain rates,
Axial creep strain rate.

Shear creep strain ratu.'

Equivalent creep strain rate,

von Mises and Tresca equivalent strain rates,

Anisotropic equivalent strain rates,

Axial stress increment,
Shear stress increment.
Creep flow ‘rule parameter,

Time function.
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INTRODUCTION

Most creep testing is performed by the application of one
stress and the measurement of a corresponding strain. Tests of this
kind on both ferrous and non-ferrous high temperature materials have
been used to accumulate the great volume of creep and rupture data
that is so useful to the designer (lff Thus in recent years
considerable ad&ances have been made in the technology of components
for high-temperature service; for example in gas turhines (2),

~chemical plant (3), supersonic aircraft (4) and space vehicles (5).

Although simple creep data may often be applied directly to
such engineering problems there are many instances, however, where the
imposed loading is complex in nature. An efficient and economical
design must therefore account for multiaxial stress corditions.
Consequently, over the past forty years the problem of creep due to
combined loading has been the subject of investigation (6-17).
Basically the nature of these investigations hes: been to confirm the
use of theoretical equations that could be used with the conventional
simple creep data to predict the measured cruep rates of laboratory
tests. The equations that have been verified in this way have then
found great use in the desigﬂ of components roquired to orerate under
creep conditions for any system of' stress (18-25).

The multiaxial.creep theory assumes a material that has the’
sameﬁflow properties in all direction; irrespective of the direction
of straining (isotropy). Its use therefore lies in its application
to those ordinary polycrystalline metgllic materials where the imposed
strains occuf over a great many randomly orientated crystal grains and
exhibit a gross behaviour that is approximately isotropic. The
assumption of isotropy does, however, present a serious limitation to
the theory. It is well known that real materials exhiﬁit a Bauschinger
ef'fect whére, for example, a history of one directional straining is
known to change the tensile and compressivé,strengthi of all othér‘
directions. A further restriction imposed on the theory is the
assumptions that the initial condition of the material is perfectly.
homogenous and continuous., Thus both the crystal line structure and
the initial condition of the crystal grains are ignored. . Since rolled
or drawn stock form the large part of engireering structures the flow
properties would then vary‘depending upon the relétive orientation of
the applied stress system and the rolled direction, Lbst.real
engineering materials are{ therefore, truly anisotropic.

s Nain text reference number



Anisotropic deformation is complex. To develop a theory which
accounts for it in all possible stress systems would not secm an easy task.
Nevertheless functions have béen proposed for anisotropic yielding but
their associated stress—plaﬁtic strain flow relations have not been
verified experimentally. Stress-strain rate relations have teen proposed
for anisotropic creep deformation but their use has been restricted to
instances where predictions based on isotropic theory have failed to sgree
with experimental observation. Neither the cause nor the effect of the
anisotropy has been fully understood. The objective of the present work
was to establish experimentally the creep behaviour in material of lmown
initial enisotropy and to compare the results with available theoretical
predictions. As a complemnent, the plastic flow gcnerated by loading to
the creep test stresses was to be compared with stress-plastic strain

predictions derived from various anisotropié yield functions.

The experimental investigation eﬁtailed the measurement of-“the
plastic strain and creep produced by a biexial siress system in a
comnmercial grade of pure aluminium (B.s. 1476 =1AM), In order to avoid
" the effects cf structural instability due to high-temperature grain growth
and recrystallisation in this material ell experiments were conducted at
a temperature of 21°C (T/Tp = 0.32). The effect of each of the followiné
types of initial anisctropy has been studied:

(1) That due to the preferred grain orientation existing in a

" bar of extruded aluminium,

(2) That dve to a strain history in annealed aluminium,
Various degrees of prior tension, compression, positive and

negative torsion were chosen to provide a strain history,

The ba31s for comparison in each type was the plastic flow and

éreep behaviour of annecaled aluminium in the near isotropic condition,

The biaxial stress system;  that of combined tension~torsion,
was applied to thin walled tubes of the test material in a rig designed
specifically for this purpose. Loading was performed incrementally and
in such a way that the ratio of shear to tensile stress was maintained
constant (ANs 791/7' = constant). This has enabled the anisotropj of
deformation to be examlned in a plastic strain increment vector of
loadlng (4363/4#6 ) ard in a strein rate vector of ensuing creep
¢ 92/’ezz ). A measurement of the degree of anisotrupy in deformation

for each 1nit1al condltlon of aluminium has been made in a 'k' factor of

‘loading (dzez,/deu) and creep (Uoz /€, 5



_ An examination of the directions of the strain vectors hes
enabled comparisons with theoretical predictions to be made, The nost
satisfactory predictions on anisotropic creep deformation were found from
certain yield functions that had been adapted to the test conditions and

then extended to creep.

- The investigation on prestrained aluminium was additionally
designed to establish the effect of prestrain on tension-torsion creep
resistance. The results were interpreted from the hardening or softening.
effect that a prestrain had in the direction of an applied stress path,
This led tc:underétanding cn the type of prestrain that would be most

beneficial to creep resistance in any biaxial stress system.






. CHAPTER 1

LITERATURE REVIEY

The first laboratory tests on multiaxial stress creep were designed
to cheek the validity of isotropic theory., In an attempt to obtain an
initially isotropic test material a heat treatment was performed at a suitable
stage in the manufacture of test specimens., In certain test programmes an
isotropy check was made by a tensile strength examination on ancillary speci-
mens cut from orthogonal directions in the material, The test spécimens
were then subjected to a muitiaxial siress creep condition. Comparisons made
between the creep strain rates neasured in thesc tests and those calculated
froia isotropic theory enabled the theory to be verified experimentally., Some
experimenters (8-11) report on pecor agreement between measured strain rates
and isotropic predictions. The discrepancy Las been attriduted (12) either
to the failure in obtaining an initially isotropic material or to anicotropic
creep deformation, Other experimenters (13—17) report on good agzreement and

so confirmed the theory.

Tte isotropic creep theory has successfully predicted the measured

strain rates of some structures in multiaxial stress situations (18-23).
“However, for other structures a better agrecwent has been fond with predictiong
obtaiAed from variations to the theory (24,25). In general, the problem

of initial anisotropy is more apparent in a struciural material than in a
carcfully prepared test waterial, Structures fabricated from rolled or

drawn stock are likely to be anisotropic by virtue of the preferred orientation
of {heir grain structure or by an induced strain hjstory. An investigation

on tlie maltiaxial stress creep in such initially anisotropic material does

not appear in the: literature,

In scérching for ‘improved creep resistance in engincering materialé
many experinenters have studied the effect of plastic prestrain on creep.
Th2ir published work (30—48) describes the way the Lasic creep cﬁrve of a
material is modified by a prestraining operation and, ~¢nerally, has. been
directed at finding the prestrain which yields maximum creep resistance,

The creep curves and prestraing of this work were those produced by either
& tension or a torsion stress system,  The effect of prestrain on multiaxial

stress creep recistance is not reported in the literatwye,



In reviewing the published work of relevance to the present
investigation two surveys are presented; the first surveys the
applicability of' theoreticel predictions to problems on multiaxial creep
and the second surveys the effects of prior plastic strain on subsequent

creep behaviour,

1.1 MULTIAXIAL STRES3S CREEP

The theory describing strain rates in multiaxial stress creep
is based on the assumption that creep deformation obeyé the well established
laws.of plasticity. The de&elopment of the theory is given in Appendix I
and the equations quoted here refer to this Appendix. Basically there
are two sets of equation; the first set (eguations (36) ~ (41)) describe
isotropic creep deformation, while the second set (equations (43), (18)
“and (55)) describe anisotropic creep deformation. Experiments designed
to test the validity of these equations have becn of a biaxial stress

trpe,

1.1.1 Eguations (36) - (41) on Isotropy

Bquations of the form (36) were originally developed and uscd in
engineering design by Soderberg (6) and larin (7) with a von Mises
. definition of eguivalent stress ( V’- V’ ) For a priucipal triaxial

 stress system (©7,47 , V3 ) the principal secondary creep rates (e,,ez, )

are then,
é = Ae'-M""Lv;- Y (v3+%3)] |
' &= A (-1 (774 5] (1.1)
&yr A5y (5% (4]
where,

2 (a z'/2
fz[(r ANCEKANCRS)
and A and n are cxperlmcntal constants. |

The validity of the Marin—Soderberg‘equation (1.1) was first
checked by Jamieson (8) with combined tension-torsion creep teots on
lead tubes, This was followed with similar tests on steel tubes by
Everett and Clark (9) and Tapsell and Johnson (10). Norten (11) checked
" equation (1.1) with internal pressure creep tests on closed endzd steel
tubes.  In general some agreement was found between the measured creep
rates of these early tests and the Marin-Soderterg 1sotr0plc predictions,
Davis (12) later attributed the discrepancies either to a form of
anisotr ropy which WS 1n1tlal1y present in the tubes or to g form of .
anisotreopy which developed during the test,



Farther work on internally pressurised 0.5% carbon-molybdenum

" steel tubes at 900 and 1050°F by Norton and Soder’ﬁerg (13) confirmed
equation (1.1) for the prediction of secondary circumferential creep
rates., Likewise Marin, Faupel and lu (14) have successfully applied the
Marin-Soderberg equations to the prediction of axial and shear seccndary
creep rates in their combined tension-torsion ambient creep tests on
commercially pure aluminium tubes. In general Marin et al found better

agreement when the applied stresses were corrected for creep deformation,

Kennedy, Harms and Douglas (15) eu;ployed eqation (36) for W
written both as the von Mises and Tresca (5;.: ‘7,'-(73 ) definitions in their
combined internal pressure-axial load tests on Inconel pipe at lSOOOF.

It was found that the von Mises equivalent stress gave the better
correlation of axial secondary creep rates although the use of the Tresca
equivslent stress in this equation was seen to be satisfactory in view of

4

its simplicity in application and conservancy in prediction,

Stowell and Gregory (16) used a8 hyperbolic sinh fucction .
relation=lﬁp between the von Nises equivalent stress and equival=rt strain
rate and thereby empleoyed eguations of the form (37) to the combined
tersmn-tors:.on creep of an aluminiun alloy at 400 °f. For this stress
system ( V7 zz’ ) and a von Nises definiticn of equivalent stress Stowell
and Cregory used the tollowing form of ecuation (37) for the prediction

of axial and shear creep rates,

o y
: s M sinb (G234 312 )2
o T — ’ L .
ezz" (v.z 5_.,;)/‘ (...._.2_.__.._&. (l 2)
52 + Pe‘ . (Tb o

; = 3%y . M sinh (U',;i 310‘;)!/2
3y % ety \ 2zt
By 3vEYH ‘ %

where M and Vs are experimental coustants,

The authors found that equetion (1.2) could be satisfactorily
‘used to describe their experimental secondary creep rates, Furthermore
in their examination of strain rate ratios in this work the authofs
indlcated that equation (1.2) could probably be used, with the addition
cf a time function, for the prediction of primary creap rates. This
‘indication was based on their observation that the ratio ( 592 /ézz )
was independent of primary creep tiue,

Johnson (17),in an outstandmg contribution-to this subject,
demonstrated the general applicability of equation (41) to both primary
and secondary creep, In his combined tension~-torsion studies on many
engineering materials at ‘typical working teuperatures Johnson shcwed,
through the geometrical similarity of component creep curves; the



dependence of creep rate on stress and time to be separable functions during
- primary creep. This would confirm the aforementioned indication of
Stowell and Gregory. For all materials Johnson showed the time dependence
to be a simple power function with an exponent in the renge of 0.44 -

0.77 whilst the stress dependence look on two separate forms at each
temperature, The first form, associated with isotropic behav!our, was

the 51mple power J, function written in equation (41) as I‘(J ) = JP

where .l r/f‘; and P lay between O and 1 for all temperatures. This meant
that for this stress range the Marin-Soderberg equations applied since equation
(36) is then identical %o egyuation (41) for the constants of equation (42)
and with the addition of a time function gs(t). The second form,
associated with an increase of anisotropy of deformation at nigher stress
levels, tock on a complex power function. Cver the whole renge of stress
Johnson employed a function of the type A’E(Jz ) = Al (Jz) i + A (J‘)Pz in
equation (1) which deteriorated to A’ J;P for lower stress levels, In
physicael terms the anisotropy cf these tests took the form of a
redistribution of secondery (éz) and mi:mor (éé) principal creep rates
whilst the major principal creep rate (&, ) remained uraffected by stress
level, Anisotropy constants A, and B, were accordingly introduced into
equation (41) to account for this. The resulting equations, describing

the principal creep rates at a primary.creep time of 150 hours,were of the

form, v
¢, =253 ) [M-1)- 8,(53- )] )
ézz'»'F(J';)[(\(rt"qg)- A.(V"-VZ)J b (¥) (1.3)
:, ¥ (5)[B(5-5)- (%-93)) F¢o

noting that, j’; FM/\/% for ('M as defined in equation (1.1)

and A, (%-7)= B, (03-7) = (- 03)- (- )

The Marin-Soderberg equation (1.1) has found by far thoe greatest
use in its application to structures., With ithohnson (18) developed the
solutions to the creep cf thick walled tubes subjccted to coubinstions of
applied axial losd, bending moment and torque, Other practically
signif!cart structures that have been approached by equation (1.1) are
the secondary creep in rotating discs (19), in loaded flat plates (20)
and in shaft interference fits (21). More/recently Ohranmi and Motoie (22)
lhave implied ihe use of this equation for secondary creesp rate prediction in
0,12 -~ 0.15% cgrbon steel thick walled cylinders subjected to combined axial
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load and internal pressure at 500°C. A satisfactory correlation with
separate tension tests was observed, provided tlhe equvalent stress and
strain rate for the cylinder were defined at the inside or mean wall

diamter. Clay (23) successfully applied the Marin-Soderberg equation to

the secondary creep of circumferential ribbed stainless steel tutes at 785°C
with both internal and external pressurisation, Corrections were made to
the hoep stresses fo; the effects of rib reinforcements and wall thinning
during sfraining. These tests were designed‘fo simulate the environmental
conditions of fuel cladding in advanced gas cooled reactors. The results
showed the usefulness of the equation when applied to an important practical

problem of this kind.

Not all éxperimenters have discovered satisfactory agreement
between their measured creep rates anl the predicted creep rates of the
Marin-Soderberg equation however. Wahl (24), for exanple, preferred the
Tresca criterion for use in eguation (36) when describing the natdre of
creep in rotating discs and Venkatramen and Hodze (25) employed the Tresca
criterion with its associatad flow rule (equation 58) for their solution
to creep in loaded plates. The Tresca flow rule with a von Xises
equivalent stress (equation 39) has not appsared in the literature,

Finnie (26),1n en attempt to solve theseinconsistencies,ccrnducted tansion,
Compression, torsion ‘and internal pressure creep tests or aluminium and
lcad tubes at a homologous temperature T?Cnm of 0.56, The results of
these tests showed that nore of the available multiaxial creep rate
equatlons were suitable for descrlblng internal pressure creep when based
on torsion ereep data. Finnie c¢bserved, in his survey of the published
data, that multiaxial creep tests performed below a homologous

- temperature of 0.5 correlated well on the basis of the Mafin—Soderberg
equation whilst those conducted abcve that temperature, in common wifh his,
did not. He suggested that either the effect of hydrostatic stress on
creep was no longer negligible at these temperatures or that the develop_

ment of anisotropy was excessive,

In conclusion it would appsar that equatlon (l l) is suitable in
its prediction of multiaxial creep rate components only to a limited
range of stress and temperature. Vhen this is so, the von Mises
equivalent stress definition of ¥ in this equation has been found more
éatiufactory than the Tresca definition, However, the latter deflnltlon
has been occ331ona11y employed with equatlon (1.1) for certain structures
owing to its mthematical 81mpliclty of application. At the higher stresseg
and temperatures vhere the equation has not bYeen found satisfactory this has
been attributed to some form of anlsotropy and modlflcation to the eqpation
has then been made (equa+ion 1.3).
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1.1.2 Equations (43), (48) and (59) on tnisotropy

Bailey (27) proposed equation (43) as a general theory for the
multiaxial creep in engineering components, For an isotropic material

the follomlng principal secondary creep rates were proposed,

=m n Im nel
., AF, -
&= "3 (5-1)  + (T\"Vb) ]
) AFTIn- . inlm ‘ n-z
be = (0-n) T ()]
! - . . (l.h)
C o Apim - - |
éyz 22 [(50) % (5-5)")

where,

_ LYV
1o G {("'-V + (7~ ) + (5-0; ) J : and
A

, I and n are experimental constants,
. 4

Bailey confirmed equation (l.4) with corbined internal pressure
—~exial lozd ambient creep tests on amnealed lead pipe. As discussed in
Section 3 of Appendix I the Bailey equation (1.4) was used by Johnson as
an alternative to‘his anisotropic equation contairing the couplex power
furction in J; o« Equation (1.4) would, therefore, appear to represent
anisotrepy in a general way and indeed it coutains the Marin-Soderberg
isotropic theory as a special case (when n = 2m = 1), It is interesting
to nbte that Bailey proposed anisotropic equaiions by introducing constants
into his equation (1.4) in a similar manner to that of equation (1.3).
The resulting equations, however, have not appcared elsewhere in the

literatura,

Equation (48) was developed by Berman and Pai (28) in a theory
based on a linear approximation to a general yield surface, Effectively
the resulting creep rate eqﬁations are more general then the Marin-Soderberg
type by virtue of the flexibility afforded to the definition of equivalent
stress (¥ ). Tn correcting the errors between the masured creep rates
- of Stowell and Grévory and their isotropic calculations (equation 1. 2)
Berman and Pai used the following equations for the prmnc1pal secwndary

creep rates,
2,

»[vz-‘/z(vafvs)l
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e
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where,

U}, the Tresca equivalent stress, = (j= 7,

Vay is the von lises equivalent stress of equation (1.4) and K

and n are experimental constants,

The Tresca dsfinition of equivalent stress in equation (1.5) gavae
a better correlation with uniaxial tensile results (on which the prediction

of multiaxial creep rates was based) than the von Mises definition did,

For a méterial cxhibiting fhe type of anisotropy due to a preferred
grain orientation eguation (59) has been developed to describe this,
The creep strain rates are shown in Sections 4 and 5 of Appendix I to be
an extension to Hill's iheory of anisotropic plastic flow (29) w1th sn
associated definition of equivalent stress (va ) and strain rate (é. ).

For principal creep rates that is,

é,= 2 [Fln-m)-n(55-m)]
—;, 6G-n)-F(m-5)] 0-6)

é§ = ::, {H("svﬂ G(VZ'Q]

'

where

o "2
7 = 2| f(5-nts @ (0-5) 4 W(m-0) )
v

é’ﬂ Vi {;(ee MEN) 4 W(GE-FEY 4 G(ué,- Fe,)]
" (en+EGeHE)
Equation (1.6) is sufficiently general to contain the Marin-Soderberg
equation (1.1) as a special case (for F = G = H = 1) but is probably more
usefully applizd to a material that retains its initial anisctropy during
subsequent creep deforration since F, G and H are then assumed to be fixed
constants. No published work exists, either to confirm or refute this
assumption. Actually Johnson's equation (1.3) which is partly similar in
form to eguation (1.6) was used to describe the type of ani%otropy that
developed durlng test but then the 'constants' A, and B, of equation (1.3)
were found to be complex functions of the applled stress systen,

In conclusion it would appear that the Bailey equation (1,4) is
the most general type of equation to describe anisotropic creep behaviour,
Its one fault, however, lies in its inconsistency with the laws of plastic
flew. As outlined in Section 3 of Appendix I the redefinition of an

equivalent stress (equation. (44)), necessary to correct this inconsistency,
would unfortunately only add to the difficulty in applying the equation,
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1.2 CREEP OF PRESTRAINED MATERIAL

It is well known that the introduction of certain types of
prestrain may either improve creep resistance or iumpair it, A prestrain
may be deliberately applied or it may be induced due to service loading.
The latter being of an uncontrollable nature is of concern in engineering
components that experience severe temperature gradients. Gas turbine
blades and steam piping are examples of high-tempsrature components that
can set up residual compressive plastic strains as a result of rapid
heating and constrained expansion. At their steady working temperatures
the effect of the loading is likely to cause creep in tension. TFor a full
understanding of the performance of such components it is, therefore,
necessary to study the extent to which creep is wodified by prior plastic

prestrain,

On the other hand, experiments have been carried out with a view to
obtaining the nature of prestrain that would give the best crezep resistance,
The variables in the prestraining operation have been isoclated and examined

to this end. TFor a creep test of fixed stress und termperature, they are;

(1) amount of prestrain
(2) temperature of the prestraining operation

(3) direction of prestrain with respect to subsequent creep direction

(4) prestrain rate

(5) time in the treatment of the metal or alloy at which prestrain

is introduced.

The results of these investigations are reviewed in the parsgraphs
that follow, Except where otherwise stated the prestrains and subsequent

c¢reep strains are both of a simple tensile nature.

1,2,1 Amount of Prestrain

Tosts of this kind involve the creep testing at fixed stress and
temperature on material that has been prior strained by varying amounts.
The simplest investigation is that for which the prestrain and creep
temiperatures are the same. An investigation of this kind was conducted
by Hily (30) under the author's direction on' specimens of écmmercially"
pure aluminium that had been prior strained by 5, 7, 9, 11 and 13%. The
subsequent room-temperature‘creep curves (¥ig., 1.1) show that creep .
resisténce is enhanced b&.prior strain. The amount of primary creep and
Secondary creep rate are both reduced while the time to rupture is inéreased,
Thesc . observations are in full agreement with those made by Andrade (31) in

Similer tests on lead,
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Naturally it is of interest to know here if there is some value
of prestrain ihat would have the maximun beneficial effect on creep
properties. Zschokke and Niehus (32) discovered such optimum values in
carbon steel that decreased with increasing creep temperature., Further
gvidence of this was found by Kozyrsky and Kononenko (3}) in nickel alloys
and Aghazha et al (34) in pure nickel. In these investigations the
optimum prestrain was associated with a structure that exhibited its most
resistent work hardensd form, Prestrains in excess of the optimum value

were then identified with either a nuclzation of cracks at grain boundaries

or softening from recrystallisation,

1.2,2 Temperéture of Prestrain

The eff'ect of introducing prestiains at temperatures dirferent
from the creep test temperature have been studied in some destail but with
apparently contradictory results. Similar beneficial effects to thosme
~described in paragraph 1.2,1 nere observed by Wilms (35) on 99.99% pure

aluminium prestrainad by varying amounts at 20°C then tested for creep at
250 end 550°C. These observations were in agreement vith thoze of
Kennedy (36)_who introduced prestrains et different temperatures in lead
wire anl with those of Hazlett and Hansen (37) on prior rrestrained/

annealed pure nickel and solid solution nickel alloys.

Further investigations on the effect of a low-temperature prestrain
have, in general, shown it tb be‘more effective in improving subsequent
creep properties than one applied at roon-temperature. For the same degree
of prestrain (3.5%) introduced in nickel at -269 and 27°C Azhazha ot a1 (38)
showed the lower temperature to be the more effective in Improving the
subsequent 700°C creep resistance. This is supported by Davies et al (39)
who prestreined & dilute nickel alloy by 15 and 25% at =196, 20 end 500°C
and reported that the low-temperature treatment was equivelent in its
beneficial efi'ect on tha subseqnent ¢reep and fracture properties at 500°C

to increasing the prestrain value in their higher tempaevature treatments.

_ On the other hand Martined el al (40) who prestrained an aluminium
alloy (equivalent to RR58) at 20°C and tested for creep at 175°C observed
increases in primary creep-strain and secondary,.crezp rate and generally
a decreas2 in rupture life. The compariscn, made with an unprestrained
specimen tested for creep at the same stress and temperéture, shoved
prestrain to have a deleterious effect on creep resistance. MNention shoulq
also be made of the work of Grant et al (41) who in their investiﬂafion on
creep rupture life for high pu*lty aluminium and aluminiunimagnesium allox
introduced prestralns above and below the creep test temperature (260 C) to

show no significant improvement in creep life,
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An explanation cf these contradictions may lie in the relative
magnitudes of the creep test stress and the chosen prestrain values. In
the programme of testing employed by Hill care was taken in choosing a
creep test stress that lay in the mid range of stresses used originally to
reach the levels of prestrain. Thus in some instances (5 and 7%) the
test stress exceeded the prestress whilst in others (11 and 13%) the
prestress exceeded the test stress, The greatést benefit,attained for
13% prestrain,meant that the prestress exceeded the test stress by the
maximum amount, Had the creep test been at a higher temperature than the
prestraining temnperature then in view of the reduction in flow stress with
increased temperature, this improvement would possibly have been lessened,
It is feasible thereforec that for certain combinations of stress and
tenperature no benefit in creep properties would be observed by a
prestraining operation., Davies et al add suppoft to this in concluding
that an improvement in creep resistance and rupture life was only obtainea
for the condition where the prestrain exceeded the instantaneous leading
strain of annealed metal. The tests of Kozyrskiy and Kononenco add
further suppoft. Investigating the effect of prestrain at 20%¢ on the
secondary creep rate at YOOOC in a 1.8% aluninium-nickel alloy these authors
showed the magnitude of the créep stress to have a significant effect on
subsequent creep properties. At a stress of 2,5 k&ﬁmnz a naximum beneficial
effect was scen for a prestrain approaching 5% but in raising the creep
stress to 5 kg/bmz,in otherwise identical test conditions,no improvement

was observed over the whole range of prestrain,

On the other hand Wilson (42), investigating the effect of a
constant 3% prestrain ou the creep properties of RR58 at 150°¢C for various
stress levels, agreed with Martined et al fér.each of his chosen stress
levels., It is likely, however, that a prestrain results in the formation
of cavities at gfain boundaries for this particular alloy. This is

discussed in more detail in paragraphs 1.2,3 and 1.2.5.

2+3 Direction of Prestrain

The few experiments in which the directions of the prestrain and
subsequent creep strain have been reversed are of a torsional nature.
Initial plasflc compre381on followed by creep in tension does not appear
in the literature probably because of the dlf;lculnles 1nherent in such
tests, The problems of ax1ality of loading, prevenuion of 1ns*sb111tj and
changing cross sectional areas a35001ated with tension and compression ars

evoided to some extent in torsion tests,
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Vhatever the method of strain reversaI; however, the reduction
in the value of yield stress that accompanies it (Bauschinger éffect)
might be expected to impair the creep properties of that direction Just
as the increased yield strcss of a prestrained direction has, in general,

been scen to improve the subsequent creep properties of that direction.

The observations of Biscaya (43) on thin walled tubes of RR58
were shown to be in complete contrast to this expected trend. Applying
a plastic shear strain of 1% at room-temperature (20°C) in bvoth the same
and opposite directions to the subsequent creep direction at 150°C,
Biscaya sh0wed,'for a creep shear stress of 29.7 N/mmz, prestrain in the
same direction to be detrimental and reversed straining to be beneficial,
The comparison was made with a creep curve obtained from an unprestrained
specimen tested at the same creep stress and temperaturs., Huston (L)
in extending the work of Biscaya eliminated the ageing effects likely to
occur in heating from prestrain to creep temperatures in this alloy by
iLtrodtcing prestrain at the same temperature., TFor a common teumperature
of 150°C Huston also shcﬁed a prestrain in the sams direction as the
subsequent creep direction to be detrimental, A reversed prestrain,
however, was only shown to be beneficial in lowering the secondary ercep
rate, The effect of the increased prestrain temperature wes shown to be
eguiValent in its effect on subsequent creep to reducing the amount of

prestrain at room-temperature.

Since these trends are conSistent-with those of Wilson and Martinod
et al for the same alloy Huston comcluded that the detrimental effect in
this alloy was likely to be the fqrmation of voids at grain boundaries due

to the prestrain-that are enlarged by the creep strain in the same directisn,

The effect of reversed straining on the creep of pure netals and
sclid solutions is not well understood although some experimental work
(h5, IL6) on repeated stress reversals indicz*e that the creep process is

accelerated by reversed straining.

1.2.&)Prestrain Rate

There is some published evidence that the rate of stfaining
employed for the pxeétrain_can markedly affect the subsequent creep
properties, In genaral,prestraining at fast strain rates izproves creep
strength, Wilms and Rea (L?) employed two strain rates, 6 x 10"3 and-
6 x 107" in/nin, in applying a 2% prestrain at 1065°C to a chromium alloy.
The faster strain rate was seen to be the more beneficisl in iproving ths
subsequant creep p;;perties at 1065°C, Purther support on this is
provided by Hodgson (48) who showel improvements in secondary creep rate
resistance for fast prestraining in a ferrite-pearlite structure of an alloy
steel,
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1.2.5 Time at which Prestrain is Introduced

In order to study the changes in dislocation density and
distribution of precipitates and their effect on subsequcnt creep properties
Wilson end Martinod et al applied their toensile prestrains before the
ageing treatment in an RR58 alloy. Thes resulting detrimental effect that
occurred in creep of the same direction was attributed to an increase in the
number of dislocations available for slip. Biscaya and Huston who both
showed this detrimental effect for a torsional prestrain introduced after
ageing concluded trat void formation was the likely cause, The conclusion
was based on the fact that reversed prestrain would introduce the same
dis location density as a forward prestrain of the seme amount and, therefore,
the same number cf available slip mechanisms., This implies that a prestrain
of either direction in fhis alloy would have the saze detrimental effect
on subsequent creep properties, Since a reversed prestrain was in fact
shown to be beneficial to creep properties then void formation was‘

thought to be a particular feature of this alloy.

In pure retals and solid soluticns it is known (49) that in-
homogenous deformation within individusl grains and across grain boundaries
bhas the effecf of fragmenting individual grains into a large number of closely
spaced subgrainc, In order to stabilise such a structure Hazlett and
Hansen carried out a recovery anneal following their prestraining of nickel
and nickel alloys., The effect of varying degrees of stable subgrain structure
on the subsequent creep properties then formed fhe basis of this
investigation, The resulting trend would app:ar to be little different from
that for a subgrain structure produced by prestrain alone (Fig. 1.1). The
effect of a recovery anneal is to relieve lattice distortion and perfect
the subgrains. Since Wilms identified these two effects with the first
stage in the creep curve for prestrained pure aluminium then this might
explain the similar behaviour, Furthermore, in either condition both
Wilms and Hazlett and Iansen observed that the final stage in the
subsequent creep curve appeared to be the attaipment of a creep rate
comparable to that of the ennealed metal, This Wilms associated with a
marked growth in the initial substructure that finaliy reached the
equilibrium size of anncaled metal, However, in contrast, Davies et al
in a more detailed study on the effect of a recovery anneal concluded that
over a wide stress range the subsequent creep and fracture resistance wers
" more improved by a prestrain-recovery treatment than by a prestrain

treatment alons.
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1.2.6 Summary

In view of the considereble diversity in experimental procedures

it is not possible to arrive at any specific conclusions from the published
data. In some instances recovery anneals were given after prestraining.
The degrees of prestrain vary widely as do the straining and testing
temperatures. Over.the vhole range of tests no attempt seems to have been
made in standardising the levels of prestrain or in choosing the
straiﬁing and testing temperatures as fixed fractions of the melting point.
Some, of the higher temperature studies may further have been complicated
by recrystallisation and grain growth occurring during creep,or recovery and
ageing effects occuming during the heating from prestrain to creep
temperatures, However the following trends were made evident by this
vork: ,

(1) The effect of prestrain on subsequent creep properties depends

upon the amount, direction and rate of the prestrain and the )

tenperature of application, It further depends upon the creep

test stress and temperature, the structure and cherical composition

of the test material,

(2) In general, for pure metals and solid solutions creep
resistance is enhanced by a prior plastic prestrain., The maximum
benefit is approached at some optimum prestrain level that is best
introduced at lower temperatures, The effect of prestrain on
alloys is less well defined and depehds upon vhather the structure
is resistant to void formation. In either case if benefit is
observed then it is because the creep stress and temperature do not
upset the stability of the structure. '
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CHAPTER 2 %

EXPERIMENTAL

The test rig used in these tests was essentially a modified
version of & machine orizinally designed by Mathur and Alexander (50)
to subject tubuler specimens to combinations of tension, torsion and

intermal pressure at room or elevated temperatures,

In this chapter aan outline of these modifications is given along
with subsequent machine calibrations., ( Further details are given on the
choice of specimen sizés, the test material, heat treatment and machining
procedure, A description of the instrumentation used in the measurement
of specimen displacements is also explained and lastly, the test -

procedure is outlined.

2.1 THE TEST RIG - XODIFICATIONS AND DESCRIPTION

Originally the machine had been designed to have a loed capacity
of 110 kN in teusion and 500 Nm in torsion, For the present series of

tests the following modifications were made:

(1) The lozds were applied by weights thus eliminating the water
piping, reservoir and pump of the previous system, (Loads wers
applied here by controlling the water flow to tension end torsion

buckets).

(2) The load capacity was reduced to 4O kN in tension and 150 Lm

in torsion. The selection of these flgures was based on two

factors,
(a) pure aluminium has approxlmetely one twelfth the yield

stress of the previous test material (RRS8);

(b) 1t was favourable to selsct figures that did nnt involve
a radicel redesign of the machine,

(3) The existing Duralumin teﬁsion load cells were replaced by onea
ot reduwced cross-sectional erea. Thus the smallestvtalsile load
that could be accurately recorded was 5 N, The existing torsion
load cells were found to be satisfactory in recording loads of the

same order,

(4) A bean was added that made possible the application of comblned
tension and torsion loeads of any de31red ratio,

&
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The resulting modified machine is that showm photographed in
Fig. 2.1. A detailed description of the more important component

parts is ncw given.

2.1.1 Tension Loading System (Figs. 2.2, 2.3, 2.4)

Tension was produced by applying weights(:::>to a five-to-one
lever(:;:). This then acted at a_connecting rod carrier and was
transmitted to the test specimen through a cross member
coﬁtaining the two tension load cells , and a torsion cell .

The transmission was made, in the first instance, by in-line running
pulleys then 'connecti ng rod links and knife edgesand and
finally through eight bolt flanges Q screwed to the specimen ends,
Further crossed knife cdges (Fig. 2.4) in the tensile linkage rested on
hardened steei plates and provided axiality of loading. All knife edges
had 90° included angles in cortact with 120° plates which therefo?e
permitted a & 15° rotation from the verticel position, Alignment of the
torque cells and specimen was ensured.by the machined dowels (Fig. 2.4)
linking them :—' the torque was transmitted by square end registers
‘bgtween these components and the flange block,

In the original design of the machine a facility existed to
maintain a constant tension lever ratio automatically throughout the
straining process (Fig. 2.3). This amounted to a microswitch control
on the height of fulcrum that would compensate for a 7.5 mm
extension on the specimen and linkages., To achieve this the fulcrum
was rigidly fixed to & cross beam (:;;) and this whole assenbly was

supported by two moveable hardened s eel wedges o« The wedges were
driven inwards by a slow_speed (0.5 rev/min) electric motor through
a compound gear train and a screwed shaft to give a 1ift rate

of 65 x 10-3 mm/min for the cross beam, On the basis of some preliminary
testing the automatic wedge control was seen to be tantamount to
increasing the load on the specimen during test. This facility was
therefore not ﬁsed in the programme of testing reported here, All the
creep tests of this thesis are that of a "constant load" type but with
some error due to a changing lever ratio, Actually the tests ‘
approximate to that of the "constant stress" type since the reduction in
load due to a decreasing magnification ratio is matched>by a reduction in

cross-sectional area,

' To measure the tensile load two Duralumin load cells<:::)(Fig. 2.1)
were connected in parallel and as close to the test specimen as was ‘
possible., The 32 mm shank diemeter was machinéd to 12.7 mm over a lenéth
of 100 mm, The 252 m? area over this length was calculated to give a

% All figures are given at the end of this Chapter,
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maximum load measuring capacity of 37.5 kN at a limiting elastic stress of
150 N/hmz. This easily accommodated an ultimate tensile load of 8 kN on

a tubular test specimen of area 127 mm2. Four electrical resistance strain
gauges were attached to each cell, two longitudinally and two laterally., The
four gauges of each cell (abcd) formed a separate Wheatstonets bridge circuit
(Fig. 2.4) that compensated for bending effects by measuring only axial loads.
The two circuits were each energised from a common 6V stabilized power supply.
Loads were then calculated from the out of balance voltage of each bridge
measured from a d.c. potentiometer by switching in each circuit separately.
The load-out of balance voltage characteristic for each cell had previously

been obtained from a calibratibn on a Denison tension machine (see Appendix 11).

2.1.2. Torsion Loading System (Figs. 2.2, 2.4, 2.5)

A torque was produced by applying weights to load hanger which
was transmitted to the test specimeil by a cross beam @ , cables and
pulleys « A central load applied to the hanger of this cross beam was

supported and split four ways by the lower two outer pulleys (Fig. 2.2). Each
load component was then directed through four further pulleys so that the whole
arrangement served to apply equal and opposite tangential loads at diametrically
opposite points on in-line horizontal pulleys « Each pulley was 254 mm
in diameter with 90° peripheralicable grooves, The two inner pulleys were .
attached to the machine by rigid fork arm uprights clamped to an
adjustable table . When locked this table formed a rigid anchorage for
one end of the specimen_assembly. The two outer pulleys were mounted on
horizontal fork arms and clamped to adjustable cross bars . DBoth
the table and the cross bars were_bolted to the main columns of the machine

by half shell Tufnol bearings » . Experiment showed that their resistance
to sliding was of the order 0.16 MN per column which therefore eliminated any

possibility of slip during test.

To rccord the specimen torque two solid Duralunin cells, 29.2 mn
diameter were connectéd in series with the test specimen and on either
side of it. Each cell was capable of measuring a maximum torque )
of 425 Nm at a limiting elastic shear stress of &5 N'/'mm2 -~ which easily’ .
accomuodated an ultimate specimen torque of 65 Nm.  Each cell was bonded
with two~paired element torque strain gauges. The four gauges of each
cell were arranged in the bridge circuit of Fig. 2.4 in such a way as to
record torsion only. Thus for a superimposed tensile load the bridge
circuit produced a net cancellation in'the axial component of strain in

cach gauge., - Like the tension circuit the gauges of each torsion cell
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formed a separate “circuit (efgh) and were energised from the same 6 V
stabilised supply. The outputsfrom the two torsion circuits were
measured separately by switching in each circuit to the common d.c.
potentiometer. The torque-out of balance voltage characteristic for
each cell had previously been obtained from a calibration on an Avery

reversed torsion machine (see Appendix II),

2.1.3 Combined Loading (Fig. 2.5)

Tension and torsion combined loadiﬁg could be produced in o.ne of

two ﬁays :

(1) By applying wei. ghts to the loading ends@and@ of the

tensiorn and torsion levers respectively;
(2) By applying weights at some intermediate bean p031t10n .

"l‘he latter method was the more useful since it allowed combined
leading to be applied ir any desired proportion. This was achieved simply
by applying weights at the appropriate position on the beam that
connected the tension lever and torsion cross bezm @ (Fig. 2.2).
Moreover this proportion was maintained when loading incrementally - a
feature important in certain plasticity studies, known as radial loading.
This meant that the ratio of shear to tensile stress was maintained at a
constant positive value when loading in this manner. A negative ratio
was also possible by applying the combined load to a cantilever extension
at either end of the beam. In this way one of the loads would be
increased whilst the other decreased proportionately, Obviously for
such a negative ratio a load would have to be in existence at either the

tension or torsion support in the first instance.

The beam, made from an aluminium alloy, was 50 mm deep, 18 mm wide
and 1525 mm long. It was symmetrically supported on a length of 54,5 mm
by two close fitting spindles @ thatvpassed through the beam and weight
ha:iget- brackets « The weight hangers were therefore free to rotate
" about the spindles and a further spindle @ on the tension bracket
allowed for the attachment of the tension cable The tors:.onal weleht
hanger was centr;alised on its cross bean @ by two locknuts @
and weights applied at the intermediats pos:.tion @ were transmitted to
the beam by a 90 knlfe edge, To reduce its weight the beam was drilled
~ at intervals along the length and tapered for /30 mm beyond the "supports",
Beam cross-sectional dimensions were chosen :to accommodate a maximun

bending stress of 20 N/mfundercombined loading.
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In the original design of the machine combined loading was
achieved by a method similar to (1). In the present design method (2)
was used exclusively for combined lecading. Calibrations mede at eighth
and third positions between the supports of the beam are given in Appendix
II. This involved finding an experimental stress ratio N o= ”%z,/v;,
for each position and then comparing it with the theoretical value
calculated from beam equilibrium, Fig. 5 of Appendix II showed good
agreement between each experimental and theoretical N\ value,
Theoretical considerations on the change in A during plastic deformation
showed it to increase by 15 for each 1% of ﬁlastic axial strain, For an
expected total axial strain of order 5% (plastic strain + creep strain)

in the present tests a 21% increase in M was not of serious concern,

2.1.4. Internal Pressure

In thin walled cylinder testing the introduction of an internal
bore pressure in addition to axial tension and/or torsion wemld provide
alternstive loading systeis. For the purpose of futwe work (Section 7.6
paragreph (7)) the internsl pressure arrangement of Fig. 2.6 is suggested

for use with this rig.

A nitrbgen bottle with regulator valve and pressure gauge would
serve to supply nitrogen at the required test piressure through the top
flange block and aligrment dowel.  Provided leakage was not excessive the
test pressure should be maintained for the duration of the creep test by
the reservoir of nitrogen in the bottle., To reduce and to seal the volume
enclosed by the speéimen bore each alignment dowel could be made with a
core~bar extension and O-ring recesses as shewa, A flexible inlet pipe
and sprung loaded extensometer probes (Fig. 2.1&) would allow the specimen

to deform without restriction during test,

2.2 TEST VATERIAL

The main test prograume entailed the experimental investigation
of flow behaviour in a structurally‘anisotropic mater.el and in a prestrained
material, For simplicity it was decided to manufacture test specimens

( from the following three forms of a commen material,

(1) In solid extruded bvar form. The material was expected
to be highly anisotropic due to a preferred grain structure.

(2) In prestrained form. Known prestrains were to be applied

to mgterial in & near isotropic condition,
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(3) In near isotropic form{f This was to provide a basis in

the investigation.

Consistency in (1) demanded that the entirs stock be from the
same melt waile (2) and (3) reguired that the extruded structure should
be heat treatable into an approximately isotropic condition. To meet

these requirements a pure metal was chosen as the test material,

In a review of published data made by Graham (51) it was
concluded that the behaviour of pure metels in'engineering environments
followed the same creep laws as complex alloy steels and dispersion
hardened alloys. j It would therefore not seem to matter whether a pure
metal or an alloy was chosen in which to investigate enisotropy. However
the test temperature can render e material with an enisotropy in deformetion
which is peculiar to the test conditions (see Section 7.5). In a pure
‘metal this is typified by high tezperature grein growth and recrystallisation,
To avoid this in the present work a test temperature well below thg
recrystallisation temperature was chosen (21°¢).

Copper and aluminium of ccmmercial purity were each considered
as a test material, Ultimately the choice was limited by cost and |
consequently aluminium was chosen. A 9.10 m length of bar was purchased
from High Duty Alloys Ltd to the following specification:

"A semi-continuous casting of one 220 1b Hiduminium 1A melt,
analysed-machined and extruded under production conditions to 1% in.

diemeter bar",

Hidumirium 14, as extruded, is made approx1mately to the same

composition as B.S. 14,76-E1AM (Table 2, 17

ks

2.3 TEST SPECIMENS

Test specimens were machined for the following three

1nvestigations.

(1) Combined stress studles in the main test programme,
Tubular specimens were chosen for the reasons outlined in

paragraph 2,3.1.
- (2) A study on the plastic flov and creep produced by

"incremental tensile loading.
(3) 'Hounsfield' studies on the tensile isotropy of the
annealed aluminium.

% Allowing for a small degree of anisotropy.

T All Tables are given ot the end of this Chapter.



2.3.1 Tubular Specimens

A biaxial stress system is most closely represented by stressing

a tube in one of the following three ways:
(1) combined tension-torsion,
(2) combined torsion-intemmal pressure,

(3) combined tension=-internal pressure,

A tubular specimen is'suitable for this provided the wall thickness is
of such a thickness that,

(1) the variation in shear stress scross the wall, due to an
applied torques, is negligible.
(2) the radial stress through the wall, due to an internal
pressure, is small enough to be neglected and that the

circumferential stress is kept io a minimum,

(3) buckling does not occur,

The effect of these on the choice of specimen sizes may
conveniently be investigated in terms of a mean diameter thickness ratio
(4/t). To meet the first stipulation (1) the wall thicimess (t) should
be made as small as possible, thus (3/t) should be high, This is also
the requirement for stipulation (2). The buckling condition (3) however
requires that (d/t) be made small from the following considerations,

Plastic buckling involving torsion is likely when one principal
stress is negative, as in the case of pure torsion ( 0j= %V ; ==Y 03;0 ).
Here Finnie (52) has shown that for a tube of gauge 1ength £ satisfying

dimensionally,
: 2 : :
25 (t/2) & (L/a)2 < 5/ (ast) C (2.1)
that the maximum shear strain which can be attained before buckling is

given by,

: 1 5 ‘ = :
¥ =67 (8/4)%/ (afels  (2a2)
Thus to accommodate large shear strains (d/%) should be kept to a minimum.
This is more clearly secen if d is written as,
d = K+t

‘where k the tube ins‘de diameter, is a fixed constant here. Hence

equation (2.2) can then be written as,

8= n67(k”’) /(k/“l)z o (2.3)

which demands that t be kept to a maximum if large shear strains are
required.
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A (8/t) ratio of 18 was chosen as a finsl compromise. This would

mean an elastic cifcumferential stress variation for a pressurised
cylinder (53) of 6% on the mean value, and from equation (2.2), a 10%
shear strain before the onsct of buckling.

Two further factors were considered in the selection of this
ratio, Firstly, the accuracy of strain measurement increases as the
specimen sizes increase and secondly, the difficulty in manufacturing tubes
with the necessary uniformity in wall thickness increases with decreasing
thickness,

The specimens were manufactured to the sizes shown in Fig.‘2.7.
A wall thickness of 1.5 mm was chosen on a 25.4 mm bore with a gauge
length of 50 mm, The choice of this gauge length is discussed in Appendix
II, To suit existing machine parts the ends were screwed 13" x 20 t.p.i.
and 1" alignment dowels governed the bore size. Two 0.8 mm ridges at the
gauge length extremities allowed an extensometer to be mounted. .Mathbur
ard Alexander showed a ridge of this size not to affect significantly the
gauge length stress distribution in combined tension-torsion,

2.3.2 Tension Creep Specimens (Fig. 2.9)

These were machined to B.S.3500 1962, Part 3. The ends were
machined with 3/16" diameter reamed holes to suit the pull rods of
existing creep machines, A pair of 0.9 mm ridges defined the gauge
" length and allowed an extensometer to be mounted, These specimens wers

used to examine incremental loading strains (Appendix III).

2.343 isotropy, Hardness end Hetallographic Examination

A series of Hounsfield tensile :specimens' . (Fig. 2.10(a)) were
msnufactured frdm iongitudinal, transverse and oblique directions, The
specimens wera used to assess the isotropy of the test material, This
investigation was supplemented by metallographic observations on disecs of'
test material taken from the bar at positions immediately adjacent to the
Hounsfield positions, ‘ '

A further series of tensile specimens was. manufactured to B,S.
18, 1962 (Fig. 2.10(b)).  Their ends were threaded to 5/16" B.S.F. to
suit the jaws of an Instron machine, These specimens were used +o
establish tensile data for the test material.

4 fThe coasideration given to circumferential and radial
stress variation has been made in anticipation of future
~work tuat involves internal pressure (see paragraph 2,1.4),
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2.3.4 Cutting Plan (Fig. 2.11)
The specimens described in paragraphs 2.3.1 = 2,3.3 were cut from

the bar in the following way:

The 9.10 m of bar was supplied in four lengths A, B, C and D,

The numbers and letters in the cutfing plan refer to,

O - 5 tension creep specimens

- hardness and metallography discs

= 3 transverse Hounsfield specimens
- 8rlongitudina1 Hounsfield specimens
-~ 6 longitudinal tension specimens

~ used for experimental machining

o N

and evefy number (1 = 47) represented one tubular specimen, Numbers mede

to identify position in the length are shown above each bar,

A longitudinal scribed line served to identify the cross-sectional
positions of specimens teken from pisces O, Y and 2, With the exception
of spescimens whose axes coincided with the bar axis all other longitudinal
specimens were machined from these pieces so that their axes coincided
with the mid-wall dismeter of a tubular specimen (26,9 man), The transverse
specimens of piece Y were machired with their axes lying tangential to

this diameter,

Fig. 2.12(a) shows tlie angular positions of the Hounsfield
1ongitudinal (L) and transverse (T) specimens with respect to the scribved
line (Oo). Fig. 2.12(b) shows the positions of some oblique Hounsfield

specimens machined in tendem with oblique creep specimens,

The 66 mn overall length of a tension creep specimen made it
impossible td machine it 1in the transverse di;ection. Various oblique
directiohs wera therefore chbsen and specimen; were machined in such a
way that their central portions contained what would have been the wall of
a tubular specimen had it been méchined there, Of vhe five specimens
machined from each bar piece (0) in Fig, 2;12(b), two were oblique (0) and
thrae were longitudinal (L). The longitudinal specimens were suitably
identified in the eross-section in terms of an angle made to the scribed
line (0°) and Fig. 2.13(a) shows a composite picture of all longitﬁ&inél

creep specimen directions,

To identify the cross-sectional positions gf oblique specimens a
rectangular coordinate system was used that identified '1' with the
longitudinal direction, Thus the oblique 5pecimen shown in Fig, 2,13(a)
could be completely defined by a plane (1-2) and an angle (1800).' Fig.
2.13(b) shows the compOSife picture made by the axes of all such oblique
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specimens and the angles p and X between them. The angle between each
oblique axis and the longitudinal direction (X ) was 21.8°,

All angular positions in the cross-section were measured in a
clockwise direction from the scribed line as a datum when viewed in the

cutting plan from right to left.

2.3.5 Material Preparation and Specimeﬁ Manufacture

Two types of anisotropy are likely in a machined specimen, The
first, associated with the extrusion process, is a preferred grain
orientation and the second, associated with machining, is a strain hardening
effect, In order to study thé effect of anisotropy due only to a prestrain
history it was necessary to perform the prestraining operaticn on initially
isotropic material., An anneal was therefore necessary to recrystallise
and stress relieve the grain structure, To avoid possible distortion in
the finished specimen sizes the anneal was carried out at a blank stage
(Figs. 2.8 and 2.9(a)) prior to finished mechining. The machlnlng of the-
specimen to final dimensions was then completed by taking successive cuts

each not greater than 0,25 mm,

The best combination of time and temperature tq be used in the

anneal was found in the following way:

A disc of bar material, 8 mm thick, was split'into segments each
identificd by a letter (A - 0). Five temperatures, 300, 350, 400, 45O and
SOOOC, were chosen and three times, 3, 1} and 2% hours, so that each segment
was annealed at one of the fifteen time~temperature combinations for a rapid
rate of heating, Having cooled in the furnace, a Vickers pyramid hardness
test was carried out on each segment and all those which showed a (v.p,N. )5
of less than 19 were prepared for metalloxgraphic examination, Segments
were mounted, polished and etched in the usual way., From the microscopiec
examination the best combination of time and temperature was thought to be:
21 hours at 450°C. The judgement was based on that segment which cxhibited
a uniform recrystallised structure of equiaxed fine grains, The averaga
grain size of this structure measured by the intercept method, was found
to be 0.22 mn, which would give seven grains across the wall of a tubular
specimen, Table 2.2 gives the hardness figures for each segment along
with a Vickers photomicrograph of the chosen structure.

The tests on 'as extrudedi material were performed on tubes fhat
had been given a 1light stress relieve anneal ( 150°C for 2 hours )
at the blank stage (Fig. 2.8) of menufacture.
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The gduge length profile of each specimen in Figs. 2.7 = 2.10 was
produced from a rsspective template used in conjurction with a MNimik copy

* . attachment, a Harrison 12" swing centre lathe and a single point cutting
tOOl . - ' ) '

Table 2.3 shows the operation sequence employed in the manufacture
of & tubular specimen (Fig. 2.7). This was designed to ensure concentricity
of tube diameteré; square end registers and thresded ends. In order to
avoid residual surface stresses in the gauge length no polishing, grinding
or reaming operations were permitted after amnealing. Light finish
machining was performed by the sequence of fcur operations in 'B!', = The
Wallvthickness end bore diameter of each finished tube were measured on
°0° diameters for each of five gduge length positions. A Solex air gauge

o113
recorded a maximum variation of --awa mm on an average bore diameter of

25.402 mm and a micrometer recorded a raximun variation of:.:gg mm on
an average wall thicimess of 1,503 mm. A Societe Genevoise measurement
of gauge léngth showed this to be repeatable at 50 mm., In Appendix II
the variations in tube geometry are shown to be less significant than
load eccentficity in their effects on applied,stresé.

Nicrometer measurements on the dizmeter of each finished tension
creep specimen (Fig. 2.9) showed a maximum varistion of :ggg rm on
an average diemeter of 5, 6&4 rmm, A repeatable gauge length of 28,233 mm

was to be used in subsequent strain calculation as the 'or iginal length',

244 DISPLACZLIENT AND STRAIN MJ$SJRBhuu

Ideally, combined tension-tprsion deformation in a thin walled
cyiinder would be studied from simultaneous measurements of current
: extension,'diameter, thickness and twist. However, the arrangement of
transducers nécessary to record these from the gauge length would be
complicated and might well restrict the deformation. The comparisons
between experimental creep rates and isotropic calculations in Section
1.1 have been nmade poséible simply from measurements made of extension
and twist, In the present work anisotroplc theories were to be applied
to experimental results in a 34&6;; ratlo of redial loading and in a
592/633 ratio of ensuing creep. A dé“/d{'.' of lozding was also to
be measured, For this purpose an extensometer was designed that was
capable of continucusly measuring extension, twist and diameter of & -

deforming tube, A description cf this follows,
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2.h.1 Extension and Twist Méasurement

These displacements were measured from two linear variable
differential transformer (l.v.d.t) transducers mounted in the extensometer
of Fig. 2,1%k. The extensometer consisted of two steel clemping rirgs
that each matched three portions of the specimen gauge length ridges, The
location was made only by inverted ridges in the rings. To accommodate
changes in diame ter of the specimen during test one portion of each ring
. was made as a sprung loaded insert, 'Durelumin’ brackets were made to house
both trensducers and were attached to the rings in such a way that the one
measuring ex?ensions lay vertically at 75 mm from the specimen centre line
whilst the torsionsl displacements were measured by a iransducer lying
herizontally at 50 mm radius, A brass disc served as a datum for each
transducer and for setting purposes these were made adjusteble., Various
sizes of transducer could e mounted in this extensometer by exchanging
sleeves in each bracket, Generally, a 1'2.5 mm high precision type was
employed in the measurement of these displacements., DBoth trensducers were

calibreted in a universal measuring mschine (see parsgraph 2.4.5).

In the measurement of extensions for the tension creep specimens
of Fig. 2,9 two inductance transducers were attached in parallel with and en
each - side of the specimen, The attachment was made by two sprung loeded
rirgs in the extensometer of Fig. 2.15. A‘dogleg between each ring and

trensducer bracket allowed each transducer to be sited well clear of a

furnace bottom,

The extenscmetry used in the application of pfestraiﬁ was basically
the same as that described above for extension and twist measurements, -
Here, however, the extensometer rings were attached to the "blank" specimen
by three poirted screws (Fig. 2.16A). The whole arrengement was then
adapted to fit eitker the alignment spigets of a.250 kN'Ihstron'machine or
the end registors of a 15000 Kg cm 'Avery’ reversed tcrsion machine (Fig.,
2,16B). The sizes of a prestrain blank are shown in Fig. 2,164,

2.4..2 Diameter Measwement

" Diametrical changes were measured by three snrung steel cantilevers
which made 120° contact with the gauge length centre. The cantzlevera
were made for attachment to the lower machine flange and to rass through
clearance holes in the lower clamping ring. Figs. 2.17A and B then shows
the set up for the measurement of extension, twist and diametrical changes.

Each cantilever had two 5 mm strain gauges stuck on its tensile and

compressive faces and near the fixed end where the bending moment was a
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maximum., All six gauges were cbnnected in series and formed the active
‘arm of a Wheatstcne bridge measuring circuit., The diameter gauge was

calibrated on a stepped shaft (see paragreph 2.4.5).

2.Lh.3 Signal Conditioning and Recording

The three displacments were measured by means of the three channel
trensducer system shown diagraﬁgtically in Fig. 2.18,

Tﬁe sys ten including the two l.v.d.t transducers was supplied by
Sangamo Controls Ltd.,Brighton. The l.v.d.t transducer consists of a
singie primary winding, two secondary windings and a moveable ferromaegnetiec
) co;e. The movement cof this core increases the voltage in cne secondary
winding and decreases it in the oiker.to produce a proportional voltage
output, A four arm inductive bridge circuit was used here to measure
this output, Thus the primary windings were energised by a cormon 5 klz
carrier osciliator supply and the voltage output for each transducer was
conditioned at its respectife module by a range, gain and sensitivity
setting. Thereafter the signal was amplified, demodulated, filtered and
then read on an indicator., In a similar way the resistive output frem
the strain éauged centilevers, proportional to changes in specimen diameter,

was measured in the half bridge circuit of Fig, 2.18,

For a continuous recording of transducer displacements an ocutput
" Jack served to by-pass the indicator unit for display on a potentiometric
recorder. A three pen'Rikadenki' chart recorder was employed for this
purpose., -~ Various combinations of module range settings and recorder
voltage settings allowed the chart to be calibrated for a range of

displecements from 0.05 = 5 mm.

For the méasurement of tensile creep displacements the extensometer
of Fig. 2.15 was used with two matched inductive transducers, The output -
signals here were electrically averaged,conditioned in a'C.N.S' transducer
meter, and recorded by one chamel of a two channel'T.0.A' polyrecorder,
Combinations of the six meter sen;itivities and recorder voltage settings
allowed thé chart to be calibrated for a range of displacements from
0.01 - 2.5 mn. |

2404 Strain Gauges

A number of tests were‘perfonned using strain gauges affixed to

the outer diameters of tubular specimens. Two arrangements were used:

(2) measurement of axial or circumferential strain using
‘T¥L, YL1O gauges;
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(b) measurement of axial, circumferential and 45° strains

using'TVL, YRSS rosettes.

In both cases three gauges were placed 120° apart around the tube -
each gauge connected in series with the other two of the same direction.
Direct strain readings were obtained from each direction by using a'Tinsley'
strain measuring bridge and selector switch., = Vhere a continuous recording
was required the resistive output was conditioned and amplified and
recorded in an idential manner to the diameter gauge of paragraph 2.4.3,. "
The gauges were either of a post yield typé that measured up to 105 strain
or the small strain ( { 2%) elastic type.

2.4+¢5 Calibrations

Both 1l.v.d.t transducers of the extensometer described in
paregraph 2.4.,1 were calibrated in temms of chart widths for the available
meter range settings; " To do this a displacement was applied direétly
to the trensducer probes firstly in a 'Societe Genevoise' Uriversal
Measuring machine for a master calibration and, secondly, in a bench
micrometer to provide checks st the start and finish of a test, The
torsional trensducer was further calibrated in a ‘Watts' 10" circular
division testei‘. For this the extensometer rings of Fig. 2.1\ were
attached to a split mandrel in the same way as they would have been to a
tubular test specimen. Two two halves of the mandrel could be moved apart
or rotated at the centre of its 50 mm gauge length to simulate an axial
displacement or an argular rotation., Through the latter the rotary table
yielded a calibration figure of 1,116°/ma over all ranges including the
maximum displacement (5 mm). Displacements greater than this were
calibrated for a 12;5 mn transducer, It was found that the same
calibration figure held provided the displacem3nt did not exceed 9 mn
either side of the horizcontal centre line A-A of Fig. 2.1, Thereafter
the chahge in the radius of rotation was seen as a departure from linearity
in the calibration., Operating within this range allowed rotations of up'
to 16o to be measured without adjustment to the torsional micrometer.
Since this corresponds to a shear strain of 7.5% the extensometer was
considered suitable for the measurement of all tubul.r shear strain prior

to bucﬁling (see paragraph 2.3.1).

In order to avoid spurious signels from a non flat ten51le platform
or a non vertical torsional rest the 'Durslumin® . wounting brackets were
adjusted for the extensometer in position on the split mandrel so that,



(1) no "tensile displacement" was recorded for & twist.

(2) no "torsional displacement" was recorded for an extension,

The diameter gauge describgd in paf‘agraph 2.4.2 was calibrated
with a stepped shaft of diameters 28.5, 26,5, 24.5, 22,5 and 21,5 mm.
This was lowered vertically into the gauge to allow the cantilevers to
make contact with each diameter in turn, Thus the chart width was then

understood in terms of specimen diemetrical changes.,

¢

A furtler check on the angle of twist (9)0 for small torsicnal
displacements ( 5 mn) wes made from the tangent of this angle and the

radius of rotation ( 'T:”mn) of the transducer probe., Thus

© = tan M (d/y, )= tan”t (9/50.8) (2.4)
which for 1 mm displac_emeht yields
Q = 1.125°%/un,

2,446 Accuracy

From the master calibrations the overall accuracy of displacement
measurement was assessed as * 1,05 on full scele chart deflection,
Included in thic are the individual performances of each component of the

system, These were stated by the manufacturers as follows:
transducers * 0.1% linearity, ¥ 0.0002% repeatadbility,
meter % 0.1% linearity, * 0.5% 100 hour stabiiity,
recorder X 0.15% linearity,  0.07% resolution, v

The calibration f‘urthef showed that the smallest displacement
measurable with this system without interference from noiss was of the
,o.rder of 0.0005 mm. The system therefore was suitable for measuring the
small displacements associated with elastic loading, larger elastic plus

plastic displacements and long-time creep displacements,
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2.5 TEST PROCEDURE

The investigation may conveniently be divided into four separate
studies. These are described in the following paragraphs and run in the

order in which each study was executed.

2.5.1 Creep and Plastic Flow During Incremental Loading

Since loading in the rig was incremental in nature an initial
study was made of the nature of strain associated with short-time incremental
loading. This study was made for simple tensile loading on annealed

material.

The specimens of Fig., 2.9 were mounted in the extcnsometer of
Fig. 2,15 and placed in an tEMEC! creep machine with a three zone furnace
and temperature controller. An examination was made of the effect of load
increment value and test temperature on the strains that occurred between
successive increments of load. A more detailed description of this

procedure is given in Section 5 of Appendix III,

2.5.2., Tension-Torsion Tests on Aunnealed Material

By radial loading in the test fig eight cylinders of Fig. 2.7 were
each tested for a constant ratio ( N ) of shear to tensile stress., All
cylinders were loaded in 50 N increments to a load level for which the von
Mises equivalent stress (see equation (3.1) ) was approximately constant at
37.5 N/hmz. Thereafter the cylinders were left to creep fexr 100 hours and
for the duration of the creep test continuous measurements of the sbeaf and
axial strains were made. For each 50 N load increment the associated
instantaneous shear, axial and diametrical strains were recorded. Fifteen
minutes were then allowed to record the transient creep strains before the
next 50 N increment was applicd. During this interval the load cell outputs
were measureds These outputs were used in equation (12) of Appendix II to
calculate stress ratios of 0, 0.12, 0.53, 0.86, 1.81 and @ for these
tests. Two tests (0 and 0.53) were repeated,

2.5.3 Tension-Torsion Tests on Extruded Material

Six cylinders were tested in a procedure identical to that described

in paragraph 2.5.2 for aunealed material but with creep tests of 300-400

hours duration.

2.5.4 Tension~Torsion Tests on Prestraired Material

The cylinders of Fig. 2.7 were creep tested for a congstant stress
ratio ( A= 792 / Vie ) of 0.95 but with a varying prestrain history. Each
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¢ylinder was loaded in the test rig to 800 N in 50 N increments and then
left to creep for a period of 300-4C0 hours. A 800 N load applied at a
stress ratio of 0,95 corresponded to a tensile stress ( VQ; ) of 16 N/mm2
(equation (13) Appendix II) and a shear stress (1%;) of 15,2 N/hmz.

The prestrainb history of each specimen is given in Table 2.4.
Tensile and compressive prestrains were applied in a 250 kN Instron
machine at a displacement rate of 0.5 mm/min. Forward and reversed shear
prestrains were applied in a 15000 Kg om Avery reversed torsion machine
at a twist rate..of 3% °/min. On a 50 mm gauge length these éorresponded
to an axial strain rate of éu= 1.67 x 10-2+ s_l and a shear strain rate

of Kez = 2,75 x 10-2" s-l.

For the larger tensils and torsional prestrains of Table 2,)4 the
extruded bar was machined to the blanks of Fig. 2.8 annealed and then
prestrained in the adaptors of Fig. 2.,16B before light machining to the
test cylinder dimensions. Smaller prestrains were applied direct'ly to
finished cylinders. The same torsional adaptors of Fig. 2.16B were used
to apply shear prestrains to specimens of finished dimensions but screwed

flanges were used with the tensmn adaptors in applymg tensile prestrain.'

A1l compressive prestrains were applied to annealed cylinders (of
dimensions: i,d.= 24 mm, 0.d, = Lh4.4 mm ard length = 165 mm) in the flat
plattens of the Instron machine with 'lolyslip' as a lubricant. They were
then light machined into the test cylinders of Fig. 2.7. .

The tensile and compressive prestrain values (€ z ) of Table 2.l
were calculated from the measured displacements (z) of two circumferentially
scribed lines originally 50 mm apart (4) in the set up of Fig., 2,.16A.

Then,

4 Zys100%

-~ 2% 100

€, = 1 : (2.5)
o .

The shear prestrain values (392 ) of Table 2.L4 were caloulated
from the measured angular rotation ( © rads) of an original longitudinal
line over the 50 mm length (4) in a set up similar to Fig. 2.16A, Then,

14 loc’Z; ,
- 2.6
T = /L (2.6)

‘where r, is the mean wall cylinder radius.

The shear prestram values were chosen to give the same von Mises

equivalent strain (é ) as for tension and compression. Then from

. P .
equation (3 9) for tension or compression 6‘:, = G,_z and for

torsion Xn /’/3 .
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On completion of all the creep tests of paragraphs 2.5.1 = 2,5.4
the cylinders were unloaded and tested for recovei-y by ellowing 15 minutes
of recording time between successive loasd decrements. When completely
unloaded the cylinders were further tested for recovery over a periocd of
approximately 20 hours using a sensitive chart ranga. Such a period was
elways found to be adequate for messuring total strain recovery in the '
three conditions of material.






40

g\ff m,

et

/ q°
X
bY i
| p

474_1
e '

Fig. 2.2. Co}ﬁplex Stress Machine



. ___pulley connecting
5 Supporis - rod carrier

|

J

/
R

!

a— e ar wmd Scmsmer]
L

Jﬁ) a
.‘:’i‘\‘(\
l\\J”l ,' [
' 4,

4 4
" il i
| 1] | —]
H | | .
g =l Hee-iver & i
T T S I M g ==sl[\[[7
" I
V tension “needle cage T knife-edges plummer spring layshaft
load cable . - bearing | block clamp

+

Fig 2.3 Tension Loading System

i 44




42

Section on A-A-

DN '/‘
o 9Tz 2180°long'strain
VS 4_-gauges (%8, b)
SN /'—2180 laz str%m
k‘. W W - qauges(c
a{"g%oedges/ P iﬁj‘\dural block
2INNID
vee guid_es/ér \’& : ; e?l l[és%g
/j Z j\40ck nut
. /% | \Z_Nhrqst bearing ,
= 5/ \\ - i}
el S torque pulley
e | |
. 2,45 strain gauges
alignment e&g)(f&h)on
dowel opposite dia.

Tension (abcd) &'

Torsionf{efgh)strain

L

v

\/
d.c. supply

" Fig.2.4.Bridge & Load Cells

gaug

gecxrcunt




43

- weaysAs bBuipeoq pauiqwo) gz ‘b4

yioddns .m:mc&. | o' _.wm,_“_

v MIIA R i| S1eIpaWIaY]

®>

I

}doddns uolsio

g

SIA

T
A

8e




pressure gaug

regulator valve

N, bottle

@

Fig. 2.6 Internal pressure set Og

N

N\

exhauSt

(. — g
_ ’ O ring seals /
= /
core bar—-\/
' %

g alignment
— dgwels j
— flange block "\
/
"

-

B, U . R . . . U .

NN
/)

N\

ZANN




45 75 . ey

) Parallel length

/M&{/ﬂ//////.
e \_ 50

205Rad. . s.005 secos
_ 284 Dia. 254 Dia. g

D——r )///7 g /// .3;

. \DU"-,

- _ i i ) &?

~la

(To] B2l

Slo

SN

\T‘X

165

29.7 Dia.

Scale: 2xF 5.

Fig.2.7. Tubular Cr.eep Specimen

Sh



8.5

s : 165

70 o - |
['_ Parallel Tength | | |"

44 .45

Tr// ST 7TV T 777 777

AS received

24 Dia.

Fig.2.8. Annealing Blank

T AT T T T T T ~

20-5 Rad.

¢

3

333
AlF.

9V



5 Rad.

6.96 Dia.

(a)Annealing Blank —H:{} - ﬁ’l} "
o _ : _l_ 1) " '
| 30|
2.015%

5Rad. 5.64 Dia.

+%s

11.85 Dia.

21

Jy

(b)Finished Sizes

B0O4LE I 28
3

508

1.
66

e

~ j’ ’
I -
L]
,J

Fig.2.9. Tensile Creep Specimen

,\zjoles,drill -

. & ream 3/16 Dia.

6-96 Dia.

T




. 1765(695) _

N—

48

531. (21)
15) 454(1789)D,a
[4.53(1782)

|

1/40 in<)

'199 sm'ﬁ, / ‘_16-03 (632)"

| 1

' 722(284)

\ e 6.82(.268)
79(%2)Rad. |

~ (a) Hounsfield Type

4,06(16)Rad. 454 (1789). 5 16‘BSF
453(1782) Dia.. RE=L

,"}

\

e L/v 2413 (95)

2665 (1.05)

(1,740 in?) k-

66 702159 (2% ¢ Ye)

143 (%)

(b) Instron Type

Fig.210. Tensile Specimens



- | ‘ 91m _ .
178_0mm' 2280 mm " 2280mm

T Bara ] BarB | - BarC | BarD

T PR 4
-
>
N
(8]

O
oY)

X xt

o | : Y220 XX5 T 2 kxvl 9 .. |
Iocﬁfn' 22 3 M4 4»?“/10 cxﬁs see 677“106;”5 sﬁ\/{{* 9

S

BarA [OK 3 [ 72 17312 MOK S [ 6 JoJog & Kl 9

. . ' . . .‘;. " L - . .
o mE Rz B3 00K DS o6 U7 oI 1919 202 W@ 007

parB [0 TW |7 [ B 0134 135 116 137 0] 18 |19 1 20 | 21 0]

o
. .

k2 zs'lzs. zam,'zslzs wgze 2w M o0 33 ;B2 3333 B -z

BarC (22173124 [ 75 [ %6 [ 27178 1 29130 1 31 132 1 33 [ 34 7l

35  3y36  37: 33‘33 2639 dodo 41 41 42'42 a3 43 44 44”45‘45 4o, &Y A7 S

. BarD [FB 1363738 [ 39 [ 40 1A 47 [ 43 [ 46 [ 45 | %6 |47 [SISECOIOSEE

B Fig.211. Cutting Plan

6F



50

! . ]
lscribed : 4,5 . 5 )

- line “1» S0
W~ :
i’ :w’r . N - 6
—l =
. A 0 , oz 8
A 3 L 135° 3E
. " , c|ld ¢
315{ —\D VI N
180 Se ©
¢ .
) (1 R
. / T-Transverse. 3
27 L-Longitudinal.

225

(a) Hounsfield Positions (Pieces Y'&'Z")

Section "A-A° show\lng oblique
specimen _positions.
| i g L—- Longitudinal.
26-9 O-Oblique.

(b) Creep 'Specirﬁen Positions (Piece ‘'0°)

Fig.2.12. Spécimen Positions In Bar Cross Section



51

| scribed
line =

26.9 Mean wall
cylinder dia.

Co-ordinate axes

(a) Lonqitqdi 2

l

Fig.2.13». Composite Pictures Of Creep Specimen Directions




clam
ring

tensile
transducer

= N\

ERoR

hod
~

i
t

4ot
}
£

tersional

52

=

i

micrometer
djustment

|
lf
— 7

ping

;
e

BN
>

tofsional
transducer
' alignment
/dO\v%@l’ o
___——8boltflange
' specimen
—
0
N
N
N

migromeier
adjustment

tensile

‘sprung loaded |
probe loc:atio_n ,

- . Fiq.24. Extension & Twist Measurement




53

/upper pull rod

_specimen

>
£

Section ‘A-A’

- e i " Clamping ring_details (2xFS)
At [l
I )iy S AN R AR
NN P57
S 220 B K‘ﬁ:—_" brackets
FHNNA |0
B\a=== 0y
N3 ! !
N\
\V transducer

lower pull rod

Fig.2.15. Tensile Creep Extensometer



AR

TN

.~ 50

Y/

Fig.2.16ATensile Prestrain Se{-up

O —

54












t

240V single phase

| a.c. supply Y
ower power
sgpply 1 supply 2
{
Pscillator f
. 4
{ Y —1‘
—— 3 . THrtrt—————— - ¢ |
: : .i [ [ é L 3 ] ‘ 3 l
input input input 3N 321 123 123
module 1 module 2 module 3 amplifier/ filter indicator
e demodulator .

, ‘ ref.voltage ™
torsional tensile. : diameter — potentiometer
transducer transducer transducer —pre amplifier !

—power amplifier
—servo motor
¢5R§_l— \ eneraised drive motor |.
energised signal cha speed
. ~f~—3 control

signal

Fig.218. Three Channel Transducer System

3-pen chart recordér

8¢






TABLE 2,3 Tubular Specimens = Operation Sequence
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Op Machine Procedure

A, {Blark (Fig, 2,8)

1 Mark off bar in billet lengths and number both ends of
each billet on lateral identification line,

2 Power-saw billets to length (6.625")

3 Face ends and centre-drill, keéping length 010" over-size.

' Transfer numbers to ends of billet and in line with
identification line,

L Between centres, turn 0/D to 1.748" to suit cradle and face
both ends to length, without femoving nurbers, Length
should now be 165 mm, Turn 41 mn dia, x 8.5 mm each end.

5 In 3 jaw chuck bore 875" dia roughing hole,

6 Using .875"mendrel in dividing heed, mill 33.3 mm A/F x
8.5 mm long. Flats at each end to be in line.
Identification numbers must not be machined out.

7 Still using .875'mandre1, set up roughing pmttern for Mimik
unit and machine waist 0/D to 31 mm,

8 Set up cradle on cross slide concentric with lathe spindle,
using hollow 1.748" 0/D test bar and 12" x 1" dia. arm to
carry clock gauge., Bore I/D to 24 mm,

9 Anneal at 450°C for 2% hours. Cool in fumace,

B, |Finish (Fig., 2.7)

1 Bore to 25.4 mm + ,005/~ ,000 in radial cuts of «175, .175,
125, +125, 05, 05 mm. Check with air plug gauge,

2 Set up finishing pattern for Mimik unit and, using 25,4 mm
mandrel between centres, turn waist diameter to 29 mm in
L radial cuts of .25 mm, '

3 |Screw-cut (Whitworth Form) 13" x 20 T.P,I. using sulphur

and cutting oil and at not more than 156 r.p.m.

Finalise 28.4 mm + .005/- .000 diameter using Mimik unit,

.




TABLE 2.4

Presirain History (<)

TEHSION AND FORVARD AND REVERSED
| couprmsston TORSION
(ézf 1'..67xlo.‘ s ( i’u s 2,75 x 10." s.’)
Nom, Act.(BEquiv) Nom, Act, Bquv.
€7 eh=&lL | ¥, W%  |&h-%/
-4 -4.28 -6.93 ~7.00 -4.04
-3 -3.28 -5.20 | -5.25 -3.03
-2 -1,87 ‘-3.46 ~3.45 -1.99
0 0 0 0 0
2 1.98 3.46 3.52 2.03
3 2.96 5420 5.18 2.99
4 3.92

Two additional prestrains were examired y One in

tension at 6,77 end one in reversed torsion at an equivalent

"strain of -2,7%

(791) of 0.95.

All speéimens were tested for creep at a stress ratio

That is a tensile stress (07,) of 16 y/m?

a.nd a shear stress (Th) of 15,2 I\/m:n.
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THEORETICAL ANLLYSIS

In this Chapter the relevant equations and methods of analysis
for annealed, extruded and prezstrained aluminium are outlined. The
theories of Appendix I are applied to a combined tension-torsion stress
system by’renlacing suffices 1, 2 end 3 by z, © and r respectively.
For prestrnlned aluninium the derivation of a plastic strain increment
ratio (‘43/35? ) from three anisotropic yield functions is given in
Section 3.5,

3.1 ANNZALED MATERIAL (Chapter L)

For constant stress ratio tests ﬁerformnd on annealed material
the analysis may conveniently be divided into paragraphs on lecading, creep

and anisotropy.

3.1.1 Incremental Loading

The following equations were used in the calculation of stress

and strain of radial loading;

A von MNises equivalen£ stress for an anplied ( VE: ,'t@z )

stress level is given from equation.(lS)* as,

6.';4 4 ,l V;: + 5.5:2 (3.1)

and the Tresca equivalent stress is given from equation (16) as,

where it should ve noted that the principal stresses ( o, O3, V; )
in equations (15) and (16) are,

s e+ N 4T
AR A R (3.3)
V;:: o o

The meximum shear stress in combined tension torsion is given as,
| T = %B(%-03)
- which, from equation (3.3), may be written as,

Y [t s 47 | | (3.4)

4 Single equation numbers refer to Appendix I,
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The total strain (elastic + plastic) components associated with

an increment of combined load are given by,

Al
d;y = {
Ag,, . A

03 = ‘*;(e |
Wy s ¥

where dﬂ, dr and 4@ are the length, radial and twist changes

respectively on an original length 1 (= 50 mm) and a mean radius r
(= 13.45 mm).

I dQ;_z and d'ﬁn are the axial and shear stress increments

(3.5)

associated with the increment of combined load then the plastic strain

“de T o

components are,

wor b (3.6)
z 1-_9!9_ dfﬁz
G

e’ 5 4 2 Vdv,

where B G and 8 are elastic constants,

The total plastic strain components associated with an applied

o ‘VGL stress level are then,

adfel: (7 )
¢ Jdeea .J(g-".:é%)
e Joudef (- °2)

The equivalent plastic strain increment based on the von Mises

(5.7)

yield eriterion may be written from eguation (19) es,

dé:: ﬂdé' Valdw, 3 BCE:)




for any one increment, and

L &= [ J/@ e, 6w

: ?
? A€z
as the total equivalent Y¥ises plastic strain, provided &99 = - E

from equation (7).

For this system the Tresca equivelent plastio s.rain is normally
written (see (54)?from the work hardening hypothesis as,

o e 2 XY
| de, = ‘/@"L) +(d%; )/4 ' (3.10)
for any one increment, and

67 J/(dézz) + (‘*.68:.) /4

(3.11)

as the total equivalent Tresca plastic st‘rain.
La=+ly the maximum plastic shear stram is given ﬁy,
jn’ (4¢/- a¢/)
which, for principal strain 1ncrements of,

Aél' 46, L /73 Py
IR /( 4l e (41"

may be written as,

3 /MP f (4 )4 (Mu)/z 25

(3.12)

The stress plastic strain increment relationships for a tension-
torsion system are given from the Levy-lises flow rule (equation (9))

as,

= A e (G %)= LA

'dxe’;-- 2.4 0 28Ty,

& Uain text reference

€5



Hence the ratio of shear to axial plastic strain components is,

dbg; 5 :C_ﬂz
el T,

[ 1]

(3.13)

which, for radial loading ( }\ 782./ sz ), may be written as,

T r =3AN (3.14)

A computer programme was written to evaluate the quantities
in e'quations(}.l)-(j.lz). The total strains of equation(}.S) were based
on chart displacements which occurred 30 s after the application of a

load increment, That is,'
af -
dr
ag

]

(30 s chart displacement for tension transducer:xscale) mm

(30 s chart displacement for diamater gauge x scale)

(30 s chart displacement for torsion transducer x scale) mm % M(:a

f

’

The tensile stress increment dq;l of eqxation(}.6), corresponding to an
incremsnt (dC) of combined load,was evaluated from eguation(13)of
Appendix II, That is:

i 5 [13(2) sl )

The corresponding shear stress increment in equation(}.é)was evaluated

drgz-'- )\ G‘V;z

from ,

where the stress ratio AN of this equation and equation (3.14)was
evaluated from equation (12)of Appendix II, That is,

18.88 x (2/,)
11,72 + 12,05 (h/,‘}

‘ The transient creep strains which occurred between increments
of combined load were analysed in an identical manner to that of uniaxial
loading, This procedure is outlined in Jection 4 of Appendix III. Then
in finite difference forjm the tensile and shear creep rates for the ith

point are given by,

2 ' 5‘ _ ec
€, = i, 2,
7 tio
. . c (3.15)
..54 Yoz, ‘ 759;.
oz' : ‘ 40’
t : \
tuv - *’4’,-'
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3.1.2 Creep

- The longitudinal creep strain is given by,

J ¥ b(3)

where vQ« and Lp are the current end original gauce lengths respectively

of creep deformation, For an extension Z on an original length (,’

this equation may be written as,

. - A
€, = ﬁw (l + = )
2z . 2’0 : (3 016)
which, for small extenslons, appmx’nﬁates to,
r4
ne
€, % %/,

The shear creep strain is given by, o

692= tan (ti) : (3.17) -

where e is the engle of twist (1n degrees) on a mean radius r and

over a length ! For small angles of twist equation (3.17)
approximates to,
x YO
X =
73 {o

with 9 in redians, »
’

For any time tj -on the creep curves the strain rates ezz and KBz

were evaluated vy the 3, 5 and 7 point central difference formulae (55 ),y. .

Thus for an equally divided creep curve of time interval 'Vv these are,

. ‘L .
3 point é,_,_ =ZL£€“1¢; ezz.‘o_,]

[ )
: I O .y =
5 point €u‘. 5 ,zg,[ z.‘.ﬁ; 5"’11‘4" scui."" E:zi” ] (3.18)
L [ '
€y ~ %6, +45¢, -4,
7 point 61: L A P WU TP i.o*%,i-z en'-z»]

for axial strain rates with a similar set of equations for 'shear strain

rates,

3 lcin text reference



The stress-creep rate relationships are given from the Levy-
Mises flow rule of equations(9) and (31) es,

€8

€z £ NV, S = %i V2s-B(E) (3.19)

5’97. z 2 é” s Z)Z‘En.qf(t) ‘

and assuming that <6 (t) is the seme function for both creep strain
components we then have an isotropic ratio of shear to axial. creep

rates of,

?:.9’. = 3N (3.20)
€2y .

This equation was the basis for studies on creep anisotropy.

3.,1.3 Analysis of Anisotropy

If a constant k is introduced into equation (3.20) such
that

k - vez/ézz
. N

then an experimentally observed k value of 3 would confirm the fliow

(3.21)

rule of equation (3.20) for annealed material. An examination of the
k values in 'creep was made in a computer progremme that evaluated the
strain rates of equation (3.18) at time intervals throughout the creep
period., In this programme the extension (z), angle of twist (0 ) and
stress ratio (N) of equations (3.16), (3.17) and (3.21) respectively
were calculated from chart end load cell readings inean identical

manner to that described in paragraph 3.1,1 for incremental ioading.

A k value ( = '/x ) may be similarly defined‘from equation
(3.14) for the plastic strain increment components of loading. Here k
was simply obtained from the slope of the total plastic strain plot of
loading, i.e. /db’:z v fdé‘;,, of equation (3.7).

-

Values of k in loading ani in creep that do not equal 3 may be

explained in terms of the anisotropic theory of Hill (29). Equation (54)
.Of Appendix I is then applied by identifying the anisotropic axes 1, 2 and

3 of this theory with the 2, ® and r directions respectively, For
combined tension-torsion ( %3z, %) the theoretical plastic strain
increment ratios are then, '



P | e

def, F+H
def, - H

= 3023
def, £ +H (3.23)

“ag; = ’%féég; = < oL Yoz

Fah V—iz (3.24)

The constants F, H and L can then be obtained from the sclutions
to these equations in using the correqunding plastic strain increment

ratios of the experimental tests.

Hill's theory may be applied to creep simply by writing the
plastic strain increments ¢s creep strain rates (see Section 2 of Appendix
I). Then equations (3.22) - (3.24) becoue,

€pp = -F (

w o 5025)
€4, F+H

€ve oz =M (3.26)
€21 FeH

’ - ,r _

% = (5L ) 2t : (3.27)
512 F *H sz

In its simplest forﬁ the theory would assume the same constants ¥, H and L
in both plastic flow and creep and a theoretical k value which is
independent of stress ratio ( )\5‘13’/@41 ). That is, from equations
(3.24) ana (3.27),

k = 6L

TF + B) | (3.28)

Thus if the same k value is observed throughout plastic flow and ecreep
in tests of different AN values then this would confirm the simplest
applicaetion of Hill's theory,

3.2 EXTRUDED MATERTAL (Chapter 5)

For constant stress ratio tests performéd on extruded material
the loading strains, creep streins and stress ratios were evaluated in an
identical manner to that described for annealed materisl in paragraphs
3.1.1 and 3.1.2. '

The experimental k values of plastic flow and creep were found
by the previously described methods (paragraph 3. 1.3). These were compared
with the theoretical prediction of Hill (equation (3.28)) and the predictions
from the anisotropic theories of Sectiens 3, u and 3.5,
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For example, the theory of Bailey (27) has been applied to combined

tension-torsion ( Vzz,Te; ) in Section 3.4. Then for a constant stress
ratio type test ( Nz Tpz /07,) equation (3.36) would predict a k value
in c¢reep of, ' 2:5 / R ‘ 2 (
€ Neem=

k - Mx zz 3(x> |

where n and m are cohstants which could be‘made to account for an

(3.29)

experimentally observed k value,

If the experimental flow behaviour indicates an extruded material
possessing a residual strain history then a'theoretical k value for this
situation may be obtained from the general anisotropy theories of Section
3.5. Assuming that the residual strain is compressive (-Ghr) the theory
of Edelmen and Drucker (58) would then predict, from equation (3.46), a
k wvalue in loading of,

k= 2 :
4 3me,f - (3.30)
= (14 ,ﬁ'_:') + A

* .
where Ua is the tensile stress of loading, A, B, C are experimental

constants of anisotropy and m is a Bauschinger parameter,

3,3 PRESTRAINZD MATERIAL (Chapter 6)

The axial end shear prestrains of Tatle 2.) were evaluated from

equations (2.5) and (2.6) respectively.

For a constant stress ratio test ( N = 0.95) performed on pre-
strained meterial the loading strain and c¢reep strain components were
evaluzted from equations (3.5), (3.18) and (3.17). ’

To assist in the understanding of the creep'of prior streincd
material the strain history of all specimens prior to creep will be
presented in fhe form of ccmposite stress-strain curVes.' A1l axial
and shear prostrainswill be shown on the cne plot together with the like

strain component of combined loading.

The subsequent creep curves willbe plotted together in a

similar way. Thus for all prior axial strain the like component
% In temsor notation 327 Vi

é;;‘ GJ’
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creep curves (En\«st and Xezvét ) of each subsequent creep test

( A = O.95)wi\lb¢presented together in the ore strain-time plot, To
ald comparison the results for armealed material at this stress ratio will
also be : shown. A similar presentationwillbe mde for the chosen forward

and reverse shear prestrains,

An anzilysie of the k values of equation (3.21) was again made
for each test by employing the previously described method (paragraph_
3.1.3). Coaparisons with the predictions of Sections 3.4 and 3.5 were made.

3.4 APPLICATION OF OTHER TIEORIES

In applying other theories to the combined taision-torsion studies
of these tests then this is most cocuveniently done by cowparing the
predlcted and experimentally measured raticsof shear to axial strain

rate (‘5 /5,z) ‘

3ekel Bailey (27)*

The ratio (Eéélezz' is best obtained f‘rom this theory by using
the appropriate eguivalent stress delinition ( V ) as a plastic potential
in equation (l..5). Thus for a general stress system in polar coordinates
equation (44) takes the form,

v ( )A‘z(rz ee)"’(vea rr "'(U?r zz) 3[( ,
K T+ (Yl s 0, 5]}/4 (3.31)

vhere g =n - 2m + 1

which, for combined tension-torsion, reduces to,

’/ .
v i%«h (- z) % 3(Y) + ‘E:’[,)} + (3.32)
2 o

Then ezz from equation (45) is given by,. :
=4
~ € ‘3v- 4(0“) I I(Vﬂ) + (' v;z)

-' L4 |

4 .
} )
It follows that if 6,,, is to have » velue then q -~ 1 must be even.

Then, |
-4 .
v = - .
€n= ()% & (7;: | | ~ (3.33)

% Madn text i‘eference
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Now, ée 2w & - l(é)% é%Tn g

Similarly,

' So that,

4

“' * ’
‘ L . 5 q,"

Then dividing equaticn (3.34) by (3.33) we have,

Y/ -' A ﬂ" zm ' -

v, \* Y,
?_gz = 5( bz ) : 3 (JE (3.35)

é z sz v;z

For radial loading where A ;TSZ/V;Z = constant,
14

Y% . oz

= 2 (3.36)
622
Equatior (3.35) would therefore be suitable to describe that
type of behaviour where ¢z €«“, takes on a different velue for each
stress ratio ( N ) such tint a pa.rabolic relationship exists between

© them.

34442 Berman and Pai (28)

Equation (49) may be used to find the X /é sz Tatio. If 2

is v:ritt‘en as the equivalent stress for cowbined tension-torsion

(equation 3.1). Then,

€,, = K(ﬁ)ﬂg(v’ +5'tz.)

and,

02



so that,

&

Ve (3.5‘7)

(0%

T

which ié the same as thet predicted by the Levy-Mises flow rule (see
equation (3.20)). . .

Equation (5'1) may be used to predict a zez /6zg ratio where the
Tresca equivalent stress ( 6; ) is used as a plastic potential, For

combined tensioh—torsion this is given by equation (3.2) and,

)
. ) oy 22
ezz z k(VM) Qg'rz(z 2 + 4t92)
frh
s K(-”')V;;

K

-

Y
. = " (vta g z)z
- V -—
Zjez- K( M) Tszn Ver

i-.-’k(%”)me,

that, . o~
o 59: _ 4 Tez
\ v = v (3.38)
€z z :

which is the same as thet predicted by the Tresca flow rule,

The theory of Berman and Pai is therefore only made different
from the established flow rules of Levy-Mises and Tresca by virtue of the
flexibility given to the definition of U’ in the correlation of multi-

axial and unicxial data.

3.3 Hu ( 56) |
Hu extended Hill's theory for anisotropic plastic flow to
account for a rotation of the principal axes of énisutmpy'. In this
theory it is assumed that the principal axes (1, 2) of anisotropy and
the cylindrical coordinates (‘f; 9) ere initially coincident, Then for a
thin walled tube with an imposed tension-torsion loading system the
resulting axial extension and angle of twist (e) are assumed to cause a

rotation (& ) of the axes of anisotropy (¥ig. 3.1).
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r N i
_ =
A\
VT

N~ "0, 2
\é_
z 2

Fige 3.1 Axes of anisotropy

By transforming the U;; 91’92 stress components along the rotated
axes of anisotropy the plastic strain increment components may thén be
found from eguation (54). These components may in turn be transformed
to the Z, (* loading exes to give, for the terminology used here, a

ratio of plastic shear strain to axial strain increment of,

. _
d¥: - B,z + P Ver _ B+ Xﬁg
def, By S22+ B Toz B+ AP

where, ’

By = (FaH)coft + (F46) sintt = 2F siifa cos’™ + é,?!- sin’24

(3.39)

B, = (F4H)cosh sin2 (25 + Q) Sin'K 8in 2 4 F cos' sin 2%~ 3L cos 2% sin 2

B, = (4F + H+G) 5?24 + G L cos’ 24

Thus as Hu points out the ratio of the strain increments as
given by equation (3.39) will not remain constant if the angle of rdakion
of the axes of anisotropy O( changes with the angie of twist 0 of the
tube during plastic deformation. The nature of the change may only be
défined if the relationship between O( and 9 is specified;

For creep deformation © and hence X are {functions of time.

The same ratio of equation (3.39) applies for strain rates because,

'
Sz _ d& dt  _ Gl ‘ S (3.40)
P} -~ [ . =~ .
ezz c_’f!’x ‘_:’f.( dezrz

do At
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The dependence of the angle of twist on time is known in creep
since this is prdportional to the shape of the shear cfeep curve ,
( BGZV’ t ) when Upz % '\'9/“ but in order to evaluate the strain
rate ratio the relationship between 0( and a has to be specified
as before.

Note that for isotropy all the constants are unity and equation
(3.39) reduces to equation (3.13).

3.5 GENERAL THEORIES OF ANISOTROPY

A general theory is one thai accounis for initial material anisotropy,
& prior plestic strain and Aa Bauschinger effect. In allowing for these the
.follo*ving tneories are es sentially modifications {o the Von ifises yield
criterion y V"')- ( 4 brief review of their form is given by

Shahabi and Shelion (57).

3.5.1 Edelman end Drucker (58)
Proposed the yield criterion,
9(%): ’écijk‘ (VA’; -mé‘!}XV"‘;- M€Zl) z it (3.41)
where,‘
c‘ijkL. is an anisotropy parenecter
m is a Bzuschinger paremeter
é:;' ere the prior streins. g P
The stress-strain relations and more pariicularly here, the ;%p
ratio for plastic deformation may then be obiained from equation (8)
in the following way, ’

Expanding (3.41) for i=1,2,3
$e ‘—gc,j,‘& e o ALY chu(c- -m62JX -me +4 W( ,.mg Xo— '“éu)
end for j £ 1,2,3 :
' ' 4 )
5 =-"2Cukl A -MQZKVKL-MQH)-V%CM“(V' Xfu-méu)'&é ﬂd( 'mé;;xv‘lzf(’mé’;(e,)
4
3 Coxa (1, w6 X - L)+ BC, g (ol Xt )+ B (05 mef X i L)
F 4t (- X -m ) +3C g (el XL )4 3 a5 X el )
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and for k= 1,2,3,
o 4t (5 medXm Sl £ el
+ 3Cre (7= me T ~mE N+ 5Coat (g 5-mel Xtr-mely) + Jéczvz.t(V,;- mEL X0, -mely)
$ $C 1t (073 - mERNT ) + 5Ca3u (i35 mE YTy - mEl) +5css,¢(v5;-me'xr;.mq;>
+3Cuat (V?:- mé‘:xvﬁ'v"‘é'z’g)* 3C2at (Vz':- méy X '3;""62’1) +3Caat (Vi."'"e;.YV -mE )
5 (5 )i r Hot et o) Vi By i) (52
+ $Ciapq (Vi3 - e )5 mEn)* 5ot (7 '-m€§;1°" - me)+ 2G50 (0% - A L7
+5Cue (W) - "‘eu'x ""eu)*zcwu, (- ’"eaxv - *‘éx)*"'csust(v’,'- mE Y7, -mey,)
P ITNICAs CAREATE LR ARIN LA L TN AR A CAREA)
+3Cs (V‘,;- Metsxviz'"e;(h 2Coe (vés ""‘ézame"“eu)* L (% 33~ "“e!sxv'x' "‘es,l)

(1) Prior Tension and Compression

Identifying 1,2,3 with the axial, circumferential and redial
directions respectiveiy, then for prior tensile or compressive strain
(ef, €l ,€l,) with subsequent combined tension-torsion deviatoric stress
(v'-;, v;; . V5‘3 ,V,,_" %, )s we have the following function from the

expansion (£=1,2,3) of equation (3.42),

f= éC....Co::-me.'.)ﬁ $CamY5, (%, =mEf ) +1C 10, Via (05, -mER) 45 Cpp (v -mel Yo' -mel),
+ Cu“(v '”‘e,sxvﬁ mEy AL 5Cna m("?u""eu)"'ic‘zm( '32*';0'224(“;’(%.)
ZC,,,‘bgl(Tn-wf.zz)+205;z.‘7;_,( 33"“655)+ 2Cma Ty (armel) + 'lcz"i 2% zqm(viz)
+ Jicz.z:z Vi’z' (V'z'z"“éru)""’icwz V2 (Vi';““es’;)"'lz'clm( -mENXy "‘eu)*l'cmz {"‘5,‘)
+‘iclzzz ‘Tz'(Vz'z—’“e;)*lcuu(vi'z‘”‘gu);“'lzcssu("’s'r"'eax z”“eu)*z ms('r ”‘E"X 5 3
'*zcwss z«(V -'"53;)‘ 1233 lz( ""‘53'3)"5610!( "‘ézzYVss"‘”en) +263m(""”€53),
Converting from deviatoric to absolute stress from equation (1),
AR L AN v="%%, Via= 3%, =Y, , W=

3 R
we then have the following plastic sirain increments with '£v of

(3.43) '

equation (3.43) as the plastic potential in equation (8), '

de:- '3_’: SX {9(6" eiz_z Cu)3 -C"’z"" - 63! I"'CZ —2123 + Cz,.;’ '0‘ +C;!” b;.

4
v
“’3(c)zu*cmz sz't = C;—:'z B Cuzn -C.zgj) + 3(62-14 +Cyp _C____;m
- Cg;z, -Cz;-z-Gz'u)V. - Zm[(cm' C‘n;.n - C.:; c,,.,_c,,..)é.: :
-z
+ (Cuzz + Cran - Carm -Cz2253 -C33 2)622 + (Cu;; + C3sn ~Cs333
2 2 4 F) 2 2

e
- Caz33-C 4
G223 _’%2)633]} 8,\..
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e, = ’5%‘ # {3(Clzu" Cmz ~ szz i e~ ‘2233) o +2(Ca2*C2u2) %

fty 3.
+Cri2%i = [( Cat ...z\e.’.+(Cu.fc-m)eiz+(¢s;.z+cuss)€§;]} o\ , e >

def = f A = 13 (sz" Cuz) - cuu -Cséz‘ -CZuz _Cm’) Vi + 5 (Caat )%,

+C2 ¥y [(cznﬁcmm)éu*(sz"‘cz»zz)ezz“'(cbézu* 2355 ]} oX.
Now, | - da8" _ del + def, *
déP déﬁ . (3045)

Putting 7= v; and €£=55§=‘%r* we have from equations (3.44) and (3.45),

’ P

ArP_ Alw- 328) 4 Boy,

| - deP C( - 3l s Al

where, .

3(c||‘1+c"2l +cm’ +Co sz-z -szzl - 6_33_2 ’Osaz.-c-ug -Clzss -Czézz -
B =Ciaiz +Ciaa +Cona + Cauz '

(3-463

~223)

n22 - Cuza = C2001 -Caau + C2222 +C2233 + C3322 +C1ass
-;(C""-Cézz- 255 z;n 323\| :‘12 5 3 2 )

(2) Prior Forward end Reversed Torsion

For prior shear stirain (€,: ,e,") with subsequent combined tension-torsion
deviatoric stress ( v,

us zz’ V;; s V;a . z; ) we have the fOlJ-OWing function from
the expansion (¢=1,2,3) of equation (3.42),

}"JZ.C"" v':;z*z Zmn (vil"‘"ez)* cﬂ.ll vf.( ""2)" clzu 2: u + C
+écuz“"'-("i'."‘"€2«)*z Caa(Ta=meL)s §C1g, (v7;-mel o3, -mEL)+EC, 270 ( Yum™mE)
csszs 33("3;,'"\%',)*’5\4",3 .,(Vz-meu)+ “10‘ MG,,'XV,',‘-Me,z)*zqz,z( 'me'z)

+ C

33n 33 n

[ 4
2212 v (V'-mé&)*‘é{’sstzvé;(vl;'me':)+2¢llzzv;l v;z + zczazz"izcvi:'“"ea)

L2 ] o 1 't g ' ’ 1 4
"sz L V -mé )+‘5Cm, V2 +$C”uV§3 23+ 2%u33" 3+ 222323 (Vip'"‘eﬂ)

2
anaz. V;; A -"‘54)* 2520332 V’ss + 253;33 "s’;

Then from equation (8) the plastic straln increments are,

de"_i .- gn-Cu;;-szm 33 +Czn 602:33-'-63311"'5;25 )v.—. +5(Cm

'C;mz'cssuz-cv;zz‘clzisx -me)+5(C,,36,, Ct;u -Cmu'czéz ng?xbg‘-me z':)} N
z :

+Cimnz

2
de‘:= {é (c\zu"' cmz Czuz -63;" - c_.'le.zl-.c_'z%})vfl + %(q2ﬂ+cztlzyv;l'm€2'|)+ ctm(bﬁ"”‘enp} &.

. - +L
dsfﬁ {é(cz..a* Cua 'C'.:” .c?z' 'czuzu 2'2’5) (c'un"'c?uz U= M€ )*Cau( “"eu SA.

-

¥ TFor Jensile straimn‘g on annealed material Fig.4.3 cofﬁrxfs €gp= " 5=
(or €f,x-€f ). Then el from constancy of volume (€f+€l,+€5,=0 ).
2
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and from equation (3.45),
as’ - AV + B(v,- "'K")
& o+ Al mE)
x ¥ ’

for D",z- Va1 ’ 4e'e2 w2

(3.47)

end the constants A4,B,C of equation (3.46).

50502 iosmm& (59)
Rationalized the Edelma.n a.nd Drucker theory with the yield criterion,

j = zcﬂsk% G e ™™ € 4 72 - (3.48)
. where, '
C‘-J-m is an enisotropy parameter,

m' is a Bauschinger coefficient,

e}} are the prior strains,
(1) Prior Tension and Compression

The function corresponding to equation (5 43) in this theory is,

f =(C:,,.V,", +C’zm 1| VT."'Cm. 12 ..*czmvze Vn +C§5n 35 ] +C,.2, "' Vril + szv
+ c;zm V{a Vz'a + szzu Vﬁc " *Casz;"ia";. + C"'Z v;' +C2,.1V';’ vl'z + Ciaiz VT'zz _
+Ca22 %, »7, *’Cam ng +cnz'z 1N "sz 2:‘7 +C,2,2V,‘2v;1+ C'zzzz sz (3-49)
+Chsaz LA *C..;g ! V?; "’Cznss""z,VE;‘clzssW—z V33 4Cru3a%% zz"’ss*cssssvz)
= 9"“(6"?”1.» + etz 22 "'ess vé;) .

Then from equations (8) end (3.49),

a4
d€:={§(q".-cn—£3 - E'_'z}_}--c_z_zg_" —C}3H¢Cz;zz+C2233“C$ 2 +%__%33) A +-'5( '2“'0-6“.2

~Cz212 -C3312-Ci247 -C
221z -Caziz = Cizg »-—'Zzi’) *5(‘—3".""1@-

zzz| ’&_&Zj nu 2'3.3)?2“ 5@(26',6' 5,;} ;f,\

W 22

dé,;={ ( 'zu"c‘"z'czz'? -C,,.z .c'zz 'C"zsa)v +2(C,22‘+C2"2 v +C 212 }XA

dezn 13 (sz"'c“zl -&22" -E-’i%Z' ‘%%z'c_%})% + -2- (Clzu +Czna) v"? *Clelb;l} JA .

and from equation (3.49),

[ ]
¥ _ Ay 4By, | .
de' Ccvi+ Av, -9mel | (5-50)
. P L -ef
for Dng v;| , ézz-:és;: _?',' .end,
' ’ . » R ' B
= é(cmz"'cuzl"cum a"ln - szz:z 'CZ;" -Ca;'z-c?z' C’;" -C’?;-Cé’—’-cg”)

A
B = Clznz"'cnzzu *cznz +Copy
C

4 L ’ » (]
= §( Con = cwzz Cusa 'C_iz_u"czsu +Caapy "Czus"'fgiz,* Cs;;;)
—Z 2 2 4 4 4 4

»® ‘I'hé 'engineering! shear strain is twice the 'tensor' shear strain.
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(2) Prior Forward and Reversed Torsion

The plastic strein increments ere,

dé' (c _C..u - C..g,; =Clgy~Caan+Coaz +C'zz33 463323 -"C’és;s) v+ 3((;‘2“_,¢m2

i Z 2 <
z;vz -Csauz - uzzg -cmss A +é— C‘zm“"c"‘u z;u -Cg.;zJ -Cz,;z 'C2‘33)D;,} Sh.
dﬁp l3€;2" c‘"z - zzvz —633'2 -C""B -6'233 Vit m; 2uz)v "sz 2 '9m€‘2j

- - -C.
déP 1362"'4«&“2'-?__212! C____sg:n 7‘162'2 ___gzés )W.*z(sz."sz) 242| 2| méz'i

Then from equatlon (3.45), -

db’P _ Ay, +By, - 9m %, L
dé" Clop, + AV, . (3.3 )
for V=¥, , %= (%+€f) end the constants 4",B',C" of equation (3.50).
3,5,3 Williams and Svensson (€0,61)
Extended the Yoshinmra theory with the yield criterionm,
2 : .
B RISTIRLE ~aeux + %y + %) = k (3.52)
where, .
I.ijkl. = &y §5i-3 14 S&L
°<{J' AJ(LP"V"'S VMWS - '“)
and ,

A, is an enisotropy parareter,

m is & Bauschinger effect paremeter,
Lpsrs 18 & distortion paremeter,

6:-‘,- are the prior strains.

For prior tension (€f) end subsequent combined tension-torsion (v s Ve )

these suthors quote (€0),

p p
at_ o dte 24 o 3 btt's s )
' d—ér - 2 [1 + 3Ao(e: )z][v'_’ + 3¢ L3333v:12+ 2L2523°r22' "‘)](I *359'1-5335 u)

(3.53)

For prior torsion (25 ) end subsequent combined tension-torsion (%, ,%)
these euthors quote (61),
A b«?)? XP -
dKP 5[' °( 2 l[ N2t “?(L3333°712+ 2L 2323 Vg -m) (2+4UPL2323W2)
de’ 2v +e[|+A (xf’)][r,;z», B Laaa s Zhasas .z-M)](X - )

das’
A comparison of the def ratio of each theory end the messured

(3.54)

‘ratio of prior strained materisl is made in Chapters 5 and 6. Theix

extension as anisotropic theories for creep is ealso discussed.






8l
CHAPTER L

RESULTS FOR ANNEALED ALUMINIUM

In this chapter the results are covered in three sections,
Firstly, an isotropy study is presented, secondly the nature of strain
associated with incremental loading is summarised and finally the

combined tests are amlysed,

L.1 ISOTROPY

The results for the longitudinal (L), transverse (T) and
oblique (0) 'Hounsfield' tensile tests on the specimens of Fig. 2.10(a)
are given in Fig. h.l*. Basically this figure shows that the material
exhibited tensile isotropy to the order of an engireering nominal strain
(e) of 15%. The average curve of each (L), (T) and (0) set shown in
this figure would indicate a slightly greater strength in the (v)
direction but this difference appears to be no more than the inter-
specimen variability for any one set.

?he combined stress study of Section 4.3 however showed .
anisotropy to be a real effect which was attributed to the greater strength
of the extruded direction. The material was, therefore, left slightly
anisotropic after annealing, :

The results of three 'Instron' tensile tests on the lohgitudinally.
Sut specimens of Fige. 2.10(b) are given in Fig. 4.2, These tests were
performed at a nominal strain rate of éi = 3,33 x 10"3 s'l and when

plotted logarithmically here show a true stress-plastic strain law of the

form, '
: o = n1(e)o¥
or Gr = 73'7 / 37.61 x 106. - . (%.1)

Further tests (not shown) at strain rates in the range of
3.33 x 10-1 - 333 x 10-5 ez‘-1 showed no marked strain rate effect and the
law of equation (4.1) was therefore seen to be valid for strain rates in
this range. . ' ’

% Figures are given at the end of this Chapter.
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' ‘l;-.2 CREEP AMD PLASTIC FLOW_DURING UNTAXTAL INCREMENTAL LOADING

The results of these t‘ests, performed on the specimens of Fig. 2.9,
are presenfed in Appendix III. I summary, these tests showed that the
forward strain which occurred between increments of load comprised of two
components; '

(1) Instentaneous strain (€,)
(2) Creep‘ strain (é‘)

Over a wide range of stress and temperature (0.3 € T/Tm < 0.6)
the creep strain component was shown to be describable by a simple
parebolic Jaw, €° = at™ such that the total strain,

€ = 69‘ + at® o (442)

In genéral the time exponent m in this equation increaéed with
increasing test temperature and decreasing load increment. The parameter
a in equation (l+.2) was shown to be dependent uﬁon applied stress level
(¥ ), temperature (T) and stress increment (8% ) in the form,

o = sexp (87) exp (/1) &7 (4.3)
where s, q and r were constants such that,

€° =177.8 x 1078 o exp(A¥) exp ('5%59-) 62 yo-l (4ol)

The instantaneous strain component (é ) comprised - a plastie
component ( 6') and a very much smaller recoverable elas tlc compor\er

(6 /E )} such that,

60 = 6¢ + 67 ) s (1+05)

and the growth of instantaneous strain .(Ze,) was found to depend ugon
stress level and temperature in the way that is understood for tensila
behaviour, That is, the stress dependence was typically described ixi
form by equation (4.1) to account for work hardening, whilst the effect of
an increasing temperature was to lower the stress to reach a specified
strain, o ’

The almost complete absence of a recoverable component of creep
strain (anelastic strain) in these tests was attributed to grain boundary
sliding being the predominant mechanism in the deformation., Tensile
creep isotropy was observed from specimens cut with their axes in

longitudinal and oblique directions (Fig. 2.13).
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‘L3 CREEP AND PLASTIC FLOW DURING COMBINED LOADING

This is analysed in three paragraphs. The first relates to the
nature of the 30 s plastlc loading strain components ( d€u ) dW,z )
in terms of the applied stresses ( u'ng) from plasticity theory. The
second paragraph deals with the short-time (30 s =15 min) creep strain
components that occurred between successive increments of load and the
third parapraph contains an analysis of the long-time creep strains at
the chosen stress ratios.

4o3.1 30 s Loading Strains

These were analysed in the manner outlined in Chapter 3. For
the three tests where diametral *. changes were measured the plastic strain

componen‘ts were computed from equatlon (3.6) to show from Fig. 4. 3 that,

dé 1

de = '—2' . _ (4.6)
which, from the constancy of volume condition ( AGE"_ = O ), is in
accordance with classical plasticity theory. Thus, apparently,equations
(3.9) and (3.11) are justified in formulating equivalent strains,
Programme L.l*_ was written for this purpose where equations (3.5),' (3.6),
(3.8) and (3.10) were firstly evaluated for each load increment and then
were successively summed to form the total strains of equations (3.7),
(3.9) and (3.11) at each equivalent stress level (equations (3.1) and
(3.2)). The élastic constants E, G and ¥ were rather difficult to obtain
from this series of tests since the stress~strain loading plots showed
little or no linear portion. The unloading curves for the prestrain test
series (see Chaptez'G) were always linear hov#ever and the slopes of these

were used to determine

E = 68,300 N/mmz, G = 24,200 N/mmz, and Y = 0,32 for use in
Programme L.l.

Fige Lol was constructed from the third and fourth ocutput columns
of this programme and shows the relat ionship between shear strain ( 5”)
and longitudinal strain ( eu ) plastic components for each stress ratio
(N="2/V2, ). Vith the exception of one test ( 7\ = 0.12), which
was associated with a changing stress ratio, the b’u vs eu plots
were all linear. The slopes of each plot, taken as r from equation .

(3.14), end the constant k, taken as r/ N  are shown in the table of
this figure, The Levy-Mises equation (3.14) predicts k as 3. For this

material an average k is . - nearer 2.6 than 3 and we therefore have,
' 4
dlg; _ ("ez\
P~ .

* Programmes sre given at the end of this Chapter.



84

The absolute magnitude of the strain components may be derived
in terms of the applied stresses provided some equivalent stress-strain
correlation exists for all tests., The last four columns of Programme
4. output gives the Mises and Tresca values as defined by equations
(3.1), (3.9), (3.2) and (3.11) respectively. These ere shown plotted
logarithmically in Fig. 4.5 together with a further correlation as made
on the basis of maximum shear stress vs maximum shear strain (equations
(3.&) and (3.12)). The law of equation (h.l) is also shown in the Mises
and Tresca correlations, Comparison of the three plots shows the Tresca
- equivalent stress definition (% ) and its associated equivalent strain
JHGT) to give the best correlatlon. Assuming linearity on this plot we
therefore have an equivalent stress-strain law of the form,

/o@: = a(EY (4.8)

or, from equations (3.2) and (3.11), that,
W,

j K‘“u) (4'692)/4] [, + 4762] (49)

Then solving equations (L. 9) and (4.7) the total strain components are,

"%

faef = 2A 7Y (1442)
22 ' [4#(2‘9X)z11/2

4 4.10
Jax), s 5.2 ATey (14487) (b-10)

a Nt [a4(z6r)]?

Obviously A and n can be calculated from the Tresca correlation so that
equation (4.10) accurastely fits the experimental data, It is more usual
however to base the correlations of Fig. 4.5 on a simple tension test,
Thus teking A and n from equation (4.1) as 1/(37.61 x 106) end 3.7
respectively for use in equation (4.10) its predictions for the A\ = 0,86
test are given in Fig. L4.6. This shows that the eQuivalent stress-strain
law of equation (4.8) is approximate only in describing real behaviour
when based on a separate tension test., ~ A further prediction is shown in
Fige. 4.6 for the Levy-Mises law of equation (3.13) and equation (4.1)
with Mises definitions of equivalent stress and strain, That is,

Nnal

- fdezz . v;;”A(us,\’)T

“w 7 h=t '
/‘worz # 3T, A(“:? 2 (-u.n)
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Clearly this is seen to be unsatisfactory for this purpose.

Programme 4.l also allows for the comstruction of yield loci.
Since stress-strain linearity was not a feature of loading the loci of
Figs. 4.7A and 4.8A were constructed for constant values of equivalent
strain (‘fdé'). The loci then show the combined stress condition for
equivalent strains of 0.002, 0.005, 0.010, 0,015 and 0.020. Thus in
Fig. 4.7A the Mises equivalent strain (jdzn) loci were constructed from
plots typical of Figz. 4.7B for A= 0.86. A superimposed Mises locus
shows the stress values to be underestimated on the tensile axis., A
similar construction for the Tresca equivaleﬂt strain (/dE; ) in Fig.
L.8A shows the Tresca locus to represent more closely the combined stress
state for a specified fd§: value which further confirms the 6} vs
ldéT correlation of Fig. 4.5. The loci were constructed from the
~plotted points and the strain increment vectors of Fig. L.l shomn on each
stress path. The loci were then drawn to pass through each point on the
stress path and in a direction normal to the strain increment vector at
that point. This normslity rule implies that for an ellipse V-4 k¥, Y
joining the experimental points and whose normil direction is K%¥s; /07,
then k from equation (4.7) is 2.6. Actually a locus of this k value’
would underestimate the increased strength of the extruded direction snd
to include this a locus of k = 4 represents more closely the overall
behaviour:* The fact that the strain increment ratio vector remained
constant in direction for any radisl stress path further implies that the
locus retains its initial shape as plastic flow progresses. The net

result as seen in Fig. 4.7A and L.8A is a series of inflated loci,

4.3.,2 Short-Time Creep Strain

The transient creep strain that occurred between increments of
combined load were amalysed by combuting the axial and shear strain rates
for intervals of time up to the application of the next increment. Thus
at the points marked by the bracketed symbois in Fig. ko4 the ensuing creep
rates as conmputed from equafion (3.15) are shown plotted below in Fig. 4.4,

% 5 locus of k=4 would not predict the correct plastic strain
increment directions of each stress path. The difficulty lies in
knowing the correct equivalent proof strain to define yield for the
material. The loci of Figs 4.7A and 4.8A indicate that nelther the
von Mises nor the Tresca equivalent proof strain is the correct
definition, The problem can be overcome by employinz a beckward
extrapolation method to define yield but for the present materisl the
well rounded Vvs¢f characteristic left the method open to erxror.

For ennealed En 25 steel & correct equivalent strain has been
found by an empirical method(54) which includes the angle between the
stress and plestic sirain increment vectorsof each radial loading path.
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This figure shows that for all times in the creep interval the
ratio of shear to axial creep rate is the same as the instantancous strain
increment ratio (r in Fig. h.h) for each stress path, Equation (h.?) may

therefore be extended to short-time creep strain, That is,

‘9“2- ‘5.2‘; = zo(%’)
4¢

A€ %

(#.12)

The strain rate computations are shown plotted against time for
N =0, 0.55 end ¢ in Figs; 4.9 and 4.10 for the stress levels indicated,
Linearity on these logarithmic plots means that the creep strain components

in this interval are describable by the parabolic time laws

€, = ag™
b ™ - (1.13)

m"and m, are used here since for any one test (defined by N ) the time
exponents of the strain components were nqt strictly equal, Thus m, for
A = 0.53 in Fig. 4.9 is 0,266 whilem2 for the same test in Fig. 4.10 is
0.308, Considering only the longitudinal strain components the time
exponent m, in Fig. 4.9 is seen to be independent of applied stress level
for any one test but from test to test m, did vary. - The variation is

seen to be consistent with the observations made on the uniaxial tests of
Section .2 where m increased with decre&singiload increment. Thus for’
the tension test ( A =0) of Fig. 4.9 m, = 0.215 with A¥;, = 1.9 N/
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while the test for A = 0.53 shows m, = 0,266 with AW, = 1.2 N/m>.

A similar observation is made for m, with thé shear strain components
in the table of Fig, %.10. Table 4.1 below shows that these trends are
consistent through a1l the tests,

Table 4.1 Variation in m with N and stress increment

N 1’}{" Wl | Wl | B !
o 1.938 - 0.215 -

0.12 | 1.808 | 0.217 | 0.226 | 0.325
0.53 | 1.215 | 0.644 | 0.266 | 0.308
0.86 | 0,998 | 0.858 | 0.309 | 0.283
1.81 | 0.661 | 1.196 | 0.326 | 0.249
- 1.800 - 0.188

It is of interest to compare the m, = 0,215 value here with
that for a test in Appendix III (Table 2) where for approximately the same
stress increment (AV’ 2 N/mm ) m = 0.345., This difference may be
attributed to specimen size effect where the cylinder of this test has

five times the number of grains in the cross-section.

In Appendix III the stress dependence of a in the equation
*
€° = nat™! was found to be of the form a = B such that,

€°= mBrTe™! (4.18)

It was found that a similar stress dependence also existed for the strain

components here. That is,
e P wm
€,=2mB V'Y

tez- m 6 v,r’_ M;'l . (’+015)

 ly ifm, =m, and b =.p, is it possible to formulate the multi-
axial counterpart of equation (4.14). If this were the case then,
guided by the incremental plastic strain correlation of equation (h.9)
end the strain increment ratio of equation (u.?) it is likely that for

strain rates,
[

€ mBFPy™! _ (4.16)

whez:e [Le )z ( ou) /4]

. - (.17)
and . s vaz "4’7;917-3
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' to'give component creep strain predictions similar to that for the plastic
strains of equation (4.10). That is,

ce . 2BYF(1ean)t g™
[+ oN)) (4.18)

¢ 5287 (1+an)2 £ |

592 - /\”"[4.,(2,@,\)‘];2

Although equation (4.18) is not strictly applicable to these tests it is
possible that for certain materials end radial loading they would apply.

L.3.3 Long-Time Creep Strain

The long-time axial and» shear creep strains ‘and strain rates were
evaluated by equations (3.16), (3.17) and (3.18) in Programme 4.2 for time
intervals up vto 100 hours, The longitudinal and éhear creep strain rates
are Shown plotted against time in the logarithmic axes of Figs, 4.11A and
4.11Brespectively., These figures show that for long-time constant stress
primary creep the time exponent m that describes it is the same for both
longitudinal and shear creep straih components and independent of stress
ratio, Thus for «1l tests,

ez‘z = a't
¢ ' 0.2 (419)
61 = b+

The final two columns of Programme 4e2 output examines the k
value of equation (3.21) for the selected time intervals, It is seen
that in almost ell tests and for most times k approximates to the value
of 3 a3 predicted from the Levy-Mises flow rule of equation (5.20). The

e 2l

effect of a stress ratio that changes with the development of plastic

/
strain is contained in the last columm of k values, Then from equation
(21) Appendix II

‘ . AN ' : '/z
agz/ézz = kM= k/\_(H,e’zz)

so that k" ):9, /é” . k | R (1.20)
| M(ve)t (4"

which means that k varies by 3% for each 1% of nominal longitudinal
strain, Since Qu was never greater than 3% in the combined tests then
this variation is seen not to be an importaxit effect here, The variation
in k is attributed to the difficulties of accﬁrately measuring strain



rates with the threé point formula of equation (3.18). The same order
of variation was appareht when the strain rate computation was based

on the five and seven point formulae of equation (3.18). The k
values in creep are more clearly seen in Fig. L4.12 where the shear creep
strain ( 5") and the longitudinal creep 'str'ain ( €,;, ) of Programme
4,2 are plotted for the times indicated. For each of the chosen stress
ratios (N ) Fig. L.12 shows that B¢, plots linearly with €gzq
throughout the time of creep. The slope of each plot has then been
‘used to calculate the k values in the té,ble of Fig. L.12, Since
these compare with the k values of Flg. 4ol this implies that the
plestic strain increments ratio ( dz“/dez ) of loading remains fixed
in direction, but grows in magnitude, throughout creep..  This, of course,
~1s consistent with the observations made on the short-time creep strain
in paragraph L4.3.2. Egquation (4.12) therefore applies to both short
and long-time creep strains for constant stress ratio tests on this

material.-

Comblnlng equations (u 12) and (4. 19) we have, for the first
100 hours of primary creep,

gﬂz = 20 AE.Q.E = E - | - (k.21)
ézi U;’ ‘va k

: The sudden change in the k value for the N = 1.81 test at
25 hours (Fig. 4.12) was identified with the onset of buckling in this
specimén (-see' Fig. L.13). Since the corresponding shear strain was
.55 then Firnie's prediction of a 10% creep buckling strain (equation
2.2) is rather conservative here, Over the whole of the 150 hour creep
period, however, no other specimens were observed to buckle and for the

pure torsion test ( A=€@ ) a shear strain of 5.3% wes achieved.

The k values of the N = 0.122 test in Programme L.,2 are
incorrect since this was not the stress ratio at the start of creep. A
Va.lue of Q.27 was calculated from the strain increment vector of Fig.
Loy ( dz@z/de' = 0.7) as being a more realistic figure, The k
) value based on this N value is seen to be consistent with the other
tests in the table of Fig. 4,12,

It is probable that equation (4.21) would have also applied to
secondary creep had the test been conducted for longer times., Indeed the
work on extruded material in the following chapter shows a linear 3’92 véu
plot for up to 500 hours of creep. The slope of such a plot is thus only
.likely to change its direction in annealed material if instability sets in.
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A Marin-Soderberg (6) isotropic prediction on the absolute
magnitudes of the creep rate comnonents may be obtained from equation
(3.19) with N written as 3E /2&

(equation (32) Appendix I).
For all creep times a € V'

correlation of the form €= A"

is assumed
so that, é et
S Pl =z AT
€7 T 729 A Uz Pt (4.22)
. ; S .'
Bop = 28 Tor d(e) 23ATF" Ty 9(8)
v
where g(t) = 79 for primary creep (Fige 4.11) and g(t) = 1 for
secondary creep, A and n are constants obtained from uniaxial creep
tests., |

a

‘It is obvious from a consideration of tno /Cz‘ratlo of equation
(4.22) that the isotrcpic prediction (“y =3 0}’) would not be in

€z
agreement with experimental observation (equatlon \24. 21)).

L., -THEORETICAL PREDICTION OF ANISOTRCPY

The plastic flow and creep produced by radial loading on '
annealed eluminium may be described by Hill's theory (see paragraph

3.1.3)., Comparing equations (3.22) and (3.24) with equations (4.6)
and (4.7) respectively we have for plastic flow,

é_?_ge = < F t- - -'-
del, (F+H) ? ‘
p (4.23)
d¥; » @b V.26 Vsr
def, (F+H)Y, 0z,

The constants are independent of stress ratio. Thus if F=H =1
then L = 5.,2/6,0. Furtheriore a comparison of equation (3.27) with
equations (4.,12) and (4.21) shows that the same constants apply to creep
rates during both short and long-time creep deformation.

Hill's theory
is therefore suitable to describe an initisl anisotropy which is

preserved throughout subsequent deformation,

The anisotropy is not
severe since for an isotropic von Mises materisl F =L =1,



91

4.5 RECOVERY

Unloading from the test Stresses, following 100 hours of éreep,
recovered strain components that were mostly elastic in nature. An
extremely small time dependent recovered strain (anelastic strain) was
~evident in each specimen at loser stresses but this was only a small
fraction of the overall recovered strain. The same observation wes made
‘for ths uniaxial tests in Appendix IIT. The nature of the instantaneous

‘delayed elastic strain' is discussed in Chapter 7 (Section 7.3).
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Programme 4.1 104

#% KINGSTON POLYTECHNIC 4120 ##

8J0B; MAPE/ROO08/DR; LOADING STRAINS;
8OPTIONS;MOTHY;

&FORTRAN; D -

0% C
i+ C ;
2% DIMENSION DELS(50),DELT(50),DELC(50)
Js READ(3,50) GL
48 READ(3,50) RADM
5z READ(3,50) RADN
6 READ(3,50) E
7% READ(3,50) G
8% READ(3,51) M
9% . K=0
10+ 1 READ(3,50) CON
11= READ(3,50) XLAM
12+ READ(3,51) N
134 WRITE(2,100) XLAM
14 . S2Z2=0.0
15+# §$SZ2=0.0
16+« DESZT=0.0
17+ DEZZT=0.0
18+ DEBPM=0.0
19+% DEBPT=0.0 - .
20 : _READ(3.52) (DELCCI),DELT(I),DELS(1), I=1,N)
21+« po 2 I=1,N
22+% IF(XLAM.NE.9,0) GO TO 4
23 DELSZ=CON#DELC(I)
24¢ DELTZ=0.0
254+ ' GO TO 3
26+ 4 DELTZ= CON*DcLC(I)
27 - DELSZ=XLAM*DELTZ
28« . 3 DEzZZ=DELT(Il)/GL ,
29+« pEzZP=DEZZ-DELTZ/E ’
30+« ~ THETA=DELS(1)#1.116%22,0/1260.0
J1# ’ GAMMA=(RADN=#THETA) /GL .
32+ DESZP=(GAMMA-DELSZ/G)/2.0
I3 - DEBPV=SQRT((DEZ2ZP#DEZZP)+ (4, 0*DESZP*DES7P)/3 0)
I4« DEBPR=SORT((DEZZP+#DEZZP)Y+(DESZP*DESZP))
35 . S22=S27+DELTZ
I6n - - 887=5S7+DELSZ
37« SIGRBM=SORT((SZZ2#SZZ)+(3.085572%#552))
38+ SIGBT=SQART((SZZ#SZZ2)+(4.0%S57+%S57))
39+« DEZZT=DEZ2ZT+DEZZP
40+ ~ DESZT=DESZT+(2.0+#DESZP)
41 ’ DEBPM=DEBPM+DEBPV
42+ ’ DEBPT=DEBPT+DERPR
‘234 o g$ég5(2.101) $77,5SSZ,DEZZT,DESZT,SIGBM, DEBPM.SIGBT DEBPT‘
+*

. 48 50 FORMAT(6X,F0.0)
49 51 FORMAT(10)
50+ 52 FORMAT(2X,F0.0,F0.0,F0.0)

51s 100 FORMAT(1H1,25%,37HMISES AND TRESCA STRESS - STRAINS FOR,
52+ ~122H RADIAL LOADING = ,FS5, 3///)

53 101 FORMAT(S5X,8E13.5)
54« ~ END
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0.25305E+02
“0.27113E+02

0.28920E+02
0.30728E+02
0,32535E+02
"0.34343E+02
0.36150E+02

0.37958E+02

0.38861E+402

MISES AND TRESCA STRESS = STRAINS FOR RADIAL LCADING )\

Teoz
0.00000E+00
0.00000F+00
0.00000F+00
0.00000E+00
0.0C0000E+00
0.00000E+00
0.00000FE+00
0,00000E+00
0.00000E+Q0
0.,00000E+00
0,000Q00E+00
C.00000E+00
0.093000E+0Q0
0.00000FE+00
0.00000E+00
0.00000F+00
0.00000E+00
0.00000E+00
0.00000F+00
0.00000E+00
0.00000k+00

M]SES

7%
0.44103E+00
0.88206E5+00
0.13231E+01
0.17641E+01
0.22052E+01
0.26462E+01
0.25667E401
0.30872E+01
0.330776+01
0.35282E+01
0.,37488E+01
0.396538401
0.41898E+01

0.44103E+01 -

0.46308E+01
O.474115f01

4
Jaet,
-0.159867€-04
~0.,37350E-05
" 0.11698E~04
0.39930&E-04
0.77763E~04
0.13120E-03
0.18623E~-02
$0.28146E-23
0.41669E-03
0.62573E-03
0.98736E~03
0.16010E-02
0.25826F=~02
0.41743E-02
0.64419E-02
0.89255E-02
0.11607F=-n1
- 0.14915E-01

0.18466E-01"

0.,220985-01
0.26670E~01

AND,TREiEA STRESS - SgﬁAINS FOR RADIAL
/débz 13592 sz
0.13707E«N3 0,14318E-05 0.36943F+0]
0.19414E-03 0.12089E-04 0.73897E+01
0.27822E-(5 0,24057E-04 0.110R4E+02
0.39529E-03 0.38593E-04 0.147797+02
0.65836FE-03 0.72156E~04 0.1B474F+02
0.,14754€-02 0.21118E-03  0.22169E+02 .
0.20930F-02 0,327872~03 0.24016E+02
0.31785E-02 0.54153E-93 0.25664F+02
0.45880E-02 0,77615E~03 0.,27711E+02
0.60736E-02 0.10501E-02 0.29559E+02
0.75591E-02 0,14661E-02 0.31406E+02
0.916C6E=02 0.24770E-02 0.33253E+(2
0.,11404E-01 0,37102E-02 - 0.35101E+02
0.13992E-01 0.,56824E-02 0.36948E5+02
0.16681F~01 0.76625E~02 0.38796E+02
0.17936E=01 0,653385-02 0,39719E+02

Jdsg,

0.00000E+00

0.00000E+00

0,00000E+00
0.00000E+0D
0.0C000E+GD
0.00000E+0O
0.00000E+00
0,00000E+00
0.00CN0E+00
0.0C000E+00
0,00000E+00

G.000Q00E+00 -

0.00000E+00
0,00000E+00

0.00000E+00"
‘0.00000E+00

0.00000E+00
0.N00G0E+DO
6.00009E+0D
0.00000E+00
0.00000E+00

Va

0.19375E+01

0.38750E+01
0.58125E+01
0.77500E+01
0.96875E+01
0.11625E+02
0.13562E+02
0.15500kE+02
0.,17437E+02
0.19375G+02
0.21312E+02
0.23250E+02
0.25187F+02
0.,27125E+052
0.29062E+02
0.310060E+02
0.32937E+02

"0.34875E+02
0.36812E+02

0.38750E+02
0.40687E+02

Ji,
0,15967E~04
0.28200E-04
0,43633E-04
3,71665E-04
0.,10970E-03
0,16313E-03
0.22116E-03
0.,31340E-03

0,44863E-03 -

0.65766E-03
0,10193¢£=-02
0,16329E-02
0.26146E~02
0,42062€-02

-0,64738E~02

0,89575E~02
0.11639E-01
0.14947E-01
0.18498E-01
0,22130E-01
0.26702E-01

LOADING N\ =

[42"

y M
0,13707E-03
0.19448E-C3
0.27R83E-03
0.39620E-03
0,65999E-03
0.14310E-02
0.21022g~02
0,31947E-072
0.,46107E-02
0.61047E-02
0,760095E-02
0.93141E~-D2
0,11668E~-01
0,14495E-01
0.,17417E-01
0,18769E-01

0.000

v
0.19375E+01
0.38750E+01
0.58125E+01
0.77500E+01
0.96875E+01

0,11625E+02 °

0.13562E+02
0,15500E+02
0,17437E+02
0.19375E+02
0.21312E+02

- 0.23250E+402

0.25187E+02
0427125€+02

0.29062E+02:

0.31000E+02
0.32937E+02
0.34875E+02
0.36812€+02
0.38750E+02
0.40687E+02
6.122
G
0,37211E+01
0.74421E+01
0.11163E+02
0.14884FE+(02
0.18605£+02
0.,22326E+02
0.24187E+0G2
0.26047£+02
0.27908E+02
0.29768E+02
0.316295+02
0.33490E+02
0.35350E+02
0.37211E+02
0,39071€+02

0,40001E+02

-9
JPE:

D.15967E-G4
0.28200E-04
0,43633E~04
0.71865E-04
0.10970c-03
0.16313£-03
0.,22116£-03
0.31340£-03
0.44563c-03
0.65765£-03
0.10193E-02
0.16329E-02
0.26145E-02
0,42062E-02
0.64737E-02
0.8957%E-02

0.11639E-01

0.14947E-01
0.18498E-01

-0.22130E-01

0.26702E~-01

e

0.137075-03
0.19439E=-03
0.2786E£L=03
0.39598E~03
0.5595/E-03
0.14796k-02
0.20966£-02
0.31907E-02
0.46051E-02
0.609695-02
0.7596GE~02
0.92763E-02
0,11603E-01
0.14372&-01
0.17238E-01

0,18565E-01

01



Uz

0.24300E+01

0.48600E+01

0.72900E+01
0.97200E+01
0.12150E+02
0.14580E+02
0.15795E+02
0.17010E+02
0.18225E+402
0.19440E+02
0.20655E+02
0.21870E+02
0.23085E+02
0.24300E+02
0.25515E+02
0.26730E£+02
0.27277E+02

%z

0.19950E+01
0.39900E+01
0.59850E+01
0.79800E+01
0.99750E+01
0.11970E+02
0.12967E+02

0.13965E+02

0.14962E+02
0.15960E+02
0.16957E+02
0.17955E+02
0.18952E+02

0.19950E+02

MISES AND TRESCA STRESS - STRAINS FOR RADIAL LOADING 4A

Yoz
0.12922E+01
0.25855E+01
0.38783€+01

0.51710E+01

0.64638E+01
0.77566E+01
0.84029€+01
0.90493E+01
0.96957E+01
0.10342€+02
0.10988E+02
0.11635E+02
0.12281E+02
0.12928E+02

'0.13574E402

0.14220E+02

‘0.1451lE+02

MISES

7%
0.17217E+01
0,34434F+01
0.51651E+01
0.68867E+01
0.86084E+01
0.,10330E+02
0.11191E+02
0.12052E+02
0.12943E+02
0.13773E+02
0.14634E+402
0.15455E402
0.16358E+02

0.17217E+02

J4ek,

Ja,

0.56422E-04 =-0.13702E-05

0.10284E=-03
0.21327F=03
0.38769E-03
0.82011E-03
0,19545E~-02
0.27627E-02
0.38590E~-02
0.49332E-02
0.62034E-02
0.75896E-02
0.93718E-02
0,11504E-01
0.14036E-01
0.16838E~-01
0.19981E-01
0.21333F-01

J&,

-0.92094F~05

0.15581£-04
0.,11377E-03
0.24136E-03
0.69215E-03
0.21829E-02
0.34083E~02
0.50397E-02
0.70491F-02
0.93565E-02
0,11832E-01
0.13921€E-01
0.16593E-01

0.,18378E-01

0.11517E-04
0.29646E-04
0.71729E-04
0.19705E~03
0.54986E=~03
0.91156E~03
0.15558E~-02
0.28762E-02
0.49854E-02
0.74564E~02
0.10480E~01
0.13630E-01
0.17577E-01
0.22231E~01
0.26271E-01
0.27806E-01

?
Jdvgz
0.32875E~-05
0.12865E-04

0.46554E~04
0.14838E-03

- 0.50968E-03

0.16179E=-02
0.30883E~-02
0.614532-02
D.968627E-02
0.13664E~-01
0.17806E-01
0,21948E~01
0.26976E~01
0.305415-01

Vm
0.33043E+01
0.66087E+01
0.99130E+01
0.13217E€+02
0.16522E+02
0.19826E+02
0.21478E+02
0.23130€+02
0.24782E+02

- 0.26435E+402

0.28087E+02
0.29739E+02
0.31391E+02
0.33043E+02
0.34695E+02
0.36348E+02
0.37091E+02

AND TRESCA STRESS - STRAINS FOR RADIAL

Vi
D.35878E+01
0.71757E+01
0.10764E+0C2
0.14351E+02
0.17939E+02
0.21527E+02
0.23321E+02
0.25115E+02
0.26909E+02
0.28703E+02
0.30497E+02
0.32291E+02
0.34085E+02
0.35873E+02

=
f&e"
0.56427E-04
0.,10344E-03
0.,21436E-03
0,39046E-03
0.82890E-03
0,19815E-02
0.28162E-02
0,39738E-02
0,52910€E-02
0,70507E~-02
0,90399E-~02
0,11535e-01
0.14337E-01
0,17743E-01
0.21626E-01
0,25539€E-01
0,27156E-01

LOADING

f -f

A%,

0.94029E-05
0,34803E-04
0.13490E-03
0,27539E-03
0,77210E-03
0,23944E~02
0.38851E-02
0.62886E-02
0.92287E-02
0,12413E-01
0,.15855E-01
0,19031E-01
0,22976E-01
0,25700E-01

0.532
Y

0.35482E+01
0.70964E+01
0.10645€+02
0.14193E+02
0.17741E+02
0.21289E+02
0.23063E+02
0.24837E+02
0.26612E+02
0.28386E+02
0.30160E+02
0.31934E+402
0.33708E+02
0.35482E+402
0.37256E+02
0.39030€+02
0.39829E+02

0.863

O
0.39796E+01
0.79591E+01
0.11939E+02
0.15918E+02
0.19898E+02
0.,238377€+02
0.25867E+02
0.27857€E+02
0.29847E+02
0,31836E+02
0.,33826E+02
0.35816E+02
0.37806E+02
0.39796E+02

- 0.20947E402 0.18078F+02 (0,21004E-01 0,34940E-01 0.37672E+02 0,29353E-01 0,41765E+02

J =P

AEr

0.56426E-04
0.10329E~-03
0.21409E~-03
0.38977E~03
0.82671E-03
0.19748E~02
0.28030E~07
0.,39455E-02
0.52064E-02
0.68574E-02
0.,87142E-02
0,11051E-01
0.13702E-01
0.16912€-01
0.20555E=-01
0,24291€E-01
0.25845E-01

i

T
0.93549E-05
0,34604E-04
0.13423E~03
0.27160€-03
0.75724E-03
0.,23477€=-02
0.37767E-02
0.60123E-02
0.87495E-02
0,11739E-01
0.14966E-C1
0.17908E-01
0.21577E-01
0.24100E-01

0.275256=01

01



END

G
0.132102+01
0.26420E+01
0.39630E+01
0.52840E+01
0.66050E+401
0.72655E+01
0.79260E+01
0.85865E+01
0.92470E+01
0.99075E+01
0.10568E+02

(6.11228E+02

2

2
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+090

MISES

Yoz

0.23870E+01

"0.477441E+01

0.71611E+01
0.95482E+01
0.31935F+02
0.13129E+02
0.,14322E+02
0.15516E4+02
0.16709E+02
0.17903E+02
0.19096E+02
0.20290E+02

)4,

0.32659E=04

Jass,

-0.95301E~05

0.63318F-04 -0,19030E~06

0.14698E~03
0.32284F~03
0.10135€E~02
0.19458£-02
0.35362EF=-02
0.49565E=-02
0.63908E~02
0.78731E-02
0.93675E=02
0.11034E-01

0.52655€E~04
0.21086E-03

0.10452E~02

0.24531E-02

0.57322E-02.

0.10343E-01
0.16573E-01
0.23537E~01
0.31953E-01
0.,41234E-01

~AND TRESCA STRESS =~ STRAINS FOR RADIAL LOADING

T
0.43404E+01
0.86808E+01
0.13021E+02
0.17362E+02
0.21702E+02
0.23872E+02
0.26042E+02
0.28213E+02
0.30383E+02
0.32553E+02
0.34723E+02
0.36893E+02

MISES AND TRESCA STRESS - STRAINS FOR RADIAL

Tos
0.18000E+01
0.36000E+01
0.36000E+01
0.54000E+01
0.72000E+01
0.90000E+01
0.10800E+02
0.12600E+02
0.14400FE+02
0.16200F+02
0.18000E+02
0,19800E+02

Jack,

Jasd,

0.00000F+00 =0,41420E~05
0.00000E+00 ~0,61873E~05

0.00000F+00
0.00000E+00
0.00000E+00
0.000005400
0.00C0CE+00
0.00000E+00
0.00000E+00
0.00000E+CO
0.00000E+00
0.00000E£+00

0.84284E-04
0.12941E~03
0.29929€=-03

- 0.87750E-03
0.25355E~02

0.68955E£-02
0.13441E~-01
0.21439E~01
0.31691E-01
0.42152£-01

Um
0.31177E+01
0.62354E+01
0.62354E+01
0.93531E+01
D.12471E+02
0.15588E+02
0.18706E+02
0.21824E+02
0.24942E+02
0.28059E+02
0.31177E+02

0.34295E+02 .

JA@P

™
0.33119E-04
0.64249~04
0.15330E-03
0.,35146E-03
0,11935E=-02
0.24304E~02
C.49038E~02
0.,79201€E-02
0,11792E-01
0.16078E-01
0,21161E-01
0.26773E-01

LOADING A

Jaz.

0.23914E-05
0,35722E-05
0,55806E-04
0.81861E-04
0,17994E-03
0.51377E-03
0.14710E-02
0.77675E=-02
0.12385E-01
0.18304E-01
0,24344E-01

}\ = 1.807

%
0.49535E+01
0.99070E+01
0.14860E+02
0.19814E+02
0.24767E+02
0.27244€+02
0.29721E+02
0.32198E+02
0.34674E+02
0.37151E+02
0.,39628E+02

"0.42105E+02

o

U}
0.36000E+01
0.72000E+01
0.72000£+01
0.10800E+02
0.14400E+02
0.18000E+02
0.21600E+02
0.25200E+02
0.28800E+02
0.32400E+02
0.36000E+02
0.39600E+02

fo

7
0.33005E~04
0.64017E-04
0,15175E~03
0.34458E-03
0.11515E-02
0.23197E-02
0.46038E-02
0,73115E=-02
0.10741E-01
N.14525E£-01
0,18991E-01
0.23921E-01

I
0.20710E-05
0.30936E~05
0.48329E~-04
0.70894E-04
0,15583E~-03
0.44404E-03
0.12739E-07?
0.34540E-02
0.67269E=-02
0.10725E-01
0.15852E~-01
0,21082E-01

LOT



Programme 4.2 : log
#+ KINGSTON POLYTECHNIC 4120 =+ |

8J0B; MAPE/ROO08/DR; STRAIN RATES;

SOPTIONS;MOTHY;

&FORTRAN; D3

0= C _
i= C s
2% DIMENSION T(100), DEZZ(100), DGAMMA(100), EZZ(1008), GAMMA(100 >
3= READ(3,50) GL
44 READ(3,50) RADN
5% READ(3,51) M
64 K=0
7= 1 READ(3,50) S27 -
8% READ(3,50) XLAM
Q% READ(3,50) C1
10« READ(3,50) C2
11« READ(3,51) N
12+ IF(XLAM.NE.9.0) GO TO 6
13+ §S7=S522
14+ SZ2=0.0.
15+ GO0 T0 7
16+ 6 SSZ=XLAM#SZZ
17+ 7 WRITE(2,100) XLAM,SZZ,SSZ ,
18+« READ(3,52) (T¢1),DEZZ(1), DGAMMA(I). I=1,N)
19 DO 2 I = 1,N
20+# 2=C1sDEZZ(1)
21+ BR=1,0+2/GL
22+= E2Z2(1)=ALOG(BR)
23+ X=C2#DGAMMAL(T)
24+« PHI=(RADN#1.116#X#53, 14159)/(180 0=GL)
25# GAMMA(I)=SIN(PHI)/COS(PHI)
26 L=1-1
274# - IF(L,LT.2) GO TG 2
28+ REZZ=(EZZ(L+1)-EZZ{L-1))/(T(L+1)=~-T(L=-1))
29+ _ RGAMMA=z (GAMMA(L+1)-GAMMA(L=1))/(T(L+1)=-T(L-1))
30+ IF(XLAM.NE.9.0.AND.XLAM,NE.0.0) GO TO 4
31# A=0.0
32* B=0c0
33+ GO 70 5
34+# 4 A=RGAMMA/(REZZ&#XLAM) .
354 . XLAMC=XLAM#SQRT(BR)
36 B=RGAMMA/Z/(REZZ=XLAMC)
37+« 5 WRITE(2,101) T(L)Y)»EZZ(L),GAMMA(L)Y,REZZ, RGAMMA A,B
38s - 2 CONTINUE _
39« K=K+1
40+ IF(K.LT.M) GO TO 1
41+ STOP
42+« 50 FORMAT(6X,F0.0)
43 » 51 FORMAT(IQ)

44+ 52 FORMAT(2X,F0.0,F0.0,F0.0)
45% 100 FORMAT(1H1,30%,30HCREEP STRAINS AND STRAIN RATES,

46+ 126H FOR RADIAL LOADING = LF5.3/7/7
47« 240X ,12HWHERE = S, F6.2,1X,15HN/MM AND T sF6.2,
48+ 31X, 4HN/MMZ /7)) '

49+ 101 FORMAT(19X,F5,1,6E13,5)
.50& END



- 40,0

55.0

70.0

CREEP STRAINS AND STRAIN RATES FOR RADIAL® LOADING ‘x = 0.000

ezz
0.11712g-01
0.14865E=-01
0.17321€-01
0.19429€E~01
0.25725F£~01
0.29609E~-01
D.32416E-01
0.35071E-01
0.37237E~01
0.39303E~01
0.40838E-01
0.42370E-01
0.44808E~01
0.47001E-01
0.48666E-01
0.50234E-01
0.5146LE-01
0.52605E-01
0.53647E-01
0.54545E-01
0.55443E-01
0.56198E-01

WHERE v;;

¥as

0.00000E+00
0.00000E+DD
0.00000F+00
0.00000E+00
D.00000F+00
0.00000E+00
C.00000F+00
0.0C0000F+00
0.00000F+00
0.00000F+00
0.00000FE+00
0.000C0E+CO
0.00000F+00
0.00000F+00
0.00000F+00
0.00000F+00
0.00000FE+00

0.00000F+00.

0.00000FE+00
0.00C00F+00
0.00000E+00
0.000G0F+00

¢ Y,

’
ezz
0.37024E-02
0.28044E-02
0.22818E-02
0.14006E-02
0.10181E-02
0.66916E-03
0.54614E-03
0.48211E-03
0.42326E-03
0.36007E-03
0.30670E-03
0.39697E-03
0.46306E-03
0.38589E~03
0.32335E~03
0.28014E~03
0.23709E~03
0.21787E-03
0.19400E~03
0.17963E~03
0.16531E~03
0.16045E~03

,

Yez
0.00000E+0Q0
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.,00000E+00
0.00000E+00
0.00000E+00
0.00000F+00
0.00000E+00
0.00C00E+00
0.00C00E+DO
0.00000F+00
0.00000E«00
0.00000E+00
0.00000F+C0
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00

0.00 N/MM

k
0.000C0E+00
0.00000E+00
0.C0000E+00
0.00000NE+CO
0.00000E+00
0.06000E+00
0.00000E+00
0.00000E+0Q
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00Q
0.00000E+00
0.ND0000E+OQ
0.00000E+00
0.0000C0E+00
0.000NC0E+0C
0.N0000E+00
0.00CCOE+00
0.000CCE+D0

0.00000E+00"

kl
0.00000E+00
0.00000E+00
0.00000F+00
0.00000E+00
0.00000F+0C
0.00000E+00
0.00000E+00
0.00000E+00
0.00000F+00
0.00000E+00
0.00000F+00
0.00000F+00
0.00000E+00
0.00000F+00
0.00000E+00
0.00000F+00
0.00000F+00

.0.00000E+00

0.00000E+00
0.00000F+00
0.00000E+00
0.00000F+00

GOT



CREEP STRAINS AND STRAIN RATES FOR RADIAL LOADING A = Q.122

€z
0.,67568E-02

.0.85012E-02

0.97453E=-02
0.,10735E~-01
0.14459g-01
0.17079E-01
0,19052E-01

'0.,20529F-01

0.21856E-01
0.22838E~-G1
0.22820E~01

0.24653E-01 -

0.25290E-01
0.26073E-01

0.26758E-01.

0.27344E-01
N,28028E-01
0.28516E-01
0.29102E-01
0.29687E-01
0.30174E-01
0.30564E-01

WHERE. V.

Yoz

0.40539E~02
0.53511E~02
0.63241E-02
0.70808E-02

0.94052E-02

0.11216E-01
0.12649E-01
0.13568E-01
0.14325F-01
0.15000F~01
0.15676E~01
0.16217F-01
0.16757E-01
0.17217F-01
0.17650E-01
0.18082E-01

0.18379€-01

0.18731F-01
0.19136E~01
0.19515E-01
0.19893F~01
0.20218F~01

2y =

38.85 N/MMPAND Vg =

€

0.19958E-02

0.14942E-02

0.11191E-02
0.78558E-03

0.,63394E~03

0.45929E-03
0.34499E-03
0.28046E~03
0.23097E-03
0.19634E-03
0.18145E-03
0.14701E~03
0.14199E-03

0.14679E~03

0.12713E-03
0.12704E-03
0.11721E-G3
0.10737E-03
0.11707€-03
0.,10726E~03
0,87713E-04

0.73064E-04

T
0.14594E-02
0.11351E~6G2
0.86485E~03
0.51352E-03
0.,41353£=-03
0.32435E-03
0,23516E=-03
0,16759E~-03
0,14326F-03
0.13516F=-03
0.12164E=-03
0.10813F=-03
0.10002E-03
0.89211F-04
0,86509E~04
0.72993E-04
0.64883E-04
0.75698F-04
0.78403E-04
0.75700E-04
0.70294E-04
0.64B88E~-04

4,74 N/MM

12

0.59938E+01
0.62268E+01
0.63343E+01
0.53580E+01
0.53469E+01
0.57885E+01
0.55872E+01
0.48980E+01
0.50842E+01
C.56424E+01
0.54950E+01
0.6G291F+01
0.57740F+01
0.49815E+01
0.55776E+0C1
0,47094E£+01
0.45375E+01
0.57787E+01
0.54894E+401
0.57851E+01
0.65689E+01
0.72795E+01

kl
0.59684E+01
0.61965E+01
0.63004E+01
0.53194E+01
0.53014F+01
0.57336E+01
0.55301E+01
0.48447FE+01
0.50265E+01
0.55756F+01
0.54277E+01
0,59534F+01
0.56992F+01

0.49153E+01 .

0.55019E+01
0.46439E+01
0.44732E+01
0.56952F+01
0.54085F+01
0.56985E+01

0.64693F+01
"0.71678E+01

o1t



CREEP STRAINS AND STRAIN RATES FOR RADIAL LOADING )\ = 0.532

0.38957E-01

0.49970E-01

D.76516E-04

0.89494E~-04

0.21985E+01

WHERE sz= 27.30 N/mEAND T, = 14.52 n/mmd
’ VR [}
€y Yo: €z ez k Kk
0.59487E-02 0.57389FE-02 0.20273E=02 0.19768E-02 0.18328E+01 0.18259E+01
0.75290E-02 0.76520E-02 0.14806E-02 0.16580E-02 0,21050E+01 0,20955E+01
0.89098E=-02 0.90549F=02 0.12568E-02 0,13711FE-02 0.20506E+01 0.20404E+0%
0.10043E-01 0.10394E-01 0.10888E-02 0.12330E-02 0.24287E+01 0.21123E+01
0.15443E-01 0.16453E-01 0.83331E-03 - 0,98860E-03 0.22300E+01 0.22096E+01
0.18376E-01 0.20280F=01 0.551706-03 0.73998E=03 0.25212E+01 0.24949E+01
0.20960E-01 0.23853E-01 0.49667E=03 0.68906E-03 0.26078E+01 0.25775E+01
0.23342E-01 0.27171E-01 0.45663E-03 0.65727E-03 0.27056E+01 0.26713F+01
0.25526E-01 0.30425F=01 0.38783E-03 0.57441F-03 0.27840E+01 0.27463E+01
0.27221E-01 0.329156-01 0.29038E-03 0.40214C-03 0.26032E+01 0.25664E+01
0.28430E-01 0.34447E-01 0.21267E-03 0.30644E-03 0.27085E+01 0.26600E+01
0.29347E-01 0.35979E=-01 0.20759E-03 0.36394E-03 0.32955E+01 0.32456E+01
0.30505E-01 0.38086E-01 0.27001F-03 0.41507E~03 0.28895E+01 0.28436E401
0.32048E-01 0.40130F-01 0.28413E-03 = 0.37682E~03 0.24929E+01 0.24517E+401
0.33347E~01 0.41854FE-01 0.23567E-03 0,33216E-=03 0.26493E+01 0.26041FE+01
0.34404E-01 0.43451F-01 0.21137E-03 0.31304E-03 0.27838E+01 0.27349E+01
0.35460E-01 0.44985E-01 0.22553E-03 0,31308E-03 0.26095E401 0.25621E+01
0.36659E-01 0.46582E-01 0.20613E-03 0.29395E-03 0.26805E+01 0.26307E+01
0.37522E-01 0.47924FE-01 0.13890E-03 0.23008E-03 0.31136E+01 0.30549F+01
0.38048E-01 0.48883E-01 0.10052E-03 0.159795-03 0.29882E+01 0.29312E+01
0.38527E-01 0.495225-01 0.90900E-04 0.10867E-03 0.22471E+01 0.22037E401

0.21558E+01.

11t
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CREEP STRAINS AND STRAIN RATES FOR RADIAL LOADING N = 0.565

ezz

0.29835E-02
0.39761E-02
0.48190E-02
0.54631E=-02

0.77388E=-02

0.94668E=-02
0.10946E-01
0.12176E-01
0.13258E-01
0.14044E-01
0.14731E-01
0.,15320E-01
0.15859£-01
0.16300E-01
0.16790E-01
0.17280E-01
0.17769E~01
0.18258E-01
0.18649E-01
0.19089E~01
0.19578E-01
0.20017E£-01

2
wnere U, = 25,50 nomann T = 14.a1 n/m

T

0.37489E£-02
0.52344F~-02

0.67906F=02-

0.77809E~02

0.11742E-01.

0.14714F-01
0.17190E-01
0.19667E-01
0.2143¢6E-01
0.23276E-01
0.24833E-01
0.26197E~01
0.27168E-01
0.28160E~01
0.28938E~01
0.29929E~-01
0.30779E-01
£.31641F=01

0.32691E-01

0.33328F-01
0.34107E-01
0.34673E~01

[
€2
0.,11422E=-02
D.91771E-03
0.74348E-03
0.48663E-03
0.,40038E=-03
0,32069E~03
0.,27095E-03
0.23124E~-03
0.18678E~03
0,14732E-03
N.12759E~03
0.11280E-03
0.98038E=-04
N.93088E~04
0,97942E-04
0.,97894E-D4
0.97846E=~04
0.88022E~04
0.83094E~-04
0.9282%9E~04
0.92788E-04
0,78105E-04

Yoz
0,16976E-02
0.15208E=-02
0.12733E-02
0.82530E-03

0.,69328E~03-

0.54477E~03
0.49528E-03
0,42456E£-03
0.36091E-03
0.33970E-03
0.28311£~-03
0.,23358E~-03
0.20528E-03
0.17697E-03
0.17698E£-03
0.18407E-03
0.,19116E-03
0.19117E=-03
£.14870E-03
0.141635-03
0.13455F=-03
0.11331E-03

k
0.26307E+01
0.29331E+01
0.30311E+01

0.30017g+01 -

0.30647E+01
0.30066E+01
0.32353E+01
0,32495E+01
0.34200E+01
N.40811E+01
0.39271E+01
0.36650E+01
0.37060£+01
0.33649E+01
0.31983E+01
0.33280E+01
0,.34579E£+01
0.38440E+01
0.31673E+01

0.27003E+01 |

0.25665E+01
0.25677E+01

kl
0.26255E+01
0.29260F+01
0.30228E+01
0.29901E+01
0.30502E+01
0.29902E+01
0.32157E+01
0.32281E+01
0.339€61E+01
0.40512E+01
0.38972E+01
0.36360E+01
0.,36759€+01
0,33367E+01
0.31708E+01
0.32986E+01
0.34265E+01
0.38083E+01
0.31372E+01
0.26740E+01
0.,25410F+01
0.25417F+01

ST



- CREEP STRAINS AND STRAIN RATES FOR RADIAL LOADING %» =.0.863

€z;
0.47885E-02
0.57832€-02

" 0.64790E-02

0.72735E-02
0.11039E-01
0.13015E-01
0.16562E-01
0.17840E-012
0.18233E-01
0.20293E-01
0.22055E=-01
0.22642E-01
0.23033F=-01
0.23717E-01
0.,24107E-01
0.24693E-01

wHEREe Vo, =

22
13
0.13995E-01
0.15459E-01
0.17013E-01
0.18411F-01
0.25250E-01
0.31780E-01
0.37691E-01
0.41581E-01
0.45161F-01
0.47652E-01
0.50143E-01
0.52480E-901
0.54037E-01
0.55907E-01
0.57933F=01
0.59882F-01

2

20,95 N/MM° AND T,

[ ]

GZZ
0.74623E-03
0.84522E-03
0.74512E-03
0.75998E=-03
0.57415E~03
0,55232E-03
0.48250E-03
0.16707E-03
0.24528E-03
0.38222E-03
N.23490E-03
0,97771E-04
0.10748E=-03
0,10744E-03
0.97609E~04
0.10732E-03

QZ= 18,08 N/MMz

® .

192 k
0.24861E~02 0.38604E+01
0.15539E~02 0.21303E+01

0,14763E~02
0.,13729E-02
0.13369E~02
0.12441E=-02
0.98005E~-03
0.74697E~03
0.60708F~-03
0.49826E-03
0.48280E-03
0.,38944E~03
0.34278E=-03
0.38960E~03
0.39748E~-03
0.37418E-03

0.22958E+01
0.20933E+012
0.,26981E+01
0.26100E+01
0.23536E+01
N.51809E+01
0.78680E+01
0.15105E+01
0.23816E+01
0.46155E+01
0.36955E+01
0.42019E+01
0.47186E+01
0.4040CE+01

k’
0.38492E+01
0.21234E+01
0.22874E+01
0.20818E+01
0.26806E+01
0.25885E+01
0.23327E+01
0.51338E+01
0.28390E+01
0.14940E+01
0.23548E+01
0.45626E+01
0.36520E+01
0.41516E+01
0.46607E+01
0.39894E+01

TIT



CREEP STRAINS ANb STRAIN RATES FOR RADIAL LOADING A» = 1.807

e:z

0.25257€-02
0.31242E=-02
0.,36342E-02
0.40753E-02
0.54659E-02
0.64050E~-02
0.70794E£=-02
0.78412E-02
0.87195-02
N.93728E=02

0.99478E~02 -

0.10415E-01

0.10834E~0C1"

0.11184E-01
0.11476€£-01
0.11739E~-01
0.11943£-01
0.12157E-01
0.12419E£-01

0.12711E-01 -

0.13226E-01

WHERE (7= 11,20 N/MMEAND Top= 20,24 N/MY

ez

0.12481E-01
0.16130F~-01

0.18947E-01 -

0.21764E-01

0.30602E-01.

0.37009E-01
0.41432E-01
C.45344E~01
0.46113E-01
0.47909F-01
0.49192F=-0N1
0.50796F=-01
0.51631E-01
0.52722E-01
0.53684E-01
0.54069E-01
0.55097E-01

.0.55289E-01

0.56124E-0%
0.56637F=-01
0.57472E-01
0.58500E-01

ezz

0.75098E=-03
0.55425E-03
0.47553E-03
0,30529E=-03
0.23297E-83
0.16134E~03
0.14362E-03
0.16401E-03
0.15316E~-03
0.12283E~-03
0.10425E-03
0.88618E-04
0.76901E-04
0.64224E-04
0.55449FE-04
0.46682E~04
0.41809E-04
0.,47632E=-04
0.55395E~04
D.52466E-04
0,51480€-04
0.66030E-04

¢
oz
0.43847E-02
0.32329E-02

-0,28171E-02

0,19426E-02

‘0,15246E=-02

0.10830E-02
0.,83343E-03
0,46810E-03
0.25656E-03
0.30790E~03
0.28871E-03
0,24382F~03
0,19252E-03
0.,20537E-03
0,13479E~03
0.14122E-03
0.12197E-03

0.,10272E=-03 .

0,13482E-03
0.13484E~03
0,18622F=-03
0.22477E-03

2

k

0.32311E+01
0.32279E+01
0.32784E+01
0.35214E+401
0.36215E+01
0.37147E+01
0.32114E+01
0.15795E+01
0.92699E+00
0,13872E+01
0.15326E+01
0,15226E+01
0.13854E+401
0.17696E+01
0.13452E+401
0.16741E+01
0.16144E+01
0.11934E+401
0.13469E+01
0.14222E+01
0.20018E+01
0.18839E+01

kl
0.32261E+01
0.32221E+01
0.32717E+01
0.35118E+01
0.36100E+01
0.37016E+01
0.31988E+01
0.15726E+01
0.92266E+00
0.13803E+01
0.15246E+01
0.,15144E+01
0.13777E+01
0,17595E+01
0.13373E+01
0.16641FE+01
0.16046E+01
0.11860E+01
0.13384F+01
0.14130E+01
0,19886F+01
0.18711E+01

1484



CREEP STRAINS AND STRAIN RATES FOR RADIAL LOADING

-0.00000E+00

*-0.00000E+00

0.00000E+00
0.00000E+00
-0.C0000E+00
0.00000E+00

"0.00000E+00
0.00000E+00"
0.00000E+00"

0.00000E+CO
0.00000E+00
0.00000E+00
0.00000E+00
C.00000E+00
0.0C000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0,00000E+00
0.00000E+00
0,00000E+00
0.00000E+00

\

WHERE Vo =

Yo
0.10113E~03
0.12801E-01

"0.148497-01

0.16514E-31

0.23044€-01

0.27335F-01
0.30602E-01

"0.33485E-01

0.35856F=01
0.38420E-01
0.40214%-01
0.42073E-01
0.43741FE-01
0.45729E=-01
0.47583E-01
0,49000F-01
0.49898F-01
0.50668E~-01
0.51438E~01
0.52080E-01

0,52593F~01

0.53171F=01

A=

0.00 v anD Ty, = 21,60 n/mM?

' €z,

0.00000E+00
0.00000E+00
0.00000E+0Q0
0,00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.,00000E+0D
0.00000E+QO
0.00000E+00
0.,C0000E+090
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+Q0
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00

" 0,000C0E+QD

U
Doz
0.32004E-C2
0.23684E=-02

0.18564E-02

0.13659E=-02
0.10821E~02

.0.,75576E-03

0.61498E-03
0.52539E-03
0.49345E-03
0.43584E~03
0.36540€-03
0.35263E-03
0.36551E~03
0.38481E~03
0.32714E-03
0.23095E=-03
0.16682E-03

0.15400E-03
0.14117E-03

0.11551E-03
0.10910E-03
0.96272E-04

K

0.0000CE+00
0.00000E+00
0.00000E+00
0.00000E+00
0.0000CE+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00900E+00
0.00000E+00
0.00006E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+CD
0.00000E+00
C.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.0000NE+00

co

kl
0.00000E+00
0.00000E+00
D.00000E+DGC
0.00000E+00
0.00000E+00
0.00000F+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000F+00
0.00000E+00
0.00000F+00
0.00000E+00
0,00000E+00
0.000C0F+00
0.006000E+00
0,00000E+00
0.00000E+C0
0.00000FE+00
0.00000E+00

Q11
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CHAPTER 5

RESULTS FOR EXTRUDED ALUMINIUM

In this Chapter the creep and plastic flow behaviour of as-
extruded material is analysed. A study of material anisotropy precedes
the analysis.

5.1 ANISOTROPY

Metallographic studies on sections of exfruded bar revealed the
extruded material to possess a preferred grain orientation that was neither
"uniform in eross-sectlon nor in length. Fig. 5.1* shows the grain size
variation in three mutuslly perpendicular directions for a disc of
extruded bar. The longitudinal 'macro' studies in Fig. 5.1 display the
grain texture as produced‘by the extrusion process. These studies also
show the variation in grain size from the outside to the centre of the
bar resulting from the obviously sevére temperature gradient of this
extrusion, The concentration of heat at the bar centre has caused partial
recrystallisation and the grains there are larger and more equiaxed than
those at the bar edge. The transverse ‘'micro' study in Fig. 5.1 shows the
large order of variation in grain size between edge and centre.

The results of longitudinal (L), transverse (T) and oblique (0)
'Hounsfield' tensile tests on specimens of Fig. 2.10(3) are shown in Fig.
5.2, The figure shows the wide variation in tensile strengths for the
(L), (T) and (0) directions and the similarly wide variation in tensile
strength between specimensfromany one direction. The variation is
particularly noticeable in specimens cut longitudinally from the bar and
since these were cut on a cross-sectional diameter that would correspond
to the mean ‘wall diameter of a tubular spebimen it is thus known that
tubular specimens cut from extruled material are composed of anisotropic
material, ‘ '

The variation of hardness for three mutually perpendicular
directions is shown in Fig. 5.3. Along a diameter the transverse 0° end
90° (V.P.N.) figures are seen toﬂvary between 22 and 24,5 about an average
figure of 23, Along a diemetrical distance in the length the longitudinal
(v.P. N.) figures varied between 20.3 and 21.5 about an average figure of
20.7s - In view of the incon51stency in teusile strengths it is not possible

¥ Figures'are given at the erd of this Chapter.'
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to arrive at a correlation between strength and hardness in Figs. 5.2 ,
and 5.3, However, hardness tests performed on the Hounsfield specimens
prior to testing showed greatest tensile strength to be associated with

greatest hardness in this material,

5.2 CREEP AND PLASTIC FLOW DURING COMBINED LOADING

From the preceding study it was reéognised that each dylinder was
composed of anisotropic material. Furthermore from the grain size and
sttength vériation this was not an anisotropy that could be said to be the
same in each cylinder. ~Thus in performing constant stress ratio loading tests
on cylinders of extruded material no attempt was made to construct a yield
locus or to correlate the loading stresses with plastic strains in the
manner of annealed materiel analysis (Chapter 4). The plastic anisotropy

of extruded material was studied simply from a component strain plot.

5.2,1 Instantaneous and Transient Creep Streins

For each of the chosen stress ratios the loading strains are
shown in the total strain UYgpv€zz and €ppv €7 plots of Fig. 5.b.
The region between successive symbols in this figure represent the total
strains associated with an increment of combined loading., This is shown
as consisting of two components, an instantaneous strain (30.3) and a
transient creep strain (30 s - 10 min), In common with equation (4.12)"
for eannealed material both components are seen to follow the same
direction in Fig. 5.4. Thus for extruded material we have for any

increment of combined losding,

? ‘e
d_ége = 6_29 (5.]_‘)

def &

ﬁigg; z ‘iO;
‘ ¢ del, E’ ¢\ .
where dé‘-j : 4(64-5- dé,fj and the elastic components (dé;j ) ere sub-

tracted from the instantaneous strains ( dé;} ) in equation (3.6),

One difference between the loading strain plots on extruded
material (Fig. 5.4) and those of anneiled material  (Fig. 4.L) is the
rotation in the . 99/d€ vector of extruded material, Thus while the
linearity in 5_9', vel,  in Fig. L indicates a ¥z /ael,
vector that is independent of stress level the rotation of the vector in
. Fig. 5.5 indicates a dependence on stress 1evei. The tests on prestrained
material ,in Chapter 6 show that a rotation in the 392 v 672' . plot is ‘

-
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typical of a material with a prior plastic strain history, and furthermore
a rotation of the Fig. 5.4 type 1s typical of prior compressive strain.

It is likely therefore that the extrusion left the material with a residual
compressive strain history and that the stress relieving treatment given

to each ¢ylinder during machining did not remove it.

9/ 4

VWith increasing stress the vector of Fig. 5.4 approaches
‘a constant direction as the saccumulating plastic strain nullifies the
effect of the residual strain, For the last combined stress increment the
corresponding vector has been used to calculate the indicated k value
(=1£Zé§ﬂi ) in Fig. 5.4+ A k value that is independent of stress ratio
( N ) would imply a material that either behaves isotropically (k = 3)

or one that behaves in a simple anisotropic manner (e.g. k 4 2.6 for
ennealed material). The fact that Xk is not independent of stress ratio
in Fige 5.4 would therefore indicate a material which is anisotropically
complex, A cylinder made from such material therefore possesses an
anisotropy which is peculiar tc the grain texture and strength variation

existing in its gauge length,

The bekaviour of extruded meterial is further different from the
behaviour of anncalad material in the €p§ v €24 plot of Fig. 5.4.
For annealed'material equation (4.6) applied for all stress ratios but
clearly déea/dé:’ # =~ in Fig. 5.4.

One interesting observation made during‘purely torsional loading |
(MNze0)  was a noticeable extension in a tube manufactured from
extruded material. This would violate any theoretical assunption made
on zero length changes in torsion. Fig. 5.4 shows the 532 v €24 plot
for N=zco end egain equation (5.1) is seen to apply.

A theoretical solution to these observations is discussed in
Section 5.5, .

5.2;2 Transient Creep Time Exponents

A study of the €z7,¥pz; trunsient loading creep is made in the
derivative plots of Fig. 5.5 for A =0.92. For any particular time
in the 10 min creep period the respective é:; ’ 85; creep rates
occurred simultaneously. For simplicity the component creep rates are

shomn on a displaced time axis.
Linearity on this plot implieé parabolic creep of the form,
m
at™

bt " (5.2)

€21

v &
39:.

n
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end parallelism implies that m, and m, are indepeﬁdent of tensile and
shear stress respectively. In common with the behaviour of annealed
material the time exponents m, and m, of extruded material were not
strictly equal for the two strain components and Fig. 5.5 shows that

m, = 0,175, m, = 0.237 for N =0.92, The same observations were
made for all other stress paths on extruled material and the overall

. variation in the m values was of & similar order to that of annealed
material. (see Table 4.1).

5.3 CREEP

For each of the chosen stress retios Programme 5.1’kshows the k
value of equation (3.21) at initially 1 then 5 and finally 10 hourly
intervals for 3C0-L00 hours of creep. In commen with the long-time creep
strains of anuealed material (varagraph 4.3.3) there is egain evidence of
a constant k value in the creep of extruded material., This is more
clearly seen in the total strain 591 v €n plot of Fig, 5.6 where the
loading strains of Fig. 5.4 are shown up to the point 'X' with the
creep strains of Programme 5.1 thereafter added for the hourly times
indicated.

Fig. 5.6 shows that for each stress ratio the dv/dé vector
of the 'X' stress level remains fixed in direction and grows in megnitude
as the creep strain accumulates, Thus eéuation (5.1) would also apply
to long-time creep strain throughout both its primary and secondary
stages. (In all tests the primary creep stage was complete by a time of
200 hours).

‘The Upz vE€zz  plot for pure torsion in Fig. 5.6 (M=co )
indicates that the cylinder lengthens during torsional loading and continucs
to lengthen during creep. There is no evidence of a rotation in the ds/de
vector and a constant d,/dé . value of L.54 applied throughout the whole
of £low for this test. |

W Given at the end of this Chapter,
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Sy GENZRAL COLMENTS ON FLOW IN EXTRUDED IL’\.’I'ERIAL

The point to be made regarding these tests is the danger in
applying theories of plastic flow and creep in designs involving material
of extruled stock., For example, if the Marin-Soderberg type equation
(k = 3) were applied in this work for a prediction of secondary creep
rates it should be appreciated, from the k values of Fig. 5.6, that this
would only approximate to the real behaviour, The theoretical study in
the following section shows that only if the initial anisotropy is
understood and only if the prestrain history is known would it then be

possible to arrive at a more accurate prediction.

5.5 THEORETICAL PREDICTIONS OF ANISOTROPY

The observed behaviour in Fig. 5.6 may be theofetically described
from the general anisotropy theories of Section 3.5 in Chapter 3, The
length chenges in torsion are also considered in terms of these theories

and Hu's theory (paragraph 3.4.3.)

In applylng theory it is assumed thet a residual compressive
strain exists in the material following the extrusion. The resulting dz/p{é"
ratios of loading and the U/e ratios of creep are qualitative only,

’

5.5.1 Loading Strain

For a compressive prestrain history the theories of Edelman an&
Drucker, Yoshimura and Williems and Svernnson predict 437, dé’ ratios as
given by equations (3.45), (3.50) and (3.53) respectively., - The latter
theory is rejected here on the grounds that it describes only the anisotropy
of a prestrain cia an initially von Mises material since for €°r: o,

f :
ds/p‘éf: 3\ in equation (3.53!. The anisotropy of a grain texture

cannot therefore be described by the Williams and Svennson theory (see p. 147). -

For radial loading (A= %z O < constant) the Edelman and
Druker theory of equation (3.46) can be written for a cempressive prestrain

(- ell ) as,

’ A(H-b—ﬁé")‘ﬁ- BA

d8 ‘

d€” (14 5’"5u)+ AN :
and the Yoshimura theory of equation (3.50) can be written as,

axf _ Al s BN ‘

- (5.4) .

v 4
daef e AN+ 2
)
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where the constants A, B, C,m, ,A', B, ¢’ and v’ in equations (5.3)

and (5.4) describe the anisotropy of a grain texture and a prior plastic
strain, - N

Both eguations would. predict a rotation in the - b’éep fector
of loading (defined by ¥y ) that would approach a constant value with
increesing W, . Thisis consistent with experimental observation in
Fige 5.4 Furthermore with 4,B,C etc. as positive constan’és in equations
(5.3) and (5.4) then both ‘cheorles predict the rotations of the correct
type (increasing "‘3/457 with increasing ¥y ).

5.5.2 Cresp

Writing the plastic strain mcrement ratios of equations (5.3)
and (5.4) as creep strain rate ratios (3/5) for creep (see Section 2
Appendix I) implies that the direction of the dx/dé loading vector
renains fixed in direction during creep since V,‘, is then a constant,
This is clearly consistent with Fige. 5.6 for the cbservations made on
transient creep ard long-time creep. The theories of Edelman and Drucker
and Yoshimura are therefore suitable to qualitatively describz the overall
plastic flow and creep behaviour in extruded material. Since the
anisotropy of the grain texture was different with each test cylinder toon
the constants A, B, C ete. in equations (5.3) and (5.4) would need to be
separately defined in describing the k values (= 8_/_5. ) of creep in
Fig. 5.6, » ’

Hill's theory of equation (3.28) could be made to account for the
creep k values of Fig. 5.6 in the constants F, H and L. That is,
. [ P
¥/e oL

- 5Z s “H' (5.5)

_ Tnls theory would not however predict the rotation in the ds/dé' vector
of loading for the same constants in equation (3.2L).

Bailey's theory of eguation (3.36) could also describe the creep
k values of Fige. 5.6 in the constants n and m. Then from equation

(5.36), Y
S/ n=2me|
k = 7€ - 3(\)
Y
The theory was only proposed for creep but if /e» were written as 4(&?
in equation (3.35) it is clear that for the sawe constants the theory '
would not predict a rotation in the db‘/dé vector of loading.

(5.6)

% In tensor notation Wz, = 0
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Obviously the theory of Bermen and Pai would be unsuitable to
describe the creep of extruded material since these predict k values of
3 and L respectively from equations (3.37) and (3.38).

Hu's theory of equation (3.39) would account for a rotation in
the dv/dé vector of loading when the axis of anisotropyX (Fig. 3.1)
changes with the angle of twist e . However in applying equation
(3.39) to creep by equation (3.L0) it is difficult to see how the constant
k values of Fig. 5.6 could be accounted for in this theory,

5.5.3 Axial Strain in Torsion

The presence of axial strain for N =€ in Figs. 5.4 and 5 6
can again be gqualitatively studled from a consideration of the Y /dér
vector of loading and the D'/e ratio of creep. Then assuming an aniso-

tropic materigl with residual compressive strain (_e"f ) we have from

equation (3.46) with ¥7, = O ir torsion an Edelman and Drucker prediction
Of, ‘ 5 €’
P -+ Am €
-d-? - 5 2973
? 4 .
de A 4+ 3CmEy (5.7)
<%,
and from equation (3.50) a Yoshimura prediction of,
A -1
AP .8
af A e IS - 68)
%3

With A, B, C etc as fixed positive corstants in equations (5,7) and (5. 8)
both theories predict a rotating da‘/dé vector of increasing magnitude
for increasing shear stress (9], ). Since this was not the observed
behaviour in Fig. 5.4 it is probable that no residual strain was present
in the gauge length of the cylinder used for this test. Then for 65: 0
the right-hand sides of equations (5.7) and (5.8) become B/A and B'/A’
respectively., Both theories can then be made to satisfactorily describe
the constant ratio of L4.54 throughout loading and throughout creep in
Fig. 5.6 since,

€ .

¥ In tensor notation 'sz ] Wz
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Hu's theory of equation (3.39) would be written for torsion as,

figp = Jz? .
def B, , (5.10)

This problem has also be’e'n considered by Hill (see reference (1)
Appendix I) who shows that [3, = /'tz . Hence equation (5.10)

becomes

4y’ o
:("é‘r = “"?’; (5.11)

Hill makes the assugiption that the axes of anisotropy (1 and 2 in Fig. 3.1)
always coincide with the axes of major and minor ?rincipal strain,

Then the angle & in Fig. 3.1 would vary between L5° and 90° during
torsion, With F, G, H and L as constants descrlbmg plast1c anisotropy
equetion (5.11) would predict a rotating “8/5' vector of torsional
loading and from eguation (3.40) a rotating 7/3 vector of creep.

The theory is therefore not consistent with the experimentally observed

constant value of L4.54 in creep.
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Programme 5.1 | 130

-

®% KINGSTON POLYTECHNIC 4120 =%

§J083 MAPE/RODB/DR; STRAIN RATES;

-

COPTIQONSMOTHY;

8FORTRAN; D3

0« C
i» C . - i . ' ’ - )
2s DIMENSION T(100), DEZZ(100), DGAMMA(100), EZZ(100), GAMMA(lOgQg
T . READ(3,50) GL ,
4 READ(3,50) RADN -
Sa READ(3,51) M
6# K=0 .
7% 1 READ(3,50) SZ2
8w READ(3,50) XLAM
9n READ(3,50) C1
10 READ(3, 50) c2 , : . ’
11+« READ(3,51) N
12+ - JF(XLAMJNE.9,0) GD TOo 6
13 §S2=522
14+« S2Z=0.0
15» GO TQ 7
16» . & SSZ=XLAM#S27
17+ 7 WRITE(2,100) XLAM,S22Z,5S2
18» READC3,52) (TC1),LEZZ(1)Y,DGaMMACTY, I=1.,ND)
1G6» DO .2 [ = 1.N
208 Z=C1i#DEZZ(D)
21+ EZZ2(1)=2/GL -
22 X=2C2#DGAMMAC(CT)
23 ‘ PHI=(RADN#1,1168X¥%#3,14159)/(180,0+GL)
248 GAMMACI)=SIN(PHI)/COS(PHI)
25+ L=[~-1
26« IF(L,LT.2) GO TO 2
278 CREZZ=(EZZ(L+1)«EZZ(L=1))/(T(L*1)~ T(L N
284« RGAMMAZ (GAMMA(L+L)=GAMMA(L=1))/(T(L+1)-T(L-1))
29+ IF(XLAMJNE.9,0,AND.XLAM.NE,0,0) GO TO 4
304« A=0.0
Sla GO T0 5
32+ 4 A=RGAMMA/(REZZa#XLAM)
33 S WRITE(2,101) T(L)Y»EZZ(L), GAMMA(L).REZZ.RGAMMA.A
J4w 2 CONTIVUE
35+ =K+1
S6% IF(K.LT.M) GO0 TO 1
37+« STOP

S8 SO0 FCRMAT(6X,FO,0)
39+ 51 FORMAT(1O0)

40% 52 FORMAT(2X,F0,0,F040,F0,0) \

41 100 FORMAT(1H1,30X,30HCREEP STRAINS AND STRAIN RATES.
42+ 126H FOR RADIAL LOADING = sF5,3// : ‘
43 240X, 12HWHERE = JF6.2,1X,15HN/MM AND = 1 F6.2,
448 BIX,AHN/MMZZ/Y o e

45+ 101 FORMAT(25X,F5,1,5E13, 5)
46+ END
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CREEP STRAINS AND STRAIN RATES FOR RADIAL LOADING A = 0,000

WHERE U5 = 36,90 N/MM? AND

€2z
0,49153€E~-02
0,60098E=-02
0.68456E-02
0.,74824E-02
0,80396E~-02
0,R5570E~02
0,90147E-02
0,94724E-02
0,98505E-02
0,11323E-01
0,12278E=-01
0.,13174E-01
0,14209E=-01
0,15124E-01
0,15920E-01
0,16597€-01
0,17253E~-01
0,17741E-01
0,18169E-01
0,18547E-01
0,18865E=-01
"0,19124E-01
0,19363e=-01
0,19582E~-01
0.19781E-01
0,19980E=-01
0.20179E-01
0,20338E-01
0,20497E-01

0,20656E-01"

0,20895E=01
0,21094E=01
0,21412E-01
0,21591E-01
0,21910E-01
0,22129E-01
0,22387E=01
8,22945E-01
0,23363E~01

0,23920E~01"

0,24378E-01
0,24835E-01
0,25412E~01
0,25850E=01
0,26387E=-01
0,26825E-01
0,27203E-01
0,27621E=01
0.,27940E=01
0,28238E-01
0.26537E~01
0,28815E-01
0,29134E-01
0,29333E-01

Bgz

0.00000E+CQ
0,00000E+00
0.00000E+0Q
0,00000E+00
0.00000E«D0
0.00000E+00
0.,00000E+00
0,00000E+00

~0+00000E+00

0.00000E+00
0.00000E+0Q
0.00000E+00
0,00000E+00Q
0.00000E+CQC
0.0000C0E+0Q
0.00000E+00
0.00000E+00
0,00000E+00
0,0C00Q0E=+CQ
0.00000E+00
0.00000E+00
0.,00000E+0Q
0.00000E+00
0.00000E+00Q
0.00000E+00
0.00000E+0D
0.00000E+04Q
0,00000E+00
0.0C00QE+«0QC
0.0000QE+00
0.,U0000E+«00
0,09000E=+0Q
0.,00000E+00
0.,00000E+00
0.00003E+00
0,00000E=+00
0.000005+00
0.0N000E+0Q
0.000NDE+CO
0.0000QE+00
0.00000E+00Q
0.00000E+00
0.00000E+00
0.00000E+0Q
0,0000Q0E+0Q
0.,00000E«00
0.00000E+00
0.0000QE+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+0Q
0.0C00QE+0C

€12
0,12836E~02
N,96515E=03
0,73630E~03
0,59700E~03
n,53730E~03
0.,48755E~03
0.,45770E-03
0.41790E-03

0,30845E~03

0,24278E~03
0,18507E-03
0,19303E-03
0.19502E=-03
0,17114€-03
0,14726E=03
0,13333E-03
0,11144E-03
0,91540E-04
0,83580€E-04

0,69650E=04

0,57710E-04
0,49750E-04
0,45770E-04
0.,41790E-04
0.,39800E-04
0.,35820€~-04
0.,31840E~04
0.31840E-04
0,39800E~04
0.,43780E=04
0,51740E-04
0.59700E-04
0.49750E-04
0.,43780E-04
0,47760E~-04
0.,54393E~04
0,48755E=04
0,48755E=04
0,50745E«04
0+45770E-04
0,51740E~04
0,50745E-04
0,48755&E~04
0.,48755E=-04
0.,40795E=-04
0,39800E-C4
0,36815E-04
0,30845E-04
D.29850E-04
0,288%5€E=04
N,29R50E-04
0,25870E=04
0.22885E~04

T 0,00 N/MMZ
‘ qﬁ k
0.00000E+N0 0,00000E+Q 0
0,00000E+00 0,00000E+0Q
0.00000E+00 0,00000E+0QQ
0,00000E+00 0,00000E+0qg
0.00000E+00 0,00000E+Qq
0,00000E+00 0,00000E+Qp
0.00000E+00 0,00000E+Qp
0.00000E+00 0,00000E+Qq
0.,00000E+00 0,00000E+Qq
0,00000E+00 0,00000E+Qp
0,00000E+00 0,00000E+Qg
0,00000E+N0 0,00000E+Qqg
0,00000E+00 0,00000E+Qg
0.,00000E+N0 ©0,00000E+Qq
0,00000E+00 0,00000E+Qq
0,00000E+00 0,00000E+Qq
0,00000E+00 0,00000E+Qg
0,00000E+N0 ©0,00000E+Qq
0,00000E+00 0,00000E+Qq
0,00000E+00 0,00000E+Qq
0,00000E+00 0,00000E+Qq
0,00000E+00 ©0,00000E+Qqg
0,00000E+00 0,00000E+Qp
0,000060E+00 0,00000E+qg
0,00000E«00 0,00000E+yq
0,00000E+00 0,00000EsQq
0,00000E+00 0,00000E+Qp
0,00000E+N0 0,00000EeQq
0,00000E+00 0,00000E+Qq
0.00000E+00 0,00000Eeqgqg
0,00000E+0C 0,00000E+qq
0.0C000E+00 0,00000E+qg
0,0N000E+00 0,00000E+qp
0,00000E«00 0,00000E+qg
0.,00U00E+00 C€,00000E+qqg
0,0N000E«+00 0,00000E+qq
0.00000E+70 0,00000E+qq
0,00000E+N0 0,00000E+qg
0,00000E+00 0,00000E+qp’
0.000C0E+00 0,00000E+qp.
0.,00000E+00 0,00000E+qq
0,00000E+00 0,00000E+qg
0,00000E+00 0,00000E«qq
0,00000E+00 0,00000E+qp
0.00000F+00 0,00000Ewqgp
0,00000E+00 0,N0000E+gQ.
0,00000E+00 0,00000E4q0:
0,00000E+00 0.,00000E+q0.
0,00000E+00 - 0,00000E=gp.
0,00000E+00 0,00000E4qp’
0,00000E+00 0,00000E4q0:
0,00000E+00 0,00000E4q0"
0,00000E+00

0,00000E4q0
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CREEP STRAINS AND STRAIN RATES FOR RADIAL LOADING

A= 0.388

" WHERE Vg, = 25,65 N/MM AND g, = 9,95 N/MM®
€22 XO: <y é:: * ' 682 ' k
0,50745E-02 0.41055E=02 0,128356-02  0,10597E-02 0,21289E+01
0,60894E-02 0.50519E=02 0,89550E-03 0,75979E-03 0,21879E+01

"~ 0,68655E-02

© 0,74625€-02

0,80595€E-02
0.85570E-02
0,89550E-02
0,93132E~-02

0,96316E-02

0,11005€-01
0,11980E~01
0,12796E-01
0,13631E-01
0,14348E-01

«+ 0,14925€E-01

0,15422E-01
0,15960E-01
0,16517E-01
0,16975E-01
0,17333E-01
0,17711E-01
0,18129E-01
0,18388E-01
0,18666E-01
0,18905E-01
0,19164E-01
0,19462E=01
0.19681E-01
0,19880E-01
0,20059E-01
0,20179E-01
0,20278E-01
0.20358E-01
0,20457E-01
0,20517E-01
0,20616E-01
0,20676E-01
0,20875E~01
0,21034E-01
0,21373E-01
0,21651E~-01
0,21950E-01
0,22169E-01
0,22387E-01
0.22626E-01
0,22865E~01
0,22965E=01
0,23164E-01
0,23363E-01
0,23621E-01
0,23761E-01
0,23900E-01
0,24039E-01
0,24099E-01

0,2415%E-01"

0,24258E-01
0,24358E-01
0,24457E-01
0,245376-01
0,24656E=01
0,24736E=01
0,24835E-01
0,24594E-01

0.56251E~02
0+62116E=-02
0.67048E=02
0.70647E~02
0.74246E~02
0.77312E-02
0.,80378E~02
0.91442E-02
0.99307E~02

0.10597E-01

0,11330E~01
0.11997€~01
0.12504E-01
0.12890E~-01
0.13304E-01
0.,13730E-01
0.14077€=01
0.14397€E=01
0.14557E=01
0,14850E=01
0.,15157€=-01
0.15370E=-01
0.15597€=01
0,1>810E-D31
0.15023E~01
0.16197E=-01
0.16330E=01
0,16463E-01
0.16557E«01
0.16637E-C1
0.,16717E-01
0.16757€E-01
0.16850E~-01
0.16917E=-01
0,16970E=-01
0.17103E-01
0.,17250E=-01
0.,17490E-01
0,1762%E-01
0,17690E=01
0.,17890€E=01
0,18023E-01
0.18197E=-01
0.,18317£-01
0,18343E=01
0.18450E-01
0.18610E-01
0.18823E=-01
0.,19023E=01
0.19143E=-01
0.,19237E-01

.0.19303E-01

0.19357E~-01
0.,19423E-01
0.19517E-01
0.19623E~01

0,19757€=01

0,19823e-01
0,19890E-01
0.19930E-01

0.68655E-03
0.59700E=03
0.54725E-03
0.44775E-03
0,37810E-03
0,3L830E-03
0.28192€-03
0,23482E~03
0,17910E-03
0,16517E-03
0,15522E-03
0.12935E-03
0,10746E-03
0,10348E-03
0,10945E-03
0,10149E~03
0,81590E~04
0.73630E-04
0.79600E-04
0,67660E-04
0,53730E-04
0.51740E~04
0.,49750E-04
0,55720E-04

0.,51740E-04

0,41790E=04
0.,37810E-04
0,29850E-04
0.21890E~04
0.,17910E-04
0,17910E-04
0.15920&~-034
0,15920E~04
0,15920E=~04
0.17247E-04
0.,17910E-04
D.24875E=-04
0.,30845E~-04
0.283855E-04
0,25870E~04
0,21890NE=-04
0,22385E~-04
0.23880k-04
0,16915E-04
0,14925E~04
0.19900E-04
0,22885E~04
0.,19900E£=-04
0,13930E~04
0,1393NE=-04
0.99500E=05
0.59700E=05
0.79600E~05
0.99500E=0%
0.,99500£-05
0,99500E-05
0,99500E=-05
0,89550E-05
0,86233E=05
~0,79600E-05

0.57985E~03
0.53986E-03
0.42656E~03
0.35991E-03
0,33325€E~03
0,30659E=-03
0.23550€=-03
0.18929E-03
0.14530E-03
0.,13997E-03
0,13998E-03
0.11732E-03
0.89321E-04
0.79990E=-04
0.83990E-04
0.77325€E~-04
0.66660E-04
0.,47996E~04
“0,45330E-04
0.,59996E-74
0,51997E=-04
0,43997E=-04
0.43998E=04
0,38665E~-04
0.3N666E=N4
0.26656E-04
0,22666E-04
0,17333E~-04
0.16000E-04
0.,12000£-04
0,13333E=-N4
0.16000E-04
0,120007-74
0,12444E-04
0.,14000E-04
0.19333E-04
0.18667E-04
0.10000E-04
0.,13334E-04
0,16667E=04
0,15334E-04
0.14667E-04
0,73336E=0%
0,66670E-05
0,13334E~-04
0.18668E=04
0.20668E~04
0.16001E=04
0.10667E-04
0.80006£-05
0.60005E-05
0.46670E~-D5
0.33336E~05
0.60005E=05
0.,10001E~04
0,12001E-04
0.10001E-04
0,66673E-05
0,35559E=05

0.,26669E=05

0,21779E+01
0,23318E+01
0,20100E+C1
0,20728E+01
0,22728E+01
0,23370E+01
0.21541€+01
0,20787E+01
0.,20921E+01
0,21853E+01
0,23254E+01
0,23387E+01
0,21434E+01
0,19933E+01
0,19788E+01
0.,19647€+01
0.21068E+01
0,16809E+D1
0,14685E+01
0,22865E+01
0,24955€+01
0,2280%5E+904
0,19745€E+Q1
0.19270E+94
C.15186E+(C 1y
0,19%81E+( 1
0,20418E+0«
0.17277€+01
N,21596E+0
0,18606E+01
0,20157E+0+
0,15606E+g~
0,89367E+0g
0,13291E+0 4

.O.19634E+01

0,17278E+g
0,15838E+0y
0,11180E+ -

0,11519E+97
0.17278E+qgy
0,21034E4q]
0,26782E« Q4"
9,29620E4q 3
0.19747E-¢.0 >
0,20734E+0
0,25918E4
0.15119E+q ,
0.86394E4g
0,15551E+g 2
0,28798E+
0,31102E4 g >
0,19199e+g5 1
0,10633Esg 3
0,8639hC 4
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5.0
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80.0
85.0
90.0
95.0
100.0
105.0
110.0
115.0
120.0
125.0
138.0
135.0
140.0
145,0
150.0
160.0
170.0
180.0
190.0
200.0
210.0
220,0
230.,0
-240.0
250.0
260.0
270.0
280.0
290.0
300.0

310.0

320.,0

CREEP STRAINS AND STRAIN RATES FOR RADIAL LOADING A

133

= 0.922
. ¢ '
WHERE U7, = 16,70 N/MM' AND Tgp = '15,4b n/mm?
- . . o L 4

. €2 8“ en 691 k
0,35798E~02 0184191E-02 0,89496E=03 0,20374E-02 0,24691E+0 5
0,42759E-02 0,99573E-02 0,59664E-03 0,14303E-02 0,26000E+Q 4~
0.47731E-02 0,112806-01 0,47234E-03 0,11335E-02 0,26027E+Q 3
0.52206E-02 0.12224E-01 0,42262E-03 0.94457E-03 0,24241E« g o
0,56184E-02 0,13169E-01 0,422626-03 0,90411E-03 0,23203E+q 5
0.606586-02 0,14032E-01 0,32318E-03 0,72870E-03 0,24455E+

0.62647E-02
0,65630E=02
0,68116E-02
0,78558E-02
0,86046E-02

+ 0,91485€E-02

0,97451E-02
0,10093E-01
0,10590E~-01
0,10938E-01
0,11336E-01
0,11634E-01
0,11983€-01
0,12231E-01
0,12529E-01
0,12679E-01
0,12927€-01
0,13027€-01
0,13126€E-01
0,132756-01
0.13424E-01
0,13474E-01
0,13574E-01
0,13673E-01
0,13822E-01
0.14071E-01
0.,14319E-01
0,14419€-01
0,14518E-01
‘0,14618E-01
0,14717E-01
0.,14916E-01
0,15065E-01
0,15214E-01
0,15363E-01
0,15562€-01
0,15811E-01
0,16N010E-01
0,16109E-01
0,16308E-01
0,16408E-01
0,16507E~01
0,16606E-01
0,16706E-~01
0,16905E-01
0.17004E-01
0,47153E-01
0,17303E-01

0.14626E=01
0.15247E-01
0,15787E~01
0,18081E=01
0,19728E=01
0.21131E=01
0,22400E=01
0,23399E-01
0.24182E-01
0.,24965E=01
0.25667E=-01
0.26531E=01
0.27206E-01
0.27681E=01
0.28394E=01
0,28773E=01
0.29205E-01
0.29529E=01
0.29826E-01
0.30069E~-C1
0.3C285E-01
0,30474E=01
0,30825E=-01
0,31068E=-01
0.31311E-01
0,31662E-01
0.32041E-01
0.32473E=01
0.32689E-01
0,32959E=01
0.33229E-01
0.33715E=01
0,34121E-01
0.34661E=01
0.35042E=01
0.355256-01
0.35958E=01

0.36336E-01

0.36768E-01
0.37038E=01
0.37282E-01
0.37498E-C1
0.37660E=-01
0.37795E-01

-0.,38038E~01

0.38390E-01
0D.38768E-01
0,39335E-01

0.,24860E-03
N.,27346E-03
0,21545E-03
0,17899€E~-03
0,12927E~-03
0,11436E-03
0,94468E-04
0,84524E-04
0,84524E-04
0.74580E-04
0.69608E~04
0.64636E-0Q4
0,59664E-04
0.54692E-04
0.,4474RE~04
0.,39776€e-04
0,34804E-04
0.19888E-04
0.,24860E~04
N.29832E-~04
0.19888E~04
0,14918E-04
0,19888E«04
0,24860E~-04
0.33776E-04
0.49720E~-04
0.34804E-~04
0.19888E~04
0.19888E~04
0,19888E~04
0,19888E~04
0,17402E-04
0,14916E~04
0.15916E~04
0,17402E~04
0.,22374E~04
0,22374E~-04
0,14916E~04
0,14916E-04
0.14916E~04
0.99440E~05
0,99440E~-05
0,99440E~05
0.,14916E~04
0,14916E~04
0.12430€E~04
0,14916E-04
0.15888E~04

0,60726E=03
0.58028E-03
0.,47235E-03
0,39409E=03
0,30503€-03
0,26726E-03
0,22678E=03
0,17819E=~03
0,15660E=-03
0,148%0E=03
0.15661E-03
0.,15391€-03
0.,13502E-03
0.,11882E-03
0.89118E-04
0,81018E-n4
0.,75618E=04
0.62116E-04
0.54015E-04
0.45914E=04
0.,40513E-04
0.,54018E-04
0.59420E-04
0.,48617E-04
0.59422E=-04
0,72929E=04
0.81034E=N4
0,64829E-04
0,48623E~04
0.,54026E-04
0,50425E-04
0.,44574E-04
0.,47277€E=-04
0.44576E-04
0.43227E-04
0,47281E-04

0.,40528E-04 .

0,40529E-04
0.35126E-04
0.25670E-04
0.22968E-04
0.18915E-04

'0.,14862E=-04

0.18916E-04
0!297255‘04
0.36482€~-04
0-47293E’04
0.56753E~-04

0.26494E+ g

0,23015E+ g ;:%
0,23880€+ g 3

0x
03

0,23778E+q

0,25592E
0,25348E«
0,26036E+

0,22865E¢ g I
Q3
3

0.20094E+

0,21596E+ g 2

0.24402E+
0,25827E+ g
0024544E¢-0
0.23563E*0
0,22092E+ 3
0,23565E«

0,33875E+
0,23566E« G
0,16693E 4« Q.
0.22094E « Q
0.3927RE & Q
0,32405E & Q
O.21211E*.Q
0-16203Ei—0
0.15909E « Q
0,25253€ Q
0.35354E 4 Q
0.265165‘.0
0,29463E ¢ Q
0,27500E & Q
0,27781E«

0,34377E, O
C,32413E 4
0.,26942E &
0,22920E .

ocCo

JAffd fd fd A (S pd fed fjb A JS fS A S L g g

0,25541E
0,18665E
0.25051E |
0.20631E, O
0,16210€E
0,13754g( O
0,21614

0. 318338+ Q
0,34388g, O
0.30951g, Q

-
-

o
4
~
-
~
|

i

R4

Q

R
1
1
1
Q
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CREEP STRAINS AND STRAIN RATES FOR RADIAL LOADING A=1.772

WHERE WV, = 9.15 N/MM? AND 'tn'= ‘16,21 N/MM3

t €2z b'9z- €ex xoz k

2.0 0,34566E-02 0.93096E-02 0,93290E-03 0,26716E~02 0,16161E+0

3.0 0,427176-02 0,11550E-01 0,68740E-03 0,18216E=02 0,14955E+Q

4,0 0,48314E-U2 0.12953E-01 0,51555E-03 0,13089E-02 0,14328E+Q 3

5.0 0,53028E-02 0.14167E=01 0,441906-03 0,11200E-02 0,14304E+Q

6.0 0,57152E-02 0.15193E-01 0,37807E-03 0,10256E-02 0,15309E+0 7
" 7.0 0,60589E-02 0,16219E-01 0,33388E-03 0,98516E-03 0,16651E+gy
8,0 0,63830E-02 0.17163E-01 0.30442E-03 0.90422E-03 N,16762E+Q 3y

9.0 0.66678E-02 0.18027E=01 0,27496E-03 0.82327E-03 0,16897E+gy
. 10.0 0,69329€-02 0,18810E=01 0,20458E~03 0,58038E-03 0,16009E+07
15.0 0.78953E-02 0.,21509€E~01 0,16105E-03 0,46703E-03 0,16365E+q
20.0 0,85434E-02 0.23480E-01 0,11391E-03 0,34558E-03 0,1/120€+qQy
25.0 . 0,90344E-02 0,24965E-01 0,90344E-04 0,26730E-03 0,16697E+q
30,0 0.944686-02 0.26153E-01 0,746326=04 0,22142E-03 0,16743E+q 3
35.0 0,97807E-02 0.27179E-01 0,61866E=04 0,1B8092E-03 0,16504E+Q
40.0 0.10066E-01 0.27962E-01 0,52046E-04 0.14853E-03 0,16105E+q &
45.0 0.10301E-01 0,28664E-01 0,45172E-04 0,12153E-03 0,15182E+g =
50.0 0,10517E-01 0,29178E~01 0,40262E-04 0,11883E-03 0,16656E+q
55,0 0,10704E-01 0.29853E-01 0,44190E-04 0,14584E-03 0,18625E4 g =
60.0 0.10959E-01 0.30636E-01 0,48118E-04 0,14585E-03 o.171ose+0}
65.0 0,11185E-01 0.31311E~01 0,40262E-04 0,12425E-03 0,17415€+q
70.0 0,11362E-01 0.31878E-01 0,49100E-04 0,12695E-03 0,14591E4g 3
75.0- 0,11676E-01 0.32581F=01 0,60884E-04 0.,14317€-03 0,13270E+qg
30.0 0,11971E-01 0.33310E-01 0,58920E-04 0,15668E=03 0,15007E+q +
85.0 0.122656-01 0,34148E-01 0,54010E-04 0,14588E-03 0,15243E+g
90.0 0.12511E-01 0,34769€-01 0,44190E-04 0,12427E-03 0,15871E+g
95.0 0.12707E-01 0.35390E-01 0,43208£-04 0,12968E-03 0,16938E4g —
100.0 0.12943E-01 0.35066E=01 17,43118E-04 0,13509E-03 0,15844E«q >
105.0 0.13188£-01 0,367416-01 0,441906-04 0,121596-03 0,15528E+g
110.0 0.13385E-01 0.,37282E5-01 . 0,36334E-04 0.102685-03 0,15948E«g =
115.0 0.13552E-01 0.37768E=01 0.,30442E-04 0.99982E-04 0,18535E+4 3
120.0 0.13689E-01 0.38282E=01 0,31424E-04 0,10269E-03 0,18441EeQ -
125.0 0.13866E-01 0.38795E=01 0,34370E-04 0,10539E-03 0,17305E+g =
130.0 0,14033E-0¢ 0,39335E-01 0,31424E-04 0,91886E-04 0,16501Eeg =
135.0 0,14180E-01 0.39714E-01 0,27496E-04 0.72971E-04 0,14977E4g =
140.0 0,14308E-01 0.40065E-01 0,22586E-04 0.75676E-04 0,18908E4+g >
145,0 0,14406E-01 0,40471E=01 0,21604E-04 0.72975E-04 0,19062E4q
150.0 0,14524E-01 0,40795E-01 0,23568E-04 0,72077E-04 0,1725964g L
160.0 0,14759E-01 0.,41552E=01 0,22586E-04 0,67575E-04 0,15884E4 =
1700 0.14976E-01 0,42146E=01 0,22586E-04 0,64876E-04 0,1621084¢g X
180,0 0,15211E-01 0,42849E-01 0,23604E-04 0,62176E-N4 0,16241¢€4 h
190.0 0,15408E-01 0.43390E~01 0.18558E-04 0.,45958E-04 0,13901F4q %
200.0 0,15584E-01 0,43768E-01 0,15221E-04 0,36498E-04 0,13532E+g X
210.0 0,15712E-01 0.,44120E-01 0.10302E-04 0.,32443E-N4 0.1;59505*01
220.0 0,15800E-01 0.44417E-01 0,10311E-04 0.28389E-04 0.155375...03\
230,0 0,15918E-01 0,44688E-01 0,10311€-04 0,32445E-04 0,17758E.o L
240,0 0,16007E-01 0,45066E-01 0,13257E-04 0,45966E-04 0,19567E4 g X
250.0 0,16183E-01 0.45607E-01 0.16203E-04 0,52728E-04 0,18364E. o X
260.0 0,16331E-01 0.46121E-01 0,15221E-04 0.48674E-04 0,18046E O X
270.0 0.,16488E-01 0.46580E-01 0,18167€-04 '0.52733E~04 0.16381E*Ql
280.0 0.16694E-01 0.47175E=01 0.20131E-04 0.56792E-04 0,15920g, 3
290.0 0.16890E-01 .0.47716E=01 0,19149E=04 0,59500E-04 0,17535€, 3 X
300.0 0.17077E-01 0.48365E-01 0.19149E-04 0,56798E-n4 0,16739E, 31
310.0 0.47273E-01 0.,48852E=01 0,15712E-04 0,47334E=-N4 0,17001E, O X
320,0 0,17391E-01 0,49312E-01 0,14239E-04 0,47336E-04 0,18761F, O

03
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CREEP STRAINS AND STRAIN RATES FOR RADIAL LOADING

WHERE Vg, =
‘u: . 'mu
0,21408E~02 0,87788E=02
0,30049E-02 0,12943E-01
0,36825E-02 0.,15758E-01
0,41539E~02 0.17925E-01
0.45899E~02 0,19698E=-01
0,49296E-02 (0.,21246E=01
0,52537E~02 (0.22766E=-01
0,55°87E-02 0.,24005E-01
0,57545E-02 0.,24005E-01
0,68740E-02 0,30425E=01
0,74141E~02 0.33213E-01
0,78560E«(02 - 0.,35495E=01
N,82193E~02 0.37382E~-01
0.87496E-02 0.39158E=01
0,90344E~02 0,40454E-03
0,92°97E~02 0.41581E=01
D,94861E~02 0.,42596E-01
0,96629E-=02 0,43413E-01
0,98200E~-02 0.,44231E-01
0,99575E=02 0.44964E-01
0,10095E-01 0,45556E=01
0,10213E-01 0.,46143E~-01
0,10311E-0t 0,46684E-01
0,10409E-01" 0D.47248E-01
0,105C7E-01 0,47756E-01
0,10606E=01 0.,48263E-01
0,10733E-01 0.,48827E-01
0,108226-01 0,49419E-01
0,10939E-01% 0.,5C040E~01
0,11057&-0t 0.,50576E~01
0,11156E-01 0,51027€E~01
0,11244E-01 0.51591E~01
0,11352€E-01 0.52156E=01
0,11470E-01 0.52664E=01
0,11548E-01 0,53115E=C1
0,11666E=-01 0.53566E-01
0,11764E=01 0.53990E-0}
0,115853E-01 0.54639E-03
0,11961€-01 0.,55260E=01
0,12059E-01 0.55824E~-01
0,12147E-01 0.,56360E-01
0,1227%E-01 0.,56868E=C1
0,12373E-01 0.57377E-01
0,12452E-01 0.57856E=01
0,12540E~-01 0.58336E-01
0,12619€E-01 0.,58760E=-01
0,12697e-01 0.,5%9183E=01
0,12786E~-01 0,59635E~01
0,12874E-01 0,60200QE~-C}
0.,12992E-01 0,6G521E=01
0,13080&E-01 0,61301E-01

0,13178€-01

0,61866E=01

0,00 N/MM?AND

€,s

0,10540E-02
0,77087E~-03
2,57447e~03

0,45172E=-03

0,38789E-03
0,33388E=03
0,29951E=03
0,25041E=03

0,21604E-03 -

0,18658E~03

-0,14534E~-03

0.98200E~04
0,80524E~04
0,89362E=04
0,81506E~04
0,54010E-04
0.,45172E-04
0,37316E-04
0,33388E=-04
0 0294605'04
0,27496E-04
0.25532E=04
0,21604E=04
0,19640E-04
0,19640E-04
0,19640E-04
0,22586E~-04
0,21604E-04
0,20622E-04
0,2356BE~04
0,21604E-04
0,18658E~04
0,19640E~04
0,22586E-04
0,19640E-04
0,19640E~-04
0,21604E=-04
0,12439E-04
0,98200E~05
0,10311E-04
0.,93290E-05
0.,10802E~04
0,11293E-04
0n,88380E=-05
0,83470E~05
0,83470E=-05
0,78560E=05
0,83470E~05
0,88380E-05
0,10311E-04

- 0,10311E-04

0,95290E=-05
0,88380E-05

h=

8;1. -

0,54402E=02
0,34894E~02
0,24907E=02

0,19702E=02

'0,16607E=02
0,15341E=02

0,13794E=02
0.61934E=03

.0,10839E~02

0,10700E~02
0,70403E=03
0.50701E=-03
0.41694E~03
0.,36628E~03
0.30715E~03
0,24237E-03
0:21421E=~03
0,18322E=N3
0.16350E~03
0,15505E-03
De13254E=-03
0,11842E=~03
011278E=-03
0,10997E~03
0,10716E=~03
0,10152E~03
0,10717E~03
0,11563E~03
06,12128E=03
0,11565E~03
0.,98729E=~04
0,10156E=03
0,11284E=03
0.10721E~03
0,95929E=~04
0,90290E~04
0,87473E=~04
0,71487E~04
0.63496E~04
0.59267E~04
0.55037E-04
0:52218E=04
0.50809E=~04
0:.49401E=04
0,47992E=~04
0.45171E=~04
0.,42350E=04
0.43754E=04
0.,50826E=N4
0,59301E~=04
0.55068E=04
0,52248E=04
0,48014E=04

0,00000&a
0.000005-;0
0,00000 0 D
0.00000E
0,00000€ .
0,00000F,
0,00000E
0,00000E
0,00000E,
0,00000g,
0,00000g,
0,00000E,
00000005‘
0,00000E

135

A: @

19,60 N/MM?

k

0,00000E+q o

0,00000E+0 q
0.”0000500

0,00000E+g g

0,00000E+q
0.00000E+Q
0,00000E+g
0,N0000E+Q
0,00000E+q
0,00000E+g
0.,00000E«+q
0-000005+0
0000000E40
0-00000&#0
0.00000E¢0
0-000005#0
01000005*0
0.00000E$0
0.000005*0
0.000005+0
OoUUOOUE*O
0'000005‘0
0.000005‘0
UoUOOOOE#Q
0.000005*0
0,00000E

0.000005*0

0,00000E«
D,00000F

O.OOOOUE*O
0,00000E4

O.OUOOOE*D
0,00000E4
0,00000E«
OQOUOOOE‘

Q
UQOUOODE‘D
0

0g
0.000005*30
0,00000E. o Q

Q
Qg

o
03
Qq
Qqn
Qn
Qn
Qa
Qq
Qq
Qq
Qq
Qq






137

CHAPTER 6

R3SULTS FCR PRESTRAINZD ALUMINIUM

In this Chapter the biaxial creep behaviour of prior strained
naterial is presented. The effect of prestrain on the subsequent
loading strains of the chosen stress path ( A = 0.95) complement the
study.

6.1 STRAIN HISTORY PRIOR TO CREEP

The strsss—struin paths for the chosen prestrains of Table
2.4 are Shown in Figs. 6.1 &nd 6.2:* The figures also include the sub-
sequent loading strains for tae N = 0.95 stress path, Tﬁus for the
tension (OCA) and compression (ODA) stress paths of Fig. 6.1(a) the
corresponding stress-strain path plus the tensile stress = 10 min strain
component of incremental reloading (AB) are shown in Fig. 6.1(v).
The latter components are shown in two composite figures to an enlarged
scale, one for prior compression and one for prior tension, The
associated shear stress - 10 min strain components for the path AB are

shown in Fig. 6.1(c).

The forward (OCA) and reversed (ODA) torsion stress paths of
Fig. 6.2(a) are similarly presented in the shear stress-strain paths
of Fig. 6.2(b)., In this case the shear stress - 10 min strain components
of subsequent increwental loeding (stress path AB) are added to Fig. 6.é(b)
and the associated tensile stress - 10 min, strain components are shown

separately in Fig. 6.2(c).

The most obvious effect in Figures 6.1 and 6,2 is the reduction
in tensile and shear yield stress as caused by the application of a
combined stress system., For example, following a 2% tensile prestrain
(Fig. 6.1(b)) the yield stress in tension is 33 N/mmz. - The application
of the combined stresses of path AB reduces this to below 16 N/hmz.
This, of course, is consistent with the concept of a yield locus as indeed
are the observed cross-effects in these figures where, for example,
_ 'increasing amounts of prior tension (OCA in Fig. 6.1(a)) are seen in -
Fig. 6.1(c) to increase the shear yield stress as well as the tensile
yield stress for the stress path AE. A similar cross-effect is seen

in Fig, 6.2(c) where increasing amounts of prior pcsitive torsion

¥ Figures are given at ihe end of this Chapter,
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(OCA in Fig. 6.2(a)) increase the subsequent tensile yield stress as
well as.the shear yield stress of path AB. The effect wés such that
high 'forward' prestrain resulted in subsequent deformation of the same
direction that was mostly elastic. Here elastic moduli figures were
obtained. A check on these figures was further made from the unloading
paths from the prestrains. The differences were attributable to the
hysteresis effect between loading and unloading in this material (see

Fig. 6.2). The moduli were taken as,

E = 68.3 W/zn?, G = 24.2 X/m°.

A similar cross-effect was observed in the torsion of path AB
following prior compression (Fig. 6.1(c)) and in the tensior of path AB
‘ following prior negative torsion (Fig. 6.2(c)). However the other
stress-strain component of path AB was then in a direction opposite to
that of the prestrain and a marked Bauschinger effect was evident, The
subsequent deformetion then exhibited little or no elastic Sehaviour .
and it was thus not possible to obtain elastic moduli-, This was
particularly noticeable on material of low compressive prestrain during
the subsequent tension of AB (Fig. 6.1(b)) and on material of low
negative shear strain during the subsequent pdsitive torsion of AB
(Fig. 6.2(d)).

Fig. 6.1(c) shows thit the shear modulus remains unaffected by
prior tension and compression. Similarly Fig. 6.2(c) shows that the
tensile modulus remains unaffected by prior positive and negative

torsion.

6.2 CREEP

The tensile (€zz) and shear ( b’gz ) creep curves of the
Stresses U;z = 16 N/m and Yoz = 15.2 N/'mm2 and for the prior
strain histories of Figs. 6.1 and 6,2 are shown plotted in Figs, 6.3
and 6,4 from the first three columns of Programme 6,1.

6.2.1 Prior Tension end Compression >

Figs. 6.3A and 6.3B show similar trends on the.effect of prior
plastic strain on creep strength as was its effect on the yield strerigth
of Fig. 6.1. Fora creep time of 250 hours_(Fig. 6.3A) the tensile
creep resistarce is increasingly improved by increasing amounts of

tensile and compressive prestrain. For a fixed prestrain value, however,

¥  Programmes are given at the end of this Chapter,
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the material exhibited more tensile creep after compressive prestraining
than after tensile prestraining. The Bauschinger éffect is therefore
evident in creep and in Fig. 6.3B, for a creep time of 250 hours the
cross-effect is also evident. That is, the shear creep resistance is
increasingly improved by increasing amounts of tensile and compressive
prestrain, For a fixed prestrain value hovever the material exhibited
more shear creep after compressive prestraining than after tensile

prestraining.

In comparing the creep curves of annealed and prestrained material
in Figs. 6.3A and 6.3B a low prestrain is seen to have little or no
effect in improving creep resistance. Indeed a small compressive pre-
straiﬁ yields more sz and sz primary cresep strain than for the
annealed metal. The secondary creecp rates are however little different

for the two materisals,

Where an improvement in creep resistance is observed (i.e. for
prestrains ¥ * 2%) both the emount of primary creep strain and the
secondary creep rate are reduced. For prestrains » % IS 1ittle or no
primary creep is evident ﬁith secondary creep forming the lafger part

of the subsequent deformation.

6.2.2 Prior Positive and Negative Torsion

The U;z,.e,, creep curves following prestrains of this type
are shown in Figs. 6.44 and 6.4B respectively and the trends are similar

to those for prior tension and compression.

The Bauschinger effect ié again evident in Fig, 6.4A where a
prior plastic shear strain of opposite direction to the subsequent creep
shear strain is less effective in reducing the amount of 6,4 creep strain
than is a prior plastic strain of‘the same direction. Fig. 6.4B shows
the effect of prior plastic'shear strain on the axial é;z, creep
component, Typically after 250 hours of creep a cross-effect is evident
ﬁhere increasing amounts of forward and reversed shear prestrain are .
seen to increasingly improve the tensile creep resistance. For a fixed

prestrain value a forward prestrain is more effectivi in this respect.

In comparing the creep curves of prior strained material with those
for annealed material little, if any, reduction ih both the amount.of
primary creep strain and secondary creéb rate is seen for prior equivalent
strains of % 2% in Fig. 6.4A and for - 2% in Fig. 6.4B. "Prestrains
greater than these amounts are seen to reduce both the amount of primary

Creep strain and the secondary creep rate,
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6.2.3 General Comments on the Creep of Prior Strained Material

The creep behaviour of Figs. 6.3 and 6.4 can be simply understood
from the prior strain historieé of Figs., 6.1 and 6.2 respectively. In
general, if a prestrain serves to eliminate both the tensile and shear
plastic strain components of subse@uent cozbined loading theﬁ correspond-
ingly there will be little ensuing creep strain. 1In tests of this type
the prestrain that is most effective in providing biaxial creep resistance
is the one that avoids a Bauschinger effect and fully exploits a bene-
ficial cross-effect. A positive prestrain (either tension or positive

torsion) does this when the creep stress system is combined tension and

positive torsion.

6.3 SZCONDARY CREZP RATZS

Fig. 6.5 correlates the secondary creep rates of prior strained
material with the amount of prior strain. In Fig. 6.5(a) the secondany
shear creep rates ( 39‘ ) of Figs. 6.33 and 6.LA are plotted logarith-
mically to a bese of prlor equivalent plastic strain (for tension and
' compression dZ’ = AS,; and for forward and reversed torsion

[dl:, = f 02 /Y3 ). Fig: 6.5(b) is a similar plot for the secondary
axial creep rates ( é;‘ ) of Figs. 6.3A and 6,43, The ordinates of
Figs. 6.5(a) and 6.5(b) are combined in Fig. 6.5(c) with an equivalent

secondary creep rate defined fronm equation (3.9) as
2 ) 2 ' ‘ . »
v J(€n) +(V3,)/3 4 (6.1)
This provides a satisfactory correlation for the secondary creep rates.
of material prior strained in tension, compression, positive and negative
'torsion. The usefulness of Fig. 6.5(c) would lie in its ability to

correlate the secondary creep rates of material with e compléx prior

strain history,

The horizontal lines attached to the symbols in Fig. 6.5(c)
indicate the extent of the shift in each point when the prior equivalent .
plastic strain contains both the amount of prestrain and the subsequent
loading strain, It'is_interesting ﬁo note that the curve is then
approximately'symmetrical about the E;,”axis. A test performed for'a
tensile prestrain of 6.7% indicates the shape of the curve for higher

prior strains.

It should be noted firstly that a correlation of this type
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assumes a von Mises material and secondly that the tensile and shear

prestrains were performed at slightly different strain rates (Table 2.L).

6,l. INCRENEZNTAL LOADING CREEP

In common with loading on amnealed and extruded material loading
to the creep test stresses (Tp= 15.2, V%4 = 16 N/hmz) on prestrained
material was again performed incrementally with a time of 10 min allowed
between successive increments. The question of whether creep occcurred
during this period follows directly from the observations mede in
Section 6.1 regarding the modes of deformation following a prestrain.
Then, whenever tie instanteneous strain contained a plastic strain
component creep deformation immediately followed., If on the other hand

the instantaneous strain wes entirely elastic then no creep was evident,

Vhere it occurred the following observations were mede regarding
the nature of this creep strain. The basis of the observation is the
fact that annealed material displayed parabolic €;; and ¥, creep
throughout combined loading (Chapter 4).

6.4.1 Prior Tension and Compression

For a low tensile prestrain (2%) both €;; and ¥pz creep
components were eliminated at the initial stages of loading., With
increased load a sudden change from instantaneous strain to creep strain
was evident in both €z and ,302 and this change became more gradual
(as for annealed material) as the loading reached corhpletion. ¥ith
increasing tensile prestrain (3- 6.7%) no subsequent €zz creep was
evident and only for shear stresses greater than 11 N, ' was any 3’9;
creep noticeable., -This egain showed the sudden change between strain
components and a linear dependence of Uez creep with time (3: b"-# bt ).

For a low compressive prestrain (-2%) the subsequent €z; creep
wé.s elways evident in pa.ra‘pdlic form. The Ue; cfeep was first
observed in‘ linear form, for 'C,z > 7 N/mmlz. With increasing
compressive prestrain (-3, -L%) the €2z creep was initially linear
and for V;z ? 10 N/mm2 it became parabolic and b’ez first bécame_
evident in lirear form. With increased stress the 793 creep also

became parabolic.
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64442 Prior Positive and Negative Torsion

Low positive shear prestrained material (fdzt.= 25) showed a
subsequent incremental creep behaviour similar to that for a material
of low tensile prestrain., Initially both €5 and &gz creep
components were eliminated. Then for 6 < Tu< 12 N/mm2 the creep
_components displayed a linear dependence on time and thereafter a
parabolic dependence, For higher positive shear prestrain (fdén = 3, 4%)
no subsequent b’n creep was evident and only for V > 13 u/mm did a

linear 6;, component appear.

Low negative shear prestrains (fd'zii € - 2.7%) displayed
subsegquent 6;;, 3’93 parabolic creep throughout loading. With increasing
negative shear prestrain (jdéM =e3, -L50) Xu creep was initially
linear and finally parabolic during loading. €23 creep appeared in

the same way but none was evident for Vu < 11 N/mmz.

. 6.4.3 Creep Rates and Time Exponents

A study of the parsbolic type creep observed at higher stresses
in meterial of low initial brestrain is made in the derivative plots of
Figs. 6.6 and 6.7. It should be noted that the shesr ( 5’:, ) and
longitudinal (é.';,) creep rates of like symbols in these figures occurred

simultaneously throughout the creep period.

Fig. 6.6 shows the effect of prior strein on ng for a constant
shear stress of 14.25 N/mm . To aid comparison various degrees of
prior tension and coumpression are shown together with the plot fbr

annesled material. Similarly prior forward and reversed torsion are
shown together but on a displaced time axis,  For any given time Fig..
6.6 -shows that increasing amounts of prior compression, positlve and
negative torsion are inereasingly effective in reducing the sz of
annealed material. However, in generel for a given prior equivalent
strain tension and positive torsion are more eff‘ective than compression

and negative torsion in this respect,

The effect of prior strain on the XO‘z time exponent (m) is
-shown in the tables of Fig. 6.6. The most obvious effect is the -
considerable lowering of the m value as caused by prior torsiocn.
Reversed torsion is seen to reduce m to a negative value. The m
value for prior tension and compression is little different from the

m value of annealed material,
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Fig, 6.7 shows the effect of prior strain on 6;; for a
constant tensile stress of 15 h/mm . For any given time the figure
shows that increasing prior compressmon and positive torsion are
increasingly effective in reducing 5&1 . However, for any given prior
equivalent strain tension and positivé torsion are more effective than
compression and negative torsion in this respfct. All prior tension,

compression and positive torsion reduce the 6;; of annealed material,

The effect of prior strain on the é;; time exponent (m) is
shown in the tables of Fig, 6.7. All prior strain is seen to reduce
the m value of annealed material, Prior torsion is the more efféctive

in reducing m to a negative value.

6.5 THE k FACTOR

For each of the chosen prestrains the last column of Programme
6.1 shows the k value of equation(3.21)at initially 1 then 5 and
finally 10 hourly intervals for 300-4L00 hours of creep. In addition to
the annealed material (de{,:o) there is also evidence of a constant
k value for the creep of lower prestrained material. This is more
clearly seen in the total strain | ng v$ €33 plots of Figs. 6.8 and
6.9. In Fig. 6.8 the instantaneous loading strains and their associated
transient creep strains are shown up to point 'X', VWhere the scale of
this figure permits, the ensuing 'long time' creep strains of columns 1
and 2 in Programme 6.1 are added to point 'X' for the times indicated.
To ellow tne creep strains to be added in this way for all tests Fig. 6.9

shows the same plot but to a condensed scale.

6.5.1 Instantaneous and Transient Creep Strains

In common with the tests on annealed material (Fig. L.l Chapter
%) Fig. 6.8 displays a d%/aa' vector whose direction is independent of
stress level when deL:o « For prestrained material however where
significant plastic strain occurred upon reloaaing,'there is a considerable
departure from this direction, Furthermore the direction of fhe‘
vector is seen to be stress dependent for a prestrained material and a‘
common feature is that with increasing stress the vector rotates toward
the vector direction of annealed material. For any particular stress
increment, i.e. the region between successive symbols in Fig. 6.8, the
associated instantaneous and transient creep strain comnonents ére,seen‘
to follow the same direction, , '
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For prior tension the dx/dé value is seen to be initially higher
than that for annealed material (2.33). On the other hand prior
. compressed material displays a lower value. This is undoubtedly due
to the axial stfengthening and weakenihg of the material as caused by

prior tension and compression respectively.

For prior positive and negative torsion the trends are not so
clearly defined,with the ‘1&25 values being generally less than the
"annealed" value., Such behaviour can be explained in terms of a
complex interaction between either weakening and strengthening in shear
and an assoclated cro;s;effect in tension. Thus for a prior reversed
torsion the subsequent weakening in both positive torsion and tension
(see Fige 6.2(c)) resulted in a low dx{‘g value,

6.5.2 Créep
) dy/ .
Fig. 6.9 shows that the ‘dg€ vector of the 'X' stress level

need not remain fixed in direction with accumulating creep strain,

Only for annealed end highly prestrsined material did the iector remnain
fixed in direction. A rotation of this direction is seen to occur
during creep in lower prestrgined material. Vhere such a rotation
appears Fig. 6.9 shows that it may occur relatively quickly, e.g. during
the first 5 hours for 2% compfession or it may take longer, e.g. during
the first 250 hours for 3% reversed torsion (Fig, 6.8). There thus
appears to be no relatioﬁship between the time of such a rotation and

the primary and secondary creep stages of Figs. 6.3 and 6.4,

The question of whether or not a rotation occurs would seem to

. depend upon the relative ma:nitudes of the loading strain, the creep
strain and the prestrain. For lower.prestrains the‘subsequent loading
strains of Figs. 6.1 and 6.2 are seen to be high and a rotation is

evident in thevqu%é vectors of Fig. 6.8. This is seen to continue
during creep in Fige. 6.9. On the other hand for larger prestrains, where
the subsequent loading strains are mostly elastic, no such rotation wés
eyident. It is likely of course that insufficient time was allowed
during the creep of highly prior strained material for enough creep strain
to accumulate and so begin to nullify the pfestrain effect. It is
probably at this point that a rotation starts.

’
" After the rotations in Fig. 6.9 the ’Zé vector is then seen to
settle at a constant value which approximétes to that of the annealed
material, In comparing the indicated k vﬁlues there is some evidence
. that these depend upon the magnitude and naturs of the prior.strain. In
this respect a prestrain has a lasting effect in creep.



6.6 TIEORETICAL PREDICTIONS CF ANISOTROPY

To descrive theoretically the cbservations on prestrained

material as outllned in thls Chapter is ro easy matter, Considering

17

tieory is required that could for a fixed stress ratio, predict the

the strain ratio ( fﬁéor ) on material where rotations occurred, a
dy ¥
de rotation of Fig. 6.8, its continuation and final constant /25

ratio during creep in Fig. 6.9.

6.6.1 Creep ¥
In considering tre theoretical ’i/%z’ ratios in Section 3.l
of Chapter 3 it is clear that none of these anisotropic theories in

their existing form is readily amensble to this requirement for creep.

Bailey's theory of eguation (3.36) would not be suitable jin its
intended form. VWhile the theory could account for any steady Q5'82/'
ratio with n and m as fixcd constants, e z'52/6 rotation could €as
ornly be described from this theory if n and m were made functions of
the prior strain history and subsequent creep strain. The theory
would be best made to describe the steady k values of Fig. 6.9 with

the n-2m constants of Table 6.1.

TAELE 6,1 Constants in the Bailey Eguation (3.36)

Prior Strain fdé';,’/, n-~-2n
¥ Tension + 2 5.480
Annealed - _ -0 2,680
¥ Torsion =2 -4,936
- 207 30435
+ 2 -0,207

Berman and Pai's theory of egquations (3 37) and (3.38) predict
& k value of 3 and 4 respectively for all stress ratios. The theory
therefcre assumes either a von Mises (k = 3) or Tresca (k = L) msterial
and while some of the k values in Fig. 6.9 cpproximate to k = 3 the
theory cannot account for the overall creep behaviour of prestrained

material,

1145
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Hu's theory of eguation (3.39) has been applied to the test for
2% prior compression in Programme 6.2. The constants F, G,'H and L have
been taken as those for annealed material (see Section 4.4 Chapﬁer u) and
the 1 axis of anisotropy has been assumed to rotate in phase with the
angle of twist during creep (X =¢:'-‘z§ )e A comparison of the
experimentally measured k values with those prediéted by Hu's theory

for the creep times shown clearly indicates that

(1) neither the rotation or the steady k value of
3.36 is predicted by the theory for the & = ¢

assumption,

(2) 1ittle variation in the Xk value occurs with the

chosen constants for large .

The theory is therefore clearly unsuitable when epplied in this way to a

prestrained material.

6.6.2 Loading Strain

A theoretical solution to thedfgtz vector behaviour of Fig. 6.9
can be attempted from the general anisotropy theories of Section 3.5 in
Chapter 3. For the %ﬁior strain histories of interest here the subsequent‘
plastic flow veciors '%“'zzOf combined loading may be theoretically
predicted in the following way:

(1) Edelman and Drucker ’
For zero prestrain both equations (5.&6) and (3.47) reduce to

4 AmeBY, A+ B) G
de? cv + At C + AN

This equation shculd describe the plastic flow in annealed
material-thus comparing equations (6.2) and (4.7) it must follow that
A =0 and B/C = 2,6, Then for an annealed material with prior tension
or compression equation. (3.46) becomes
db” - - 2.6\ '
At = 3méy . (6.3)

-

and for prior positive or negative torsion equatioh (3.L7) becomes

r r
fi? g 2.0\~ '*’8;

P — (6.4).
aé 2(:0; ' .
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(2) Yoshimura

Following the.same reasoning as for the previous theory we have
here that A’ = 0, and B'/C’ = 2.6. Then for prior tension or

compression equation (3.50) becomes

a3 2.6\
c'vr

"

and for prior positive or negative torsion equation (3.51) becomes,

P
d¥" . zar- 2% (6.6)
aef c'ey,

(3) Williems end Svennson

A point to note 1n equations (; 53) and (3 514.) is that for zero
prestrain both eguations reduce to /4(5' =3\ . The theory therefore
describes the anisotropy of deformation due to a prior strain on an
initially von Mises material. It would seem a limitstion of the theory
that initial material anisotropy cennot be described and it thus remains
uncertain how the csr%stants Ao s 1»2323, L3333 and m are defined for a
prior strain on a ééf = 2,6\ material,

For the same type of prestrain both sets of equations (6.3),

(6.5) and (6.4), (6.6) in the Edelman and Drucker and Yoshimura theories
are seen to be of the same form, A comp-irison between the theoretical
predlctionsof equations(6,3) and (6.5) and the experimentally measured
dU/ éP values of Fig. 6.8 for 2% prior compressmn is made in Table 6.2
for the stress levels indlcated. Both theories have been made to fit
the first experimental dv/déf value e.nd therefore reduce to the same
equation for the given A and 6" of this test. That is,

-

4y - 2,262 ,
de’ [+ /__'26_._-5) (6.7)
\"o !
| J43° \ ,
Table 6.2 A&’ Comparison for 2% Prior Compression
AN 12,09 13.10 14,10 15.11 | 16,12
dAy°? -
aef 1 (Fig. 6.8) 0.198 0,252 0,305 | 0.513 0.588
ax? -
Jef 1 Ban (6.7) 0.198 0.213 0.227 0.242 0.256_
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The Table shoﬁ's that the?theories- at least give a qualitative
representation cf a rotating, dx/déf vector for a prior compressed
material. The A“/:u? behavicur of a material with 2% prior tension in
Fig. 6.8 would be similarly described by equations (6.3) and (6.5).

The theories would eppear to fail for prior reversed torsion
since neither equation-(6.4) nor (6.6) could describe the experimental
dv/p(g' values ir Fig. 6.8 for a prior -2% equivalent shear strain
( Xof = 3.24.5%). VWith m ard m’ as positive constants then M;dé' bg
" 2.,6A from each theory. The experimental trend, however, was such
that db’é‘é’ £ 2.6\ for all stress levels., With m and m'
as negative constants the observed behaviour would be satisfactorily
described, but it is doubtful for either theory and with m positive
vhen describirg prior coopression that it should then be taken as negative
in order to describe prior reversed torsion. It is an interesting
point however that the Bauschirger term in each theory can be made to
account for the cbserved cross-effects in this material merely by

" changing its sign.

If for a fixed prestrain value it were assumed that m/C in the
Edelman and Drucker theory equalled m’ /C’ in the Yoshirura theory then
for the prestrains described by equations (6.3) - (6.6) the former
theory would always predict dx&é’ values closest to the 2.6N value
for each stress level, The rotation is therefore less severe in the

Edelman and Drucker theory.

6.6.3 Anisotropic Theory for Creep

Following Section (2) of Appendix I the anisotrbpic theori_es of
time independent plastic flow may be extended to creep simpiy by rewriting
the plastic strain increments as creep,stzjain rates. A suiteble time
function ¢ (t) should also be included. Then, for example, equation
(3.46) would ’become,* 7 :

v 3mel :
02 _ {A(W,- =) + 5072'}49(&) .

: (6.8)
& {c(m- 2n6)s an, ]l |

¥ or from é"} = ?_f ): dLE)
- W
il

3 Y RS R
16450 (- meg{ge meg,) )

where f



It is normally assumed that ¢ (t) is the same function for each
compenent creep curve of a multiaxial stress systen. The éreep rate
ratios and the corresponding plastic strain increment ratio would then

be identical expressions.

In this work with fc(é’:,, =«2%; prior torsion and compression
a logerithmic plot of 7'93 vs t and éz: vs t from Programme 6.1
showed qs (t) = t'-0.7§5 for primary creep ( 56 (t) = 1 for secondary
creep). , 0 ,
Since it has been shown in Chapter L that dj’: = Z&z = 2.\
: €1 €13
for annealed material we can apply the reasonirg of paragraph 6._6.2 to

creep and arrive at the seme expressions (6.3) = (6.6) for the Uaz/ézz ,

ratio of prestrained material. For exapple equation (6.3) would become

5/92 26X
-é;Z - | = Dwi é:,, ' (6.9)
v, .

Vhile these equations describe the steady )’/é values of
Fig. 6.9 (with m a negative cohstant) it is 4iffiocult to see how the
rotations are accounted for with V7, =& constent in creep. If the
stress ratio A  and stress V;z were corrected for current creep
deformation from equations (20) and(21) of Appendix II then this would
explain some change in the v/é ratic during creep.
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Programme 6.1 o 161

*# KINGSTON POLYTECHNIC 4120 ==

8J0B; MAPE/R008/DR; STRAIN RATES;

€OPTIONS:;MOTHY;

&FORTRAN; D3

0= C

1+ C .

2% DIMENSION T(106), DEZZ(100), DGAMMA(100), EZZ(1Nn0), GAMMA(ing
I READ(3,50) GL

4% READ(3,50) RADN

S READ(3,51) M

6 K=0

74 1 READ(3,50) DEBPM

8# READ(3,50) XLAM

Sa READ(3,53) C1

10+« READ(3,50) C2

11 READ(3,51) N

12= WRITE(2,130) DERPM

13» READ(S,52) (TC1),DEZZC(IY,DGAMMA(TY, 1=21,N)

14+ £=93.0 .

1S5« D0 2 I = 1,N

16% Z=C1=#DE22¢(1)

17+« BR=1,0+Z/6GL

18+ £E22(1)=ALOG(BR)

192 X=C2aDGAMMALT)

20+ PHI=(RADN®1.1162X#3,14159)/(180.0%GL)

21 GAMMA(I)=SIN(PHI)/COS(PHI)

224 L=1-1 )

23s 1IF(L.,LT.2) GO TO 2

24+ REZZ=(EZZ{L+1)Y~EZZ(L=1))/(T(L+1)=-T(L-1))

25+ RGAMMA=Z (GAMMA(L+1)=GAMMA(L=1))/(T(L+1)=-T(L-1))
26+ A=RGAMMA/ (REZZ#XLAM)

27=s B=B+A

284 WRITE(2,101) T(L)»EZZ(L)sGAMMA(L),RFZZ,RGAMMA,A
29+ 2 CONTINUE

30+ AV=B/FLOAT(L-1)

31+ WRITE(2,102) AV

I2* K=K+l

33+ [F(K.,LT.M) GO TO 1

34 STOP

35 50 FORMAT(EX,FD,0)

J6» 51 FORMAT(I1D)

37+ 52 FORMAT(2%,F0,.0,F0.0,F0.0)

38+ 100 FORMAT(///716%,30H CREEP DATA FOR A PRIOR STRAIN,
39+ 115H HISTORY 2 JF5.2,1%X,17H% TENSION/TORSION/Z//ZY
40 101 FORMAT(20X,F4.0,5E12,4) - .
41 102 FORMAT(/S4X,18HAVERAGE K VALUE = ,E12.4)

424 END



CREEP DATA FOR A PRIOR STRAIN Hxsmavfde"=

t

2.
30‘
4,

¢ 5.
6'
7.

‘ 8.

9.7

.10,
.15,

20.

*25.
30.
35.
40.
45,

«50.:

55.

60,

65.

70.

75.

80.

5.

90.

5.
100.
105.
110.
115.
120.
125.
130.
135,
140.
145,
i1<a.
160.
170.
180,
190,
200,
210.
220,
230,
240.
250,
260,
270,
280.
290,
»300.
310,
320,
339,
340,
350,
3¢n,
v 370,

eZZ

0.1518E-02
0.1934E-02
0.2276E~02
0:2545E-02
0.,2765E-02
0.3009E=-02
0.3204E-Q2
0.3400E-02
0.3546E-02
0.4156E~-02
0.4669E-02
0.5181€E-02
0.5644E-02

0.5985E-02

0.6252E-02
0.6472E-02
0.6739E-02
0.7056E=~p2
0.7274E=-Q2
0.7493FE~02
0.7615E=-02
N.7834E-02
0.8101E-02
0.8295€E-02
0.8466E~-02
0.8611E-02
0.8781€E-02
0.8854c-02
C.8951E~-02
N.9024E-02
0.9121E-02
nN.921&c-02
G.9291E-02
0.9364E=02
4.94612-02
9.9510E-02
0.9598E-02
0.5704E-02
0.9825E=-02

0.1029E-01.
9.1048E-01

0,1113E-01

"0.1135E-01
‘0.1162E-C1

0.1208E-01
0.1232€E-01
0.1247c-01
0.1259E-01

0.1266E-01

0.1273E-01

0.1280E-01

0.,1290E-01
0.1305E-31
0.1314E-01
0.1339E-01
0.13556-01
0.1375g-71

592
0.3330E-02
0.4214E-02

0.4943E-02
‘0.5645E~-02

0.6113E-02
0.7024E-02
0.7388E-02

0.7752E-02

0.9261E-02
0.1046E-01
0.1155E-01
C.1244E-01
0.1358E-01
6.1410E-01
0.1470E~01
0.1535E~01
0.1532E-01
0.1621E-01
0.1657E~01
0.1707E=-01
0.1751E-01
0.1785E-01
0.1813E-01

C.1834E-01

0.1852E-01
0.1876E-01
6.1837E-01
0.1907E-01
0.1923E-01
0.1936E-01
0.1949E-01
0.1964E-01
0.1977E=11
0.1993F-01
0.2003F=-01
0.2029E-01
0.2076E-01

0.2160E-01 .

0.2201E-01
0.2277E-01
0.2323E-01
0.2368E-01
0.2404E-01
0.2435E-01
0.,2485E-01

0.2527€-01,

0.2547E-01
0.2566E-01
0.2576E-01
0.2592E~01
0,2610E-01
0.26728E-01
0.2654FE-01
0.2675E-01

0.2774E-01-

6.2813F-01
0.2844E-01

ADD 0.2805E-C2

L)

.ea:
0.3180&-23
0.3790E-03
0.3056E-03
0.2444€E-03
0.2321E-03
0.21985-03
0.1954€E-03
0.1709E~-03
0.1261E~-03
0.1122E-03
0.,1024E-03
0.9750E-04
0.8040E-04
0.6089E-04
0.4870E-04
0.4868E~-04

0.5840E-04

0.5352E-04
0.4378E-04
0.3405€£-04
0.3404£-04

- 0.4862E-04

0.4618E-04
0.3645E-04

0.3158E-04

0,31585-04
0.2429E-04
0.1700E~-04
0.1700E-04
0.1700E-04
0.1942E-04
0.1699E=n4
0.1456E-04
0.1699E-04
0.1456E-04
0.9707E-05
0.1294E-04
0.1335E-04
0.29115-04
0.3274E£-04
0.2788E-04

0.,3272E-04 .

C.2544E-04
0.2422E-04
0.2180E-04
0.2300E-04
0,2663E-04
0.1936E-04
0,1331E-04
0.9676E-05
0.7258E-05
0.7257E-05
0,84665-05
0.1209E-04

- 0.1209E-04

0.1692E-04
0.2055E-04
0.1813c5-94
0.1812E-04

0.7111E-03
0.8065£-03
0.7154E-03
0.5853E~-03
0.4813E-03
0.4553E-03
0.3902E-03
0.3642E~03
0.3122E-03
0.2706E-03
0.2290E-03
0.1977E-03
0.1561F~03
0.11455-03
0.9887E-04
0.1119E-03
0.1249E-03
0.1119E-03
0.8587E-04
0.7546E-04
0.8587E~04
0.9368E-04
0.7807E-04
0.6245E-04
0.4944E-04
0.3903E~04
0.4164E-04
0.4424E-04
0.3123E-04
0.2602E-04
0.2863E~04
0.2602F-04
0.2863E-04
0.2863E-04
0.2863E-04
0.2602E-04

- 0.2429€-04

0.3644E-04
0.6506F=04
0.6246E=04
0.5856E~04
0.6116E-04
0.4555E~04
0.4034E~04
0.3384E-04
0.4035E=-04
0.4555E-04
0.3124E-04
0.1952E-04
0.1432E-04
0.1302E-04
0.1692E-04
0.,1822E-04
0.2213E-04
N.2343F-04
0.5988E-04
0.6899E-04
0.3515E-04
0.2864E-04

_AVERAGE K VALUE =

0.2457E+01
0.2338F+01
0.2573F+01
0.2632F+01
0.2279E+01
0.2276E+01
0.2195E+01
0.2342F+01
C.2720F+01
0.2649E+01
0.2456F«+01
0.2229F+01
0.2134E+01
0.20665+01
0.2231F+01
0.2526F+01
0.2350E+01
0.2297F5+01
0.2155E+01
0.2436F+01
0 027725'0-'31
0.2117F+01
0.1858F+01
0.1883F+01
0.1720F+01
0.1358F+01
0.18%84F+01
0.28505401
0.2019F+51
0.1633F+01
0.16205901
0.16835+01
J.2150F+01
0.1852F+01
C.2160F+01
0.2946F+01
0.2062%5401
0.30005+01
0-?456F*U1
0.2095F401
0.2054F4+01
0.1957E+01
0;1928§+01
0.1880%+01
0.1773E+01
0.1612F+01
0.1971F+01
0.25462E401

. 0.2365F40y

0.2011E.01
0.2129rF404

0.2131F+01
0.1738k+01

0.2215E404




. A\ . - P
CREEP. DATA FOR A PRIOR STRAIN HISTORY JdeM =

-t
2.
3'
4.
‘5.
6.

7- .

8.
9.
10.
15,
20.
25,

30.

35.
40.
45,
50.
55'
60.
65.
70.
75.
&0.
"85,
90.

14 95’ )

100.
105.
110,
115.
120.
125.
130.
135.
140.
145,
150.
160.
170.
180.
199.
200.
210,
220,
230.
24y,
250.

260,
270,
280.
2900

300,
s10,
220.
330.
340,
350,
360.
37'0‘
380,

390,

400,
410.

'eki-
6.9€00E=-05
0.1274E~04

0.1470E-04"
-0.1960E~-04

0.2352E-04
0.2450E-04
0.2450E-04
0.2744E-04
0.2940E-04

+0.4018E-04

0.4116E-04
0.3430E-04
0.3724E-04
0.3920E~-04
0.4410E-04
0.4900E~G4
0.4214E-04
0.4704E=~04

0.5096E-04

0.5292E-904
0.5292E-04

0.5488E-04"

0.5782E-04
0.6370E-04
0.6566E-04

J.6664E-G4 ¢+

0.6762E<-34
N.68605-04
3.6958E~04
0.709€E-04
1.7154£-04
0.7350E-04
0.76442-04
0.7742E-94
3.7840E-04
3.8C36E=-04

0.823%2E~04

0.8428E-04
0.8624E-04
0.8820€E-04
0.9310E-04
0.98U0E-04
0.1019€-03
0.1049E~03
0.1658E-03
0.106¥E~Q3
0.1078E-(G3
0.1088E-03
0.1098E-03
0.1107E-03

9.1117E-03 *
0.1127E-03

0.113/£-03

‘0+1147E-03

0.1176E-03
7.118¢E-03
3.1215c~(3
0.,1282E£-03
0.1254£-03
0.1294E-G3

0.13%2E-03

z&z
0.6563E=-04

0.7350E-04
0.8400E-04

"0.9188E-04

0.1024E-03
0.105uE=-03
0.1050E=-03

.6.1103E-03

0.1155E-03
0.1339E-03
0.1470E~-03
0.1523E-03
0.1575E-03
0.1680E~03

0.1785E-03-

0.1811E-03
0.1916E-03
0.1969E-03
0.1969E-03
0.2043E-03
G.2100E=03
0.2126E-03
0.,2153E-03
0.2179E-03
6.2231E-03
0.2284E-03
0.2284E-03
0.231GE-03
0.23105-03
0.2336E-03
0.2363E-03
0.23635-03
0.2339E-03
0.2415€-03
6.2468E-03
0.2454E-03
0.2573E-03
0.2573E-03
0.2599E-03
0.2625E-03
0.2676E=03
0.2704E-03
0.2733E-03
0.28355-03
0.2835E-03
0.2388E-03
0.2888E-03
0.2914E-03
0.2914E-03
0.2940E-03
0.2966E-03
0.3071E-03
0.3098E-03
0.3098E-03
0.3150E-03
0.3176E-03
0,2176E-03
0.32025-03
D.2226E-03

" 0.3229E-03

C.3255E-03
0.3281€-03
0.3308E-03

-

>

0.3920E-05
0.2450E-05
0.3430E-05
0.4410E~05
0.2459E-05
0.4900F-06
0.1470E=-05
0.2450E-05
0.2123E-05
0.1176E-05

-0.5880E-06 -

"003920E-06
0,6860E-06
0.98C0E-06

~0.1960E-06
0.3920E-06
0.4900E-06
6.5880E-06
0.5880E-06
0.1960E-06
0.1960E-06
0,49C0E-06
0.8819E-06
0.7840E~06
0.2940E~06

-041960E~-06
0.1960E-06
0.196Q0E-06
0.1G60E-096
0.1960E-06
0.294CE~068
0.4900E-06
0.,392CE-06

0.1960£-06.

0.294CE~06
0.2613E-06
0.,19€0E-06
0.196GE-06
0.1960E-06
0.3430E-06
0.4900E-06
0.4410E-06
9.3430E-06
0.1960E-06

0.9799E-07"

0.9799E-07
0.9799E<07
0.9799€-07
0.9799E-07
0.9799E-07
0.9799E-07

0.9799E-07

0.9799E-07
0.9799E=-07
0.1470E-06
0.1470E=-06
0.1960E-06
0.24505-06
0.1960E-06
0.294CE-06
0.489%E-06
0.3919€-06

4.00 % TENS]O;

8o
0.1050E~04
0.9188E~-05
0.9188E-05
0.6563E=-05
0.1313E-05
0.2625E-05
0.5250E-05
0.3938E-05
0.3150E-05

0.1838E-05"

0.1050E-05

0.1575E-05

0.2100E-05
0.1313E~05
0.1313E=05
0.1575E=05
0.5250E-06
0.7875E=-06
0.1313E-05
0.7875E-06
0.5250E-06
0.5250E-06
0.7875E-06
0.1050E~05
0.5250E=06
N.2625FE=-06
0.2625E-06
0.2625E=06
0.5250E=06
0.2625E=-06
0.2625E=-06
0.5250E~06
0.7875E-06
0.7875E=06
0.1050E-05
0.5250E-06
0.1313E=06
0.2625E=0¢
0.3938E-06

0.3936E~06 "

0.5250E-06
0.6563E~06
0.2625E-06
0.2625E=06
0.2625E-06
0.1313E-06
0.1313E-06
0.1313E-06
0.2625E-06
0.6563E-06

0.6563E-06

0.2625E=-06
0.3938E-06
0.1313E-06
0.1313E-06
0.2625E=0¢

0.1313E-06
0.2625E-06
0.2625E-06

0.2625E-06

AVFRAGE K VALUFE =

163
P2V
k
0.2823%+03
0.3952F«01
0.2823E+01
0.2195F+01
0.2823F+01
0.2823F+01
U.1682F«01
0.2258E+01

0.19545+01
0.2823F+01

+0.3293E+01

0.2823E+01

0.3387FE+01

0.3226E+01
0.1411E+D1
0.7057E+01
0.4234E+01
0.1129F+01
0.1411F+01
0.2352F+01
C.4234F401
0.2823F401
C.9409E+0Q
0.1411F«+01
U.1882E4+01

0.1411F+01

0.1411E401
0.2823E+01

0.1411E+01

0.9409F«0¢g
0.2117€401
0.4234F401
0.2117F401
0.1411F4+01
0.2117E+01
0-1129E+01
0.156BE+01
0.1411E§01
0.2823E+01
0-14115*01
0.1411E¢01
0.28235#01
0-7057E¢01

\097OSZE001

U.1411F40y
C.2823E4+0;
0'4234E+01

.0.941084+0y

0.9410F4+gq
0.1411F+01

U.7057E40y

0.9410E40g
U.5646F+0p
C.7057E+ng

0 016‘506"'6'{



CREEP DATA FCR A PRIOR STRAIN stTcRY}QeM =

t,

2,
3.
4,
'S,
5,
7
8,
9.
10,
15,
20,
25,
30,
35,
40,
45,
50,
55,
60,
65,
70,
75,
80,
85,
90,
85,
1090,
109,
1:0,
115,
120,
125.
130,
135,
140,
145,
150,
16C,
1793,
180,
190,
2049,
210,
220,
2390,
240,
250,
. 260,
270,
280'
290,
300,
310.
320,
330,

340,

350,
360,
. 370,
- 350,

390,

4acn,

410,

€22
8,12366-03
0,1531E-03
0,1740E-03
0,1949E-03
0,2111F=03
0,2320E-03

0,2436E~03

3,2644E-03
1,3132E-03
N,3479E=03
0,3781E-03
0,4082E-03
0,4407E-03
0,4685E-03
0.,4871F=03
n,512¢E-03
N,5404E~03
9,5752E-03
0,6007€-03
0,6216E-03
0,6332E6-03
0,6494E=03
0.,6749E-03

0,69585-03
3.,7166E-03

0,7352E=03

9,7587E=-03"

0,7815E=03
n,80705-C3
5,83026-303
0,8812F=-03
2,9276E=33
n,9693E~03
0,9671E=33
0,1020E=-32
N,1C90F-12
Otling’G2
9,1275E-02
0,1428E-02
0,1507E=-02
n,1558E-02
0.1623E=-02

0,1669E-02

q,1729€=-02
0.1776E'O2
n,181CE-02
g,1894F=02
0,1894E-02
n,1940E=-02
0,1984E-02
0,2049E-02
0,2109E=-02
n,2174E-02
9,222%E=~02
n,22R7E=~-C2

0,2301F=02

N,23455-02
0.0380E=02
0,2415E<92

0,2452E-02

0,2496E-02
0,2525E=-02

vbz

0,6127E~-04
0,1158F-03
0,1350E-03
0,1517E6-03
0,1601%-03
0,1650E-03
041759503

0+1839E-03

0,3917E-03
N.2317E-03
0,2528E=-03
0,2822F=03
0.3089E=-03
0,33005=-03
0,3475F~-03
0,3581E-03

G,3777E-03

0.4658E-03
0,4269E=03
0,4388E-03
6,4451E-03
0,4564E-03
0,46905=03
0,4809F=03
0,4929E-03

C.5076E~03

0,5238E-03
0,5406F=03
0.55685=03
0'q7225f03
G.6038E=03
0,6565FE=03
0.,£8505~-03
¢,7098E=~03
0,7351E=-03
0.7604E-03
0,7864E=-03
0.,8355E=-03
,2811E-03

- 0.9113€E-03

0,92408E~03
0,9808E~03
0,1001E-02
0,1035E=-02
0,+1053E-02
C.1071E=02
0.10925=02
0,1114E-02
0,1135€E=02
0,1154E=02
0.1196F'02
0.1253E=02
0.1274E~-02
0,1323E=02
0.1356F=~N2
0.13920E=02
2,1403E-02
0,1415F-n2
0,14425-02
G.14560E~02
0,1503E=-02
0,1533F=-N2
0.1544F=02

L 4
€2z
0,33£4E-04
0,2552E-04
0,2088%~04
0,1856E=-04
0;18565“04
N.,1624E-04
0,10445-04
0.1044E-04
0,1005E-04
9,6494E~-05
0,6030F=-05
0,6261E-05
0,6029F=05
0.,4638E-05
0,4406E=05
0,5323E=-05
0,6261E~05
0,6029E=-05
0,4637E-05
0,32465-05
0,2782E-05
0.,4173E-35
0,4637E=05
0,4173E-05
0,3941E-05
0,3709E=-05
0,4636E=05
0.53325=05
0,48608E-05
0,7418E-05
0,9735c~05
0,8803E-05
B.6553F=05
0.5099E-05
049270E-05
0-11745‘04
0,9269E=05
0,1158E~-04
0|1158€'04

- 0,6255E-95

0,5791E-05
0,5791E-05
0,5327E-05
0,5327E-05
0,40E3E=-05
0,3937E-05
0,41685-05
0,4284E~05
0,4515€E-05
0054415‘05

0+6251F=05

0,6251E=05
0,6019E=-05
0.5671F=05
0,3588E=05
0,2893E=-05
0,3925F=~05
0.3472E-05
0,35R7E=05
0,405Q0E-05

0.3703E=-05.

0,3008€E=-95

T

3,00 % TENSION/70R%4i

Joz
0,22R2FE~-04
0.,2387E=04

1,1790E-04

0.1053E=~04
0.6670E-05
0.,8425E=-05
0.9478E-05
0.7372E=-05
0.,7957E-05
0,6108E-05
0.5055E=05
0,5617€-05

0.,4774E~-05

0.3862E-05
0.2808E-05
" 0,3019E=-05

0,4774E-05

0,4915€-05
0.3300E=05
0,1825E-05
0,1755E-05
0,2387E-05
0,2457E=05
0.2387E-05
' 0,2668E-05

0,3089E~05 "

0,3300E~05
0,3300E~05
0.3159€-05
0.4704E-05
0.8425E=05
0.8215F=05%
0.5336E=95
0.4915€-0%
0,5055£-05

0,5125E«05

0,5008E-05
0,4739E-05
0,3791E-05
0,2984E-05
C,3475E-05
0,3019E~05

 0,2703E=05
 0.2598E-05

0.1825E-05
0.1966E=~05

0.2106E=-05 "

0,2106E=05
0,2036E-05
0,3089E-05
0.4915E-05
0,38626~05
0,3511E-05
0,4107€-05
0,3370F-05
0,2352E-05
0,1264E-05
0,1966E-05
0,2212E-05
0,3054E=05
0,3686E-05

0,2036E=-05.

D.1018E=~05

AVERAGE K VALUE =

k

D.7248%+010
0.9995F+00
0,9162E+00

- 0,6063F«00

0,3840F~Cy
0.5544%+00
0.9702F«0Q
0.7546E+00
0084585*00
0.7816F+00
0,8317E+00
0,9952E4+00
0,8146F«0y
N,68425+00
D.6469E+00
0.7321E+00
0,9564540¢(
0.8387F+00
0,5848F+00
0,4206F+00
DB777E400
045167F+0¢
0062915#00
0.5500F+ny

0,6830F+00

0.8374E+0(
0,9505F«0(Q
0,7604E40¢
0,6331%400
0,1032F+ny

0,12135+03

0,9015F+00
0.6472%e0p’
0,7551€E+00
0.105954+01
0.5907E*ﬂ0
0.45575400
0,5463F400
0,34%6%+0¢

- 0.2752F409

005936E#00
0.5570%4+0y
014987E+00
0.5210F409
0,3661F40¢
0.5182E+0¢
0v57165+ﬂ0
0053995*00
0-50785+00
0.7310E«0¢g
019650;+00
0,6600E+00
0.6000E*00
0'72915+00
0.6349E400
0,7004E40
0,4667540y
0,5338%+00

’006806F+00
0,9096840¢

0,9724E+0y
0,5875E+00
0.3615%+0¢
0. ARSTIC AN



CREEP DATA FOR A PRIOR STRAIN HISTORY j g, -

ot
2.

3.
4,

5,

6.
7

) 8.
9.
10.
15.
20.
25.
30.
35,
40,
45,
50.
55,
60.
65.
70.

75. .

80.
85.
90.
95.
100.
105.
110.
115,

120 ..

125.
130,
135.
140.
145,
150.
160,
170'
- 180,
190,
200,
210,
- 220.
230,
240.
250,
260'
270,
280.
290,
300,
310,
320,
330,
340.
350.
360,
370.

ez
0.1782E-02
0.2207E-02
0.2564E-02
3.2858E-02
0.3097E-02

‘0.3307E-02

0.3497E-02
0.3683E-02
G.3849E-02
0.4522E-02
0.5000E-C2
0.5415E-02
0.5775€E-02
0.6077E-02
0.6355E-02
g.6598E-02
0.6890E~-02
0.7357E-02
0.7659E-02
0.7877E=-02
0.8057E-02
0.8291E-02
008631E’02
0.8927E-02

0.9141E-C2

0.9311E-02
0.9563E-02
0.9335E-02
0.1006E~-01
0.1028E-Q1
0.,1044£-01
0.1072€-01
0.1104E-01
0.112%E-01

3.1151E=-01

0.11665-C1
0.1194E’01
0.1232E-01
0.1253E~01

'0.1268E-01

0.1281E-01
0.1292£-01
0.1302E-01

0.1309E-01-

0.1329E-01
0.13476-01
0.1373E-31
0.139%€-01
0.1411E-01
0.1437E-01
0c1452E‘01
0,1477E-01
0.1496E-01
0'15165-01
0.1562E-01
0.1575E-01

. 0.1587E-017

0,1596E-01

Soz
0,18696E-02
002717E’02

0.,3381E-02

0.3949E=-02
0.4449E-02
004885E-02
0.,5276E=-02
0.5655E-02
0.5990E=-02
0.7298E=-02
0.8152E-02
0.9390E-02
0.1022E-01
0.1089E-01
0.1148F-01
0.1201E-01
0.1266E-01
0.1387E~01
0.1457E-01
0.,1507E-01
0.1551E-01
0.1608E-01
0.1684E-01
0.1747E-01
0.1798E-01
0.1842E-01
0.1902E-01
0.1986F~-01
0.2044E-01
0.2091E-01
0.2134E-01
0,2207E=-01
0.2280E~01
0.2340E-01
0.2337E-01
0.2441E-01
0.2507E-01

0.2594E-01"

0.2¢640E-01
0.2672E=-01
0.2700E-01

0,2725E=-01¢

0,2746E-01
0.2770E-01
0.2814E-01
0.2851E-01

‘0.2915E-01

0.,2959E-01
0.3011FE-01
0.3066E-01
0.3104E-01
0.3168E-01
0.3212E-01
C.3281F=-01
0.3345E=-01
0.3335E-01

0,3417E-01"

0.3443E-01
0.3465E-01

[
€22
0.5283E=-03
0.3911E-03
0.3250E-03
0.,2663E-03
0.2247E-03
0.2002E-03

.0.1880E-03

0.1758E-03
0.1399E-03
0.1151E-03
0.8923E-04
0.7749E-04
0.6626E-04
0.5796E-04
0.5210E-04
0.7591E~-04
0.7686E=-04
0.5203E~04
0.3987E-04
0.4131E-04
0.5734E-04
0.6364E-04
0.5099E-04
0.3836E=-04
0.4223E~04
0.5242E-04
0.5240F-04
0.44635~-04
0.3492F=-04
0.4412E-04
0.6060F-04
0.56705~04
0.4700E-04
0.3720E-04
0.4262E-04
0.4390E-04
0.2977E-04

0.179CE-04

0.1379E~-04
0011855-04
0.1040E-04
0.,8948E=-05

0,1378E-04

0.1886E-04
0,2200E-04
0.2368E-04
0.1860E-04
0.,2126E-04
0.2053E-04
0.2004E=04
0.2221E-04
0.1955E~04
0.2437E-04

- 0.2292E~04

0.1254E-04
0.1037F~04

0.8921E-05

2.00 % TENSION/F#3A<305

e,

0.8720F-03

" 0.7425E~03

0.6161E~03
0.5340E6-03
0.4676E-03
0.4139E~03
0.3855E-03
0.3570E-03
0.2738E-03
0.2161E-03
0.2092E-03
0.2073E-03
0.1498E~03
0.1258E-03
0,1119F-03
0.1175E-03
0.1864E-03

0.1909E-03

0.1201E-03
0.9480E-04
0,1011F-03
0.1327E-03
0.1391E-03
0.1138E-03
0.9481E-04
0.1037E-03
6.1435E-03

0.1429E-03

0.1049E-03
0.8977E-04
0.1163F-03
0.1454E-03
0.13285-03
0.1075E-03
0.1012E-03
0.1201E~-03

0.1024E-03-

0.6639E~04
0.3857E-04
0.3004E-04
0.2687E-04
0.2276E~04

' 0.2213€E~04

0.3415E-04
0.4047E-04
0.5059E-04
0.5439E-04
0.4807E-04
0.5313E-04
0.4617E-04
0.5123E-04
0.5440E-04

0.5630E~04

0.6642E-04
0.5219E~04
0.3606E~-04
0.2878E=-04
002404E*04
0.2341E-04

165

k

0.1714F+01

0.1971E+01

0.1968F«01
0.2082F+01
0.2161F+01
0.2146F+01
0'2129E+01
0.2109F+01
0.2033FE401
0.1949F401
0.2434F401
0.2778E+01
0.2347F+01
0.2253F+01
0.2230F+01
0.2280E+01
0.2550F+01
0.2579F+01
0.23975+01
0.2469F+01
0.2542F+01
0.2404F+01
0.2269E¢01
0.2317E+01
0.2567F+01
0.2549F+01
0.2843%+01
002831E‘01
002442F+01
0.2669E401
0.2738E401
0.2492€+01
0.2375E401
0.2816E+01
0.2927¢c401
002423t#01

0.2316F+01

0.2237F+01
0.,2262F+01
0.2355E+01
0.2273E+01
0.25695+01
0.2573F+01
0.222954+01
0.23385401
0.2385R401
0'2683E¢01
0-25°5E*01
0,2335¢40
002655E*01
0,2990E+01
0.2830F401
0.2365E401
042464401
0.2383c401
002407?#01
C.2725E401

AVERAGE K VALUE =

0‘24205401



| . P
CREEP DATA FOR A PRIOR STRAIN HISTORYjaz"= ~2.00 X% TENS]ON/F3Rtann

60,

80.
85.
90,
95,
‘100,
1C53.
110,
115,
120.
*125.
130,
135,
S 140.
145,
"150.
160,
170,
180,
160,
- 200-
210,
220.
230.
240.
250,
260-
270.
280,
290,
- 308,
310,
320.
330,
340,
350.
360.
370,
.380,

€2;
0.3720E-02
0.4477E=02
0.5014E-02
0.5380E-02

0.5746E-02 -

0.6038BE~02"
0.6282E-02

D.65206E~-(2

0.6745E-02

.D,7524E-02
0. 8035E-02
4 ’go.8521E"02

0.8910E=02

0.,9299E~02

0.9615E=-02-
0.988B2E-02
9,1020E~01
0.,1061E=-C1
0.,1090E=-01
0.1117E-01
0.1143E-01
0.,1170E-01
0.1199€E-01
0.1231E~01
0.1257E-01
0.1279E-01
0,1311F-01
0,1333E-01
0.1369E-01
N.1412E-01
N.14458E~01
C.1475E-01
N.1499E-01
0.1526E-01
0.154%E-01
0.162E-01
N.1593E-01
0.1629E-01
0.1654E-01
0.1670€E-01
0.1680E-01
0.1687E-01
0.1699%E-01
0.1707E-9Q1
0.1726E-01
0.1748BE-01
0.17€69E-G1
0.1789E-01
0.1813E-01
0.183%4E-01
0.1868E-01
0.1897E-01
0.1919E-01
0.1%943E-01
0.,1967E-01
0.1983E-01
0.19915-01
0.,20038E~-01.
0,2010E-01

0.201%E~01

35;

0.6466E-02
0.7553E-02
0.8775E-02
0.9862E-02
0.1081E~01
0.1163E~-01
0.1242E~-01
0,1299E~01
0.1356E=-01
0.1570E=01
0.1728E-01
0.1864E-01
0.1978E-01
0.2100E-01
0.2198E-01
0.2277E-01
0,2369E-01
0.2473E-01
0,2584E-01
0.2674E-01
0.2747E-01
0.2853E~01

0.2938£=01

0.3027E-01
0,3095E«~01
0,3169E-01
0.3237E-01
0.3326E-01
0.3443E-01
0.3532E-01
0.3691E-01
0.3773E=-01
0.3838E-01
0.3914E-01
0.3977E-01
0.4045€E-01
0.4126E-01

0.4251€E-01

0.4314E-01
0.4366E=-01
0.4396E=-01
0.4418E-01

0.,4437E-01

0.4475E-01
0.4540E-01
0.4594E~-01
0.4663E-01
6.4720E-01
0.4790E-01
C.4880E-01
0.4984E~01
0.5071E-01

" 0.5128E-01

0.5202E-01
0.5259E-01
0.5300E~01
0.5327%-01
0.5354E-01
6.5379FE=-01

L4
ezz
0.8918E-02
0.6469E-03
0,4514E~03
0,3658E-03

0.3291E-03

0,2681E-03
0.2437E-03
0.2314E-03
0.1664E~03
0,1290E-03
0.9973E-04
0.8753E-04
0.7777E-04
0,7045E=-04
0.5629E-04
0,5827E-04
0,7281E-04
0,7036E-04
0.5579E-04
0.5334E-04
0.5333E-04
0.5574E-04
0.60575~-04
0.5813E-04
0.4843E-04
0.5326E~04
0.5566F=-14
0.,5806E-24
0.7739E-04
0.7737E-04
N.6284E-04
0,5316E-04
0.5073E~04
0.4588E~-04
0.3622E-04
0.4828E-04
0.4505€E-04
0.3016F-04
0.2050E-04
0.1326E-04
0.3439E~05
0,9644E-05
0.9643E-05
0.1326E-04
N.2049E-04
0.2169E-04
0,.2048E-04
0,2168E-04
0.2288E-04
0,2768E-04
0.3129E-04
0.2526FE=-04

' 0,2285E-0¢

0.2405E-04
0.2044E-04
0.1202E-04
0.9614F=-05
0,6008E=-05

0.5403E-01. 0,4806E~-05

%oz
0.1807E~02
0.1155E~02
0,1155E-02
0.,1019E-02
0.8830E~03
0.8015E-03
0.6793E~03
0.5706E-03
0.4529E-03
0.3723E-03
0.2935E~03
0.2500E-03
0.,2364E-03
0.,2201E-03
0.1767E-03
0.1712E-03
0.1957E-03
0.2148E-03
0.2012E-03
0.1631E-03
0.1794E-03
C.1903E-03
0.1740E-03
0.1577€E~03
0.,1414E-03
0.1414E-03
0.1577-03
0.2067E-03
0.,2557E-03
0.2475E-03
0.1904E-03
0.146%E-03

0.1415E-03

0.1388E-03
0.1306E-03
0.1497E-03
0.1379E-03
0.9389E-04
0.5716E-04
0.4083E-04
0.2586E-04
0.2042E-04
0.2858E-04
0.5172E-04
0.5989E-04
0.6126E-04
0.6262E~04
0.6399E-04
0.8033E-04
0.9667E-04
0.9532E-04
0.7218E-04
0.6537E-04"
0.6538E-04
0.4904E-04
0.3405E-04
0.2724E-04
0.2583E-04
0.2452E-04
0.2725E-04

AVERAGE K VALUE =

166

I

0.2329E+01
0.2051E+03
0.2940E+07
0.3201€£+01
0.3064E+01
0.3436E+C1
0.3204E+01
0.2834E+01
0.3129F+07
0.3317E+01
0.3383F+03
0.3283F+07
0.3495€+01
6.,35G62E+01
0.3484F+04
0.3378E+C1
0.3090E+07
0,3508FE+03
0.4145E+01
0,3%15%+01
0.3867E+03
0.3925E+01
0.3302F+01
0.3119E+03
0.3356E+07
0.3052E+0%
0.325754+01
0.4092E+0
0.3797E+01
0.3678E+071
0.3483F+01
0.3177E+03
0.3206%+02
0.3476E4+07
0.4145E+03
0.3563E+01
0.35185+0
0.3579E+01
0.3205E+07
0.3538F+01
0.352ZE+01
D.2433E*01
0.3407E+01
0.4484E+01
0.3360F+0y
0.3247E+01
0.3515F+03
0.,3393E+0
0.4036E+01
0.40145*01
0.3502E¢01
0.32%45001
0.32885*01
0.31255401
0.3256E¢01
0.3257E+01
U.SG95E+01

0.3449F+0q’




’ -f
CREEP DATA FOR A PRIOR STRAIN HISTORYfﬁcM = =3,00 % TENSION/F8+bdo2

t.

2.
3.

4,
5‘
6.
7.
8.
.9,
i0.
15.
20.
25.
30,
35.
40.
45,
5¢0.
55.
60.
65,
70.
75.
63,
85,
ga.
95.
100.
105.
110.
115.
120,
125.
130,
135,
140'
145,
150.

160.

170.
180.
190.
*200.
210.
220.
230.
240.
250.
269,
270.
230,
290.
300.
310,

320. -

"330'

€.

0.5203E~-03
0.6381E-03
0.7068E-03
0.7853E-03
0.8442E-03
0.9128E£-03
0.9619E-03
0.1031E~02
0.1080E-02
0.1276E=-02
0.1570E-02
D.17387E-02
0.1864g-02
0.1991E-02
0.2099E~02
0.2236€E-02
0.2354E-02
0.2452€E-02
0.2550E-02
0.2648E~02
0.2726E-02
0.2795E-02
0.2863E-02
N.2912E-02
0.2661E-Q2

0.3020E-02 -

3.305%9E-02
3.3128E=-02
0.3275E~02
0.3294E-C2
0.3372E-02
0.3451E-02
0.3529E-02
0.3588E-02
0.3676E-02
0.3793E-02
0.3930E-02
0.4087E-02
0.4214E-02
7.438CE-Q2
0.4507E-02
0.4624E-02
0.4800E-02
0.4918E-02
0.4996E-02
2.5074E-02
0.,5113E-02
0.5191E~02
$.5269€E~-02

3.5406E-02 -

0.5523E-02
0.5689E-02

0.5777E-032 -

oz
0.2628E~03
0.3877E-03
0.4731E-03
0.5585E-03
0.6242E-03
0.6702E-03
0.7227E-03
0.7687E-03
0.8147E=-03
0.1051E-02
0.1196E-02
0.1275E=-02
0.1373E-02
0.,1445E-02
0.1537E-02
0.1616E=-02
0.1656E-02
0.,1721E-02
0.1774E-02
0.1840E=-02
0.1886E=02
0.1905E-02
0.1945E=-02
0.1978E-02
0.,2011E-02
0.2043£-02
0.2070E-02
0.2076E-02
0.2110E-02
D.2129E=-02
0.2168E-02
0.2175E=-02
0.2201E=02
0.2247€=-02
0.2273c-02
0.2313E=-02
0.2332E£=-02
0.2464E-02
0.2530E~-02
0.26N08E-02

+0.2635E-02

0.2714E-02
0.2760Fk=-02
0.2838E-02
0.28%1Fk-0C2
0.2924€£-02
0.2990E~02
0.3022E-02
0.3049E-02
£.3121E~02
0.3147E=-02
‘0.3220€=-02
0.32726-02

0.3325E~02.

€2,
0.,1227€-03
0.5323E-04

0.7360E-04

0.6869E-(4
0.6378E-04
0.5887E-04
0,5886E-04
0.5886E-04
0.,4087E-04
0.3531E-04
0,2942E-04
0.3039E~04
0.2941E-04
0.2548E-04
0.2352E-04
0.2450E-04

0.2548E-n4

0.2155E~04
0.1959E~04
0.1959E=04
0.1763E-04
0.1469E-04
0.1371E-04
0.1175E-04
0.9791E-05
0,1077E-04
0.9790E-05
0.1077E~-04
0.,1077E-94
N.14683E~-04
0.1272E-04
0.,9787E-05
6.1566E~-04
0.1566F=-04
0.1370E-04
0.1468E~D4
0.137CE-034
0.1272E-04
0,1467E-04

0.1418E-04 .

B.1467E-04

-0,1467E-04

6.1466E=04
0.1466E-04
0,57725-05
0.7817E-05
0.,5862E-05
0.5862E~05
0.7815E-05
0.1074E-04
0,1270€-04
0.1416F-04
0.1269E-04
0.9763E~-05

*

Sz
0.1117€E-03
0.1051E-03
0.8542E-04
0.7556E-04
0.5585E~-04
0.4928E-04
0.4928E~04
0.4599E-04
0.4709E-04
0.3811E~-04
0.2234E-04
0.1774E-04
0.1708E~-04
0.1643E-04
0.1708E~04
0.1183E-04
0.1051E-04
0.1183E-04
0.1183E-04
0.1117E-04
0.6570E-05
0.5913E~05
0.7227E-05
0.6570E~05
0.6570E=-05
0.5913E-05
0.3285E=-05
0.4599E-05
0.5256E-05
0.5256E-05
0.4599FE«05
0.3285E~05
0.7227E-05
0.7227g-05
0.6570E-05
0.5913E=-05
0.7446E-05
0.6570E-05
N.5256E=-05
0.7227€E=105
0.5256E~-05
0.5256E-05
0.6242E-05
0.6242E-05
0.6570E~05
0.4271E-05
0.4928E-05
0.4928E=-05
0.2957€E-05
0.4928E-05
0.4928E~05
0.4928E-05
0.6242€£-05
0.5256E-05
0.6242€E-05

AVERAGE K VALUE =

167

k

0.1029€+0%
0.1275E+01
0.13125+01
0.1244€+01
0.9902E5+00
0.9465E+00
0.9466E+00
0.8835E+00
0.1303€+01
0.1220E+01
0.8586E+00
0.6600F+00
0.6568E+0D
0.7288E+00
0.8212F+00
0.5459E+00
0.4666%+90y
0.6204F+00
0.6826F+00
0.6447FE+00
0.4214€+00
0.4552E+00
0.5961E+00
0.63237+00Q
0.7587F+00
0.6208F+00
0.3794E+0¢
0.48292409
0.5519E5+0¢
0.4048E+720
0.4087E+00
0.3795E+00Q
0.5219€+00Q
0.5219E+00
0.5423€+0g
0.4556F+00Q
0.61475«00
0.5842E+09Q
0,40518+0¢0
0.5763%+00
J.40528+0¢g
0.4053€+00p
0.577€5+00
0.4814F+0¢g
0,5068E+0(Q
0.49425+09
0.7128E+009
0.95052+0¢
0.5703E+0¢Q
0.7130E+07
0.51865+0¢
0.4388E+0g
0.4584E+0n
0.4682E+00q
0.7229E+0¢g

0.6657E+0¢g




, » ,
CREEP DATA FOR A PRIOR 3TRAIN HISTORY jAéH= =4.00 % TENS]ON/FoRGte-

t

2.
3.

4,

5.
6.
7.
8.
9l
10.
15.
20.
25,
30.
35,
40.
45.
50.
55.
60.
65.
70.
.75.
80.
85.
90.

950 '
1060.

1C5.
110,
115,
120.
125.
130,

135.

140.
145.
150.
160,
170.
180,
150,
200.

210,

220.
230.

240,

250,
260.
270.

260,
290.
300.

- 310,

320,
330,

340.
350'
360,
370,
380.

390.

622

0.9348E-04
0.1058E-03

"0.1255E-03

0.,1378E-033
0.1427E-03
0.1476E-03
0.1550E-03
0.1648E-03
0.1722E~03
0.2017E-03
0.2115E~-03
0.2140E-03
0.2263E-03
0.2484E-03
0.2632E-03
0.2656E=-03
0.2706E-03
0.2755E-03
0.287/8E-GC3
0.2992E-03
0.2976E-03
0.3001E~-03
0,3025E-03
0.3173E~-03
0.3197€-03
0.3222E-03
0.3247E-03
0.3345€E-03
0.3443E-03
0.3493E-03
0.3566E-03
0.3616E-03
9.3763E-03

. 0,3788E-03

0.3861E-03
0.3886E-03
0.3911E-03
0.3935E-03
0,3985E-03
0.3660E-03
9.3960E-03
0.36845-03
0.4009E-03
9.,4034E-03
0.4058E=-03
0.,4058E=-03
n.4083E-03"
0.4107E-03
0.4329E~03
0.4550E-03
9.,4747E-03

"0.4796E-03

0.4849E-03
0.,4870E-03
0.,4894E-03
3.4894E-03 -
0.4919E-03 "
0.4943E-03
0.4968E=03

5%2

0.,1493E-03
0.1624E-03
0.1703E-03
0.1808E=-03

" 0.1886E-03

0,1939E-03
0.2043E~03

0.2148E=-03

0.2253E-03
0.2567E-03
0.,2672E-03
0.2882E=-03
6.2960E-03
0.3065E~-03
0.3196E-03
0.3249E-03
0.3327E~03
0.3432E-03
0.3484E-03
0.3510E-03
0.3615E-03
0.3641E-03
0.3799E-03
0.3825€~03
0.3877E-03
0.3930E-03
0.3956E-03
0.3982E-03
0.4061E-03
0.4139E-03
0.,4192E~03
0.4218E-03
0.4270E-03
0.4401E-03
0.4401F-03

0.4427E-03 -

0.4427E-03
0.4506E-C3
0.4558E-03
0.,4768E-03
0.4794E-03
0.4847E-03
0.4899E-03
0.4925e-03
0.4951€E-03
0.4978E=-03
0.5056E-03
0.5056E-03
0.5109E-03
0,5161E-03
C.5213E~03
0.,5240E-03
0.5240E-03

0.5266E=03-

0.5292E-C3
0.5344F~03
0.5397E-03

0.5423€E=-03.

[ ]
€,
0.2214E-04
0.1599E=-34
J5.1599E-04
0.8609E-05
0.4919E-05
0.6149E-05
0.8609E-05
0.86G9E-05
0.6149E-05
0.3935E~05
0.1230E-05
0.1476E-05
0.3443E-05
0.3689E-05
0.1722E-05
0.7378E-06
0.9837E-06
0.1722E-05
0.1967E-05
0.9837E-06
0.4919E-06
0.4919E-06
0.1230E-05
0.1476E-05

;0.7378E-06

" 0,4918E-06
0.4918E-06
0.1230E-05
0.1967E-C5
0.1475E-05
0.1230E=-05
0.1230E-05
0.1967E-05
0.,1721E-95
0.9836E-06
0.9836E-06
0.3279E-06
0.2459E-0n6
0.1230E-06
0,1230E-0C6
0.1230E=-06
0.1230F-06
0.2459E-0¢
0.2459E-36
0.2459E-06
0.1230E-06
0.1230E-06
0.1229E-¢CS
0.2213E-05
0.2090E-05
0.1229E-05
0.4913E-06
0.2459E-06
0.1229E-06
0.1229E-06
0.2459E~-06
0.2459€E-06
0.1229E-06
0.1229E-06

B,
0.2489E-04
0.1048E-04
0.9169E~05
0.9169E~05
0.6549E-05
0.7859E-05
0.1048E-04
0.1048E~04
0.6986E-05
0.4192E-05
0.3144€E~05
0.2882E~05
0.1834€-05
0.2358€£~05
0.1834E-05
0.1310E=-05
0.1834E~05
0.1572E~-05
0.7859E-06
0.1310E-05
0.1310E-05
0.1834E~05
0.1834E-05
0.7859E-06
0.1048E-05
0.7859E-06
0.5240E-06
0.1048E-05
0.1572E-05%
0.1310E-05
0.7859€E-06
0.5240E-06
0.5240E-06
0.1048E-05
0,1310E~05
0.5240E-06
0.1747€E-06
0.1310E-06
0.6549E-06
0.5240E-06
0.1043E-05
0.91696=-06
0.3930E=-06
0.5240E-06

0.3930E-06

0.2620E-06
0.2620E-06
0.5240E-06
0.3930E~06
0.2620E-06

0.5240E-06

0.5240E=06"
0.3930E=-06
0,1310E-06
0.1310E=-06
0.2620E=06
0.3930E=-06
0.5240E=06
0.3930E-06
0.2620E-06

AVERAGE K VALUE =

168

ke

0.1158E+01

0.6750F+00

0.5906E+00
0,1097F+01
0.1316F+01
0.1254E+01
0.1254E+D1
0.1170E+01
0.1097E+01
0.2633E+01
0.20115+01
0.5485F+00
0.6582F+0¢
0.1097E+01
0.1828F+01
0.1920E+01
0.9403E+(Q
0.4114F+00
0,1371F+01
0.3840F+N1
0.1536E+01
0.5485E+0¢0
0.1463E+01
0.1646FE+01
0.1097E+01
0.8777E+00
0.9143E+00
0.6583E+00
0.438G6F+00D
0.2743E+00
0.6269E+00
0.1371€+01
0.5486F+00
0.5486E+00
0.3292E+01
0.5486E+01
0.4389F+01
J.£778E+01
Jel646E+Q
0,2194E+01
0.3292FE+01
0.2194F+01
0.4389E+00
0.2291F+090
0.1097E+01
0.1097E+01
0.5486%+00
0.1097E+01
0.2195E+01
0.16465+01
1.2195E+01
0.32925+01

B.1601F+N1




CREEP DATA FOR A FRIOR STRAIN HISTORY JdE} =

t
2.
3.
4'
5'
6.
7.
8'
9'
10.
15.
20,
25.
30.
35.
40.
45,
50'
55,
60.
€65,
70.
75.
80.
5.
50,
55,
100,
165,
110.
115,
120.
125.
130,
135,
1490,
145,
150,
160,
170,
130,
190.
200,
210,
220,
230.
240,
250.
260.
270.
280,
290,
300.
. 310.
320.
330,
240,
350,
360,
370.
Zan.
390,
400,
410,

€z

.3655E-03
0.4396E-03
0.5087E-03
0.5581E-n3
0.6025E=03
0.6420E-03
0.6864E-03
0.7210E-03
0.7506E-03
0.69378-063
0.1007E~-02
9.1106E-02
0.1195E-02
0.1284E-02

0.1372€-092

0.1446E-02
0.1525E=-02
0,1639E-02
0.1747E-02
§.1841E-02
0'19255'02
0,1994E-G2
0.2087E-02
0.2171E-02
9,2255E=-02
0-22945'02
0.2378E=-p2
n.2457E-02
0.2516E-02
0.258CE~02
N.2620E-p02
0.2694E=-(2
0.2763E~02
0.2836E-02

0.2901E-02

0.2950E-02
0.,2979E-02
0.3083E~-02
0.3171E-(2
0.3255E-02
0.3344E~Q2
0.3427E-02
0,3501E-02
0.3555E~02
0.3654E-02
0.3747E~-02

" 0.3836E-02

8.3920E-02
0.3938E~02
0.4072E~02
0.4131E-02
0,4205E-02
0.4279E-02
0.4318E=-02
0.4377E=-02
0.4426E«02
0.4475E~02
0.4544E-02
0.4603E~02
0.,4692E-02
0.4775E-02
0.4918E-02
0.5051E-02

Yoz

0.1827E-03
0.,2114€E-03
0.2401E-n3
0.,2635E-03
0.2844FE-03
0.3027€E-03
0.3183E~03
0.3418E-03
0.3549E-~03
0,4436E~03
C.5036E~03
6.5558E~03
0.5949E=-03
C+6419E-03
0,6836E-03
0.,6967E~03
0.7306E-03
0.7724E-03
0.7984E-03
0.8298E~-03
0.8689E-03
0.8950E=-03
0,9054E-03
0.9393E~-03
0.9628E-03
0.9785E£-03
0.9515E~03
0,1023E-02
0.1038E-02
0,1070E=-n2
0.11M1E=-Q2
0.1114E-02
0.1114E-02
0.,1138F-02
0,115%9E~-02
0.1174E-02
0.1187E-02
0.1245E-02
0.1292E~02
0.1318E-02
0,1359E-02
0,1399E-02
0.1435E-02
0.1461E~-02
0.1500E~02
0.1545E-02

- 0.1610E-02

0.1644E-02
0.,1675E-02
0.1717E=02
0.,1743E-p2
0.1780E=-02
0.1821E~-02
0,1858E-~02
0.1892E~02
0.1923E~02
0.1952E-02
0,1978FE-02
0.20355-02
0.2074F~02
0.2143E-02
0.,2257E~02

[}

621
0.,9136E-04
0.7160E-04
0,5925E-04
0,4690E-04
0.4196FE~-04
0.4196E-04
0.,3949E-04
0.3209E-04
0.2879E-04
0.2567E-04
0.2122E-04
0,1875E~-04
0.1776E~-04
0.1776E-04
0.1628E-04
0.1529£-04
0.1924E~04
0.2219E~04
0.2022E-04
0.1775E=04
0.15285-04
0.1627E-04
0.1775E-04
0.1676E-04
0,1232E=-04
0,1232E~-04
0.1626E-04

'0.1380E-04

0.1232%-04
0.1035E~-04
0.,1133E-04
0.,1429E-04
0.1429E~04
0.1379E~04
0.1133E-04
0.7881E-05
0.8865E-05
0.9603E-05
0.8618E-05
0.8617E-05
0,8616F=05

- 0,7877E-05

0,6400E-05
0.7630E-05
0.9598E-05
0.9105E~05
0,8612E-05
0.,7627E-05
0.,7626E-05
0.7134E-05
0.,6641E=05
0.,7379E-05
0.5657E-05
0,4919E-05
0.5410E-05
0.4918E~-05
0.5901E~05
0,6393E-05
0,7376E-05
0.86055=-n5
0.1121F-~04
0.13765'04
0.1376E-04

AVERAGE K VALUE =

']

Soz
0.4566F~0N4
0.2870FE-04
0.2609E~04
0.2218E-04
0.1957E~-04
0,1696E~04
0.1957E-04
0.,1827E-04
0.16946E-04
0.1487E-04
0.1122E-04
0.9133F~05
0.8611E=05
0.8872E-05
0.5480FE=05
0.4897E=05
0.7567E-05
0.6784E~05
0.5740E-05
0.7045E~05
0.6523E~05
0.3653E-05
0.4436E~05
0.5740E-05
0.3914E-05
0.2870E-05
0.4436E~05
0.4697E-05
0.4697E=05
0,6262E~-05
0,4436E~05
0.,1305E«05
0.2348E=-05
0.4436E-05

0.3653E-05"

0.2870E~05
0,4697E~05
0.521G6E~05
0,3653£=05
0.3392E~05
0,4044F-05
0.3783E=-05
0-31315-05
0.3262E=-05
0,4175E~05
0.4044E-05
0.3262E~05
0,3131E-05
0.3262E~05
0.,3653E-05
0.3392E~05
0.3131E-05
0.3914E~05
0.3914E-05
0.3523E-05
0.3262E-05
0.3001E=05
0.2740E~-05
0.4175€E-05
0.4827E=-05
0.5480E-05
0.9133E~05
0.1096E=04

3400 % oS-t/ TORSION

k

0.5374E+0p
0.4310F+00
0.4735F+0q
0.5085%+0(
0.5014F+0¢Q

0.4346F+00
0.5328F+0Q
0.6121F+0¢q
0.6334F+00Q
0.6231F+00¢
0.5685F+00Q
0.5237FE+00
0,5212E+00¢q
0.5371F+0g
0.3619F+0q
0.3303E+00
0.,4230E+0q
0.3287E+0¢
0,3053F+0p
0.4267E+«0p
0.4589F+0¢g
0.2414F+Qq
0.26885+0

0.3683F+0¢g
0.3415F+Q9¢

0.2505F+0g

0.2933E+00

0.3660F+00

0.4100F+0g .
0.6598E+0p

0.4209E+0g

0.9819F=01
0.1767FE+0q

0.3467E+0Q0q
0.3916F+0p

'0.,5697F+00

0.5843F+0¢Q
0,4558F+«0¢
0.4233E+00
0.5047F+0¢
0.5165F+00g
0.5261FE+0q

. 0.4597F+0g

0.4677E+009
0.4776F+00q
0.4072E+0g
0,4414F+0q
0.,4599F+0g
0.5506E+0¢
0.5492E+0¢q
0.,4563FE+00q
0.7440E+0¢
0.8556E+0¢
0,7001F+0q -
007131:*00
0.5467FE+0q
0,4608E+0¢g
0.6086E+00
0.60325*00
0.52115*00
0.7134E+0q
0-85635*00

0 'Sjsti#On



' CREEP DATA FGR A PRIOR STRAIN HISTORYfE€n=

¢

2.

3-'

3
5,
6.
7.
8.
9.

10,

15,

20.

25,

30.

35.

40'

45.

50.

55.

60.

65.

70.

75.

80.

85.
90.
g5.
1090.
105.

110.

115.
120.
125,
130’
135'
140,
145,
150.
160.
i70.
- 183,
190'
200.

210.

220,
230,

240. )

250,
260,
270,
280.

290,

300,
310.
320,

511

0.1224E-02

0.1518E-02

071762E-02

0.1958E-02
0.2129€E-02
0.2300E-02
0.2447E-02
0.2594E=02
0.2691E-02
0.3180E-02
0.3546E-02
0.3864E-02
0.4205E-02
0.4473E-02
0.4669E-02
G.4839E-02
0.5034E~02
0.5205E-02
0.5376E-02
0.5522F-02
0.566BE=02
0.5790E-02

"0.5887E-02
- 0.6009E-02

0.6106E~-02
0.6301E~-02
6.6398E-02
0.64472-02
0.6545E-02
0.6593E-02
0.6715E-02
0.6764E-02
0.6837E-02
0.6934E-02
0.7056E-02

0.7080E-02

0.7129E-02

0.7274E=-02

0.7396E-02

0.7566E-02

0.7688E-02
0.7834E-02
0.795%E-02
0.,8077E-02
0.8150E-02

0.8223E-02

0.8295E-02

"0.8368E-02
p0.B490E-D2"
" 0.8538E-02

0.8684E-02
0.8781E=-02
0.8854E-02
nN.8927E-02

Sz

0.2992E~02

0.3850E-02
0.4553E-02
0.5203E-02
0.5723E~02
0.6191E-02
0.6582E-02
0.,6972E-02
0.,7336E=-02

0.8845E~-02-

0.9834E-02
0.,1085E=-01
6.1173E-01
0.1249€E-01
0.1316E-01
0.1374E~01
0.1426E~01
0.1475E-01

0.1514E-01

0.1564E-01
0.1€603E-01
0.1639E-01
0.1673E-01
0.1712E-01
0.1735E-C1
0.1767E-01
0.1836E-01
0.1829E-01
0.1843E£-01
0.1889E-91

-0.1912E-01

0.1931E-01
0.1957E-01
0.1983€-01
0.2003E-01
0.20225-01
0.,2053€-01

0.2084F-01"

0.2123E-01
0.21735-01
0,22126-01
0.2253E-01
0.2287E-01
0.2310E-01
0.2342E-01
0.2360E-01
0.2376E-01
0.24076-01
0.2422E-01
0.2446E-01
0.2482E~01
0.2498F-01
0.2524E-01
0.2537€-01

~ADD  0,2113E-02

e
0.34265-03

0.2691E-03"

0,2201E-903
0.1834€E~03
0.1711e-03

0,1589E-03

0.1466F~03
0,1222E-03
0.9772E~-34
0.8548E~-04
0.6836E-04
0.6589E-04
0,6100F-04
0,4634E-04
0.3658E-04

0.3657E-04

0,3657E~04
0.3412E-04
0.3168E-04
0.2924E5-04
0.2680E-04
0,2192E-04
0.2192E~-04
002192E’04
0.2922E-04
0.2922E-04
0.1461%-04
0.1461E-04
0.1460E-04
0.1704E-04
0.1704E-04
0.1217E-04
0.1703F~-04
0.2190E-04
0.1460E-04
0.7298E-05
0.1297E-04
0.1338E-04
0.1459€-04
0.1459E-04
6,1327E-04
0.1215E-04
0.9721E-05
0.7290F=-05
0.7290£-05
0,7289E=~05
0.,9718E~05

"0.8503E-95

0.9716E-n5
0.1214E-04
0.,8500E-05
0.7285€E-05

'0.6071Ef05

170

2.00 % FENSHSW TORS]ON

B
Eez ’
0.1044E-02
0.7804E-03
0.6764E-03
0.5853E=03
0.4942F-03
0.4293E-03
0.3902F=-03
0.3772E-03
0.3122F-03
0.2498E-03

0.2003E-03

0.1899E=-03
0,1639E~03
0,1431F~03
0.1249E-03
0.1093E~03
0,1015E=-03

0.8847E~04

0.8847E-04
0.8847E~04
0,7546E~04
0.7026E-04
0.7286E-04

0,6245E-04
0.5465E-04

0.7026E=-04

0.6245F-04

0.5725E-04
0.5985E-04
0.4944E-04
0.4164F-04
0.4424E-04
0.5205FE-04
0.4684E=04
0.3904E-04
0.4945E-n4
0.4164E~-04
0.3513F~04
0,4424E-04
0.44256-04
0.4034E-04
0.3774E-04
0:2863E'G4
0.2733E-p4
0.2473E~04
0.1692E-04

 D.2343E-04

0.2343FE-04
0.1952E-04
0.2993F~04
0.2603FE-04
0.2082E-04
0:1952E~04

0,1952E-04

AVERAGE K VALUE =

K

0.3238E+01
0.3092F+01
0.3276%+01
0.3403F+01
0.3079%+01
0.2880F+01
0.2837F401
(.3291E+01
0.3406F+01
0.3124E+01
0.3073E+01
0.2865FE+01
0.3292E+01
0.3640F+01
C.3186F+01q
0.2959E+01
0.2764F+01
0Q2977E+01
0.3226F+01
0.3002F+01
0.34175+01
0.3544F+01¢

0,3038FE4+01

0.1994F 01
0.2564F+01
0.455EF+01
0.,43695+01
0.3094F+01
0.2606F+01
0.3876F+01

0,3258E401

0.2281E4+01
0.2851E+01

0.7223F4+01

0.3422F4+n1
0.2800F+01
0.3233F401
0.3233F+01
003216F+01
003009;‘01
002512E*01
0.2997F+01
003616;401
002474E*01

- 0.3426F+nq

0.2570F+01
0,2448F+01
0.3285F+0nq

-0,2285F4+01

0-2612F+01
0.,2857F+01
0.3429F+01

0.31858401

——_————



. . ’ . - P
 CREEP DATA FOR A PRIOR STRAIN HISTORYJHéM'; =2.00 % FENSFO/TORS]ON

t

2.
3.
4.7
5.
6.
7.
8.
9.

10,
15,
20.
25,

30,

35.
40.

45. -

50,
55,
60,
65.
70.
75.
80.
85.
90,
95,
100.
110.
115.
120.
125.
130.
135,
140,
145,
150,
160,
170,
180,
190.
200,
210.

220.

230.
240.
250,
- 260.

270. .

260,
290,
300.

€1
0.2236E-02

0.2751E-02

0.3242E-02

0.,3585€E-02.

0.3855E-02

- 0.4100E~02.

0.4320E~-02

£.4492E-02

0,4663E~02
0.5446E-02
0.6033E-02
0.6522E-02
0.,6889E~02
0.7231E-02
0.7597E=-02
0.7914E=-02
0.8232E~02
0.8598E~02
0.8939E~02
0,9183E-02
0.9426E=-02
0.9694E~-02
0.9987E-02
0.1030E-01
0.1052E-01
0.1072E-01
0,1091E-01

0.1120E-01

0.1142E-01
0.1174E-01
0.1196E-01
0.1213E-01
0.12356-01
0.1252E-01
0.1266E=01

0.1276FE-01

0.1312€-01
0.1332E-01

0,1351E-01

0.1373E-01
0,1390E-01

0.1405E-01"

0.1417E-01
0.1448E-01
0.1489E-01
0.1514E-01
0.1533E-01
0.1555E~01
0.1565E-01

0,2371E=02
0.3492E~02
0.4065E~02
0,4742E=-02
0.5263E=-02
0.5680E-02
0,6071E-02
0.6436E=02
0.6827E-02
0.,8182E-02
0,9302E~02
0.1016E-01
0.1094E-01

0.1162E-01

0.1219E-01
0.1272E-01
0.1342E-01

0.1402E-01"

0.31459E-01
0.1511E-01
0.1558E-01
0.,1616E-01
0.,1673E~01
0.1728E-01
0.1767E-01
0.1803E-01
0,1845E-01
0.1902E=-01

0,1936E~-01

0.1968E-01

0.1994E-01
0.2027E-01

0.2069E~01

06.2095E=~01
0.,2111E-01
0.2137E-01
0,2163E-01

- 0,2226E-01

C.2254E-01
0.2296F=01
0,2325E~01
0.2351E-01
0.,2390E-01
0.2426E-01
0.2481E-01
C.2512E-01
0.2554E-01
0.2591E-01
0.2617E-01
0,2664E-01
C.2690E~01

* . ADD 0,1328E-02

.8

€y,

0.6382E-03
0.5029E-03
0.4169E-03
0,3064E-03
0.2573E-03
0,2327E-03
0.1960E-03

0.1714E-03

0.1591E-03
0.1370€E-03
0.1076E-03
0.8555E~04
0.7085E-04
0.7083E-04
0.6836E-04

- 0.6346E-04

0,6831E-04
0.7073E-04
0.5852E~-04
0.4875E-04
0.5117F-04
0.5603E~-04
0.6089E=04
0.5357€~04
0.4138E-04
0.3894E-04
0.4866E-04
0.5109€E~-04
0.3891E-04
0.3161E-04
C.3647E-04
0.4375E-04
0.3888E~04
0.3402E-04

0.3158E-04

0.2429E-04
0.3076E-04
0,2792E~-04
0.1942E-~04
0.2063E-D4
0.1941E-04
0.1577€-04
0.1334€E-04
0.2183E~04
0.2910F~-04
0.2061E-04
0.1939E-04
0.2181FE-04
0.2059E-04
0.1574E-04

0,1695E-04
0.1589E-01, 0,2731E-01. 0,2058E-04

¢
Yoz
0.1120E-02
0.8468E-03
0.6254E-03
0.5993E-0%

0.4690E-03

0.4039E-03

' 0.3778E-03
- 0.3778E-03"

0.2910E=-03
0.2476E=-03
0.1980E~03
0.1642E~03
0.1459E-03
0.1251E-03
0.1095E=-03
0.1225E~03
0.1303E-03
0.1173E-03
0.1095E~03
0.9904E~04
0.1043E-03
0.,1147E-03
0.1121E-03
0.7559E=04
0.7819E~-04
0.9123E=-04
0.6517E~04
0.5735E~04
0.5995E~04
0.7559E-04

0.6778E~04

0.4171E-04
0.4171E-04

0.5214E-04
0.5909E=04

0.4562E-04

0.3519E-04
0.2737E~04
0.3259FE-04
0.3780E~04
0.4563E=~04
0.4302E~04
0.3650E~04
0.3911E-04
0.3129E-04
0,3650E-04
0.3650E~04
0.3390E~04
0.3520E-04

AVERAGE K VALUE =

171

k

0.1935F+01
0.18565+01
0.1654F+01
0.2156F+11
0.2010F+01
0,2430E+01
0.2016F+01
0.1992E+01
0.2029FE+01
0,2116E+01
0.2271E+01
0.,1947F+01
0.,1765E+01
0.2128E+01
0.2103F«01
0.1828F+01
0.2062F+01
0.2240F+01
0.2246F401
0,2256E+01
0.2029F+01
0,1931E+01
0.2014F+01
0.2214F+01
0.2244%+01
0,1969F+01
0.1846F+01
0.20005+01
0.1813F+01
0.1905F+01
0.1922F+01
0.1352F+01
0.1456F+01

~0.2366F+01

0.1801Fr401

. 0.1998:001

0,1881E+01
0.1555F401
0.2278E401
0.3124F401

0,2305F+01

0.1630F+01
0.1953F+01
0.2224E+01
0.1582F4+904
0.,2205F+01

0,1886E+01"
0.2023F404




CREEP DATA FOR A PRIOR STRAIN HISTORY}dEZf “2.70 % FENSHER/TORSION.

t

2'
3.
4.
. 5.
6.
7.
8.
9.
10.
15.
20.
25.
30,
35,
40.
45.
50.
55,
60,
65.
70.
75.
&0,
&5.
90.
$5.
1¢0.
105,
110.
115,
120,
125.
130'
135.
140.
145.
150.
160.
170.
180'
190,
200.
210,
220.
230,
240.
250,
260,
270,
280,
290.
300,
310.
320,
330,
N 340.
350,
360,

370' )

380,
390,
. 400,
410,

612

0.2109E-02
0.2467E-02
0.2745E-02
0.2944E-02
0.3123E-02
0.3222E~02
0.3420E-02
0.3579E-02
0.3678E~02
N.4155E-02
0.4512E~02
0.4809E-02
0.5047E~02
0.5265E-02
n.5443E-02

0.5602E=-02

0.5820E-02
0.5919E-02
0.6018E-02
0.6156E-02
0.6255E-02
0.6354E-02
0.6453E~-02
0.6532E-02

0.6631E=-02"

0.6730E-02
0.6809E-02
0.6908E=-02
0.6968E-02
0.7047E-02
0.7146E-02
0.7205E-02
N,7284E-02
0.7324E-02
0.7403E-02
0.7482E-02
0.7541E-02
0.7699E-02
9.7877E=-02
0,7976E~02
0.8134E~-C2
0.6272E-02
0.8371E-02
0,8529€E-02
N.8B628E-02
0.8727E-02
0,8825E-02
0.8924E-02
0.8983E-02
0.9082E-02
0.9181E-02
0.9279E-02
0.9437E-02
0,9437E-02
0.9516E-02
0.9575E=-02
N.9635E-02
0.,9694E-02
0.9773E=-02
0.981L2E-C2
0.9871F-02
0.,9911E-02

0.9970E-02

Yoz
0.1041F=-02
0.13356-02
0.1575E-02
0.1762E=02

L.1975E-02

0.2202E-02
0.2309E-02
0.24426-02
0.2562E-02
0.3176E=-02
0.3657E=02
0.4110E~02
0.4511E-02
0.4844E-02
0.5178E-02
0.5472E-02
0.57258-02
0.5979E~02
0.6232E-02
0.6432E-02
0.6633E-02
0.6806E-02
0.6993E-02
0,7180E=02
0+ 7340E=02
0.7527E=02
0.,7660E=-02
0.7834F-02
0.7981E=02
0.8114£-02
C.8247E=-02
0.83685=02
0,8541E-02
0.8648E-02
0.8795E-02
0.8941E-02
0.90756-02
0.9369E-02
0.9676E-02
0,9969E-02
0.1026E-01
0.1057E-01
0.1084E-01
0.1109E-01
0.1137€-01
0.11576-01
0,1178E-01
0.1196E-01
0.1213E-01
0.1230E-01
0,1245E=01
0.1261E-01
0.1276E-01
0.1293E~01
0.1311E-01
0.1327E-01
0,1340E-01
0.1355F=-01
0.1368E-01
0.1380F~-01
0.1392F-01
0.1405F-01
0,1416E-n1

[ ]

€1z
0.4572E-03
0.,3179E-03
0.2384F=-=03
0.1887E-03
0.1390E-03
0.1489E-03
0.1787E-03
0.,1290E~03

"0.9591E-04

0.8332E-04
0.6544E-04
0.5353E-04
0.4559E~-04
0.3963E~04
0.3368F-04
0.3764E-04
0.3169F=04
0.1980E-04
0.2376E~04
0.,2376E-04
0.1980F~-04
0.1979E-04
0.1781E-04
0.1781E-04
0.,1979E-04
0.1781E-04
0.1781F-04
0.1583E-04
0.1385E~04
0.1780E-04
0.1582E-04
0,1187E-04
0.1186F~04
0.1582E~04
0.1384E-04
0.1450F=-04
0.1680E-04
0.,1384FE-04
0.,1284E-04
0.1482E-04
0.1185E-04
0.1284E-04
0,1284E-04
0.,9874E-05
0.9873E-05
0.9872E-05
0,7897E-05
0,7897E-05
0.9870€E-05
0.9869E=-05
0.1283E-04
0.7894E~05
0.6906F-05
0.5919E~05
0,59195-05
0.6905E=-05
0.5918E-05
0.4931E~-05
0,4931E~-05
0.4931E-05

¢
Uez
0.3336E~03
0.2669E-03
0.2135E-03
0.20026~-03
0.2202E-03
0.1668E-03
0.1201E~03
0.1268E~03
0.1223E-03
0.1094E-03
0.9342E~04
0.8541E-04
0.7340E-04
0.6673E~04
0.6272C-04
0.5472E-04
0.5071E~04
0.5071F~04
0.4538E-04
0.4004E-04
0.3737E~04
0.3603E~04
0.3737E-04
0.3470E-~04
0.3470E~-04
0.3203E-04
0.3070E-04
0.,3203E~04
0.,2803E-04
0.2669E-04
0.2536E-04
0.2936E-04
0,2803E-04
0.2536F-04
0.2936E-04
0.2803€-04
0.3003E~04
0.3003E-04
0.2936E-04
0.30036~04
0.2870F~04
0.2603E-04
0.2669E-04
0.2402E=-04
0.2069E-04
0.1935E-04
0.1735E~04
0.1735E=-04
0.1602€-04
0.1535E~04
0.1535E~04
0.1602E~04

- 0,1735€-04
.0.1668E=~04

0.1468E-04
0.1401E-04
0.1401E-04
0.1268E~04
0.1201E-04
0.1268E-04
0.1201€E-04
0.1001E~04

AVERAGE K VALUE =

I

0.8125E+00
0,934854+00
0.9974F400
0.1181F+01
D.17645+01
0.,12475+01
0.7486F+00
0.1094F+01
0.1420F+01
0.1463F401
0.1590F+01
0.1777F+01
0,1793F+01
0.,1875F+01
0.2074F«01
0.1619F+01
0.1782E+01
0.2852F+01
0.2127F+01
0.1877E+01
0.2102F+01
0.2027F«01
0.2336F+01
0.2169F+01
0.1953%+01
0.2003F+01
0.1920%+01
0.2254F+01
0,2254F«01
0.1670F401
0.1785F+01
0.2362FE+01¢
0.2630F+01
0.2380=+01
0.2067E+01
0,2255E+014
0,2187F+01
0.19%90F+01
0.24178+01
0.254¢E4+01
0.,2257F+01
0.2696E+01
0.2257E¢01
0.2315F+01
0.2709E+01
0.2333E+01

0.,2183F4+01

0.2447F+p1
0.2447E+01
0,18076+01
0.1732E+01
0.1332E+«01
0.2260E+01
0.4896EF4+01
0.2650E4+01
0.2762F+01
0.2260E4+01
0.2386€+01
0.2713F+01
0.28645+01
0.27136+01
N.2261E4+01

0,2108E+01



P -
CREEP DATA FOR A PRIOR STRAIN HlSTORYJHZ~‘= =3.00 % FEebedie/ TORSION

VCONOUI A WN v

[
o
L ]

15.
20.
25.
30.
35.
40.
45.
50.
55.
60.
65.
70.
75.
80.
85.
90.
95.
100.
105.
110.
115.
120,
125.
130.
135,
140.
145,

is50..
160.
170,
180.
190,
200.
210.
220.
230.
240.
250.
260,
270,
280.
1290,
300'
310,

320,

330.
340,
350.
/360,
370.
380,
390,
409,
410.

ezz |
0.6398E-03
0.7397E=03

0.8596E~-03 -

0.9196E-03
0.9995E-03
0.1099E-02

0.123%E-02
0.1299E-02
0.1579E-02
0.1838E=-02

0.1998E-02

0.2153E-02
0.2357E-02
0.2497E=-Q2
0.2637E~(2
0.2956E-02
0.3155E~02
0.3315E-02
0.3434E-02
N.3554E~=02
0.3693E=02
0.3813E-(2
0.3932E=-02
1.4032E-02
0.4092E-02
0.4191E-02
0.4271E-02
0.4390E-02
0.4450E-02
0.,4530E-02
0.458GE-02
0.4709E-02
0.4789E-932
N.4828E-02
0.4928E-02
0.5147E-02
0.5306E-02
0,.5525E=02

0.5604E~Q2 "

0.5704E-02
0.5763E~-02
0.5843E-02
0.5922E-02
0.5982E-02
0.,6022E~-02
0.6141E-G2
0.,6181E-02
0.62E0E-02
0.6380E-02

0.6419E-02

0.65365-02
0.6578E-02
0.6618E-02
0.6658E-02
0.6717E~02
0.6757E=-02
n.68176-02
0,6837E-02
0.6896E-02
0.6976E-02?

59;

0.3589E~03
0.4254E-03
0.4652E~03
0.5051E-03
0.5450E-03
0.5849E-03
0.¢115E-03
0.6646E-03
0.,6912E-03
0,8241E-03
0.9438E-03
0.1010E-02
0.,1103E-02
0.1156E-02
0.,1236E-02
0,1303E-02
0,1369E-02
0.1462E-02
0.1569E-02
0.1648E-02
0.1781E-02
0.1834E-02
0.1901E-02
0.1994E-02
0.2100E-02
0.2140E-n2
0.2207E-02
0.2286E~02
0.2353E-02
0.2419E-02
0,7486E-02
0.2526E=-02
0.2619E-02
0.2712E-02
0.?7791E=~-02
0.28385E=02
0.2951E-02°
0.3190E-02
0.,3403E-02
0.354GE-02
0.3695E=-02
0.3775E-02
0.3908E~-02
0.4001E-02
0.4121E-02
0,4227E-02
0.4333E-02
0.4430E-02
0.,4599E-02
0.4746E-02
0.4892E~-02
0.5051k-02

0.5211E=02

0.5344E-02
0.5477E-02
0.5636E-02
0.5756E=02
0.5875E-02
0.59958-02

- 0.6115E-02

0.6221E-02
0.6354E-02
N.6487E-N2

ADD 0,037182-02

€22

0.1499E-03
0.1099E-03
0.8993E-04
0.6993E-04
0.8991E-04
0.7991E~04
0.6992E-04
0.6991E-04
0.5659E~04
0.5392E=-04
0.4192€-04
0,3194E-04
0.3592E~04
0.3392E-04
0.2793E-04
0.2793E-04
0.3191E-04
0.3789E~04
0.3589E~04
0.2791E-04
0.2392E-04
0.2591E-04
0.,2590E-04
0,2391E-04
0.2191E~04
0.1594E=04
0,1593E-04
' 0.1792F-04
0.1991E-04
0.1792E-04
0.1394E-04
0.1394E-04
0.17926-04
0,1991E-04
0.1194E-04
0.1393E-04
0.,2123E-04
0.1890E-04
0.1194E-04
0.1094E-04
0.1094E-04
0.8950E-05
0.7955E-05
0.6960E-05
0.7953E~05
0.6959E-05
0.4970E-05
0,7952E-05
0.7951E~05
0.6957E-05
0.9937E-05
0.6956E-05

0,7948E-05

0.7948E~05
0.,3974E-05
0.3574E-05
0,4967E-05
0,4967%-05
0.,14966E-05
0.,3973E-05
*.0,3973E-05

0,6952E-05 -

0.6951E-05

‘ .
sz
0.6646E-04
0.5317€E=-04
0.,3988E-04
0.3988€-04
0.3988E-04
0.,3323E~-04
0.3988E=-04
0.3988E-04
0.2659E=-04
0.2526E~04
0.1861E-04
0.1595E-04
0.1462E-04
0.1329E=04
0.1462€E-04
0.1329E-04
0.1595E=-04
0.1994E~-04
0.1861E~04
0.2127E~-04
0.1861E~-04
0.1196E=-04
0.1595E-04
0.1994E-04
0.1462E-04
0.1063E~-04
0.1462E~04
0.1462E=04
0,1329E=04
0.1329€E-04
0.1063E-04
0.1329€E~04
0.1861E-04
0.1728E~04
0.1728E=04
0.1595E-04
0.2038F-04
0.2260E=-04
0.1795E=-04
0.1462E-04
0.1130E-04
0.1063E-04
0.1130E-04
0.1063E=-04
0.1130F-04
0.1063E-04
0.1263F~04
0.1329€-04
0.1329E-04
0.1462E~04
0.1529E-04
0.1595E-04

0.1462E-04
0.1329E-04

0.1462E-04
0.1396E=-04
0.1196E-04
0.,1196E-04

0.1166E-04

0.1130E-04
0.1196E-04
0.1329E-04

AVERAGR K VALUE =

k

0.4757%+C0
0.5190E+00
0.4758E+00
0,6118F+00
0.4759E+00
0.4462E+00
0.,6120F+00
0.6120%+00
0.,50417+00
0.5026FE+00
0.,4763F+00
0.5359E+00
0.4368E+N0
0,4205E400
0.5617E+00

0.5363F+00
0,5647E+00
0.5564F+00
0.8177F+00
0,8348F400
0.49555+00
0.66075+00
0.8948E400
0.7159F+00
N.7160E+00
0.9846%F4+00
0.8753F+00
0.7162F+00
0.7658F+00
0,8187E400
6.1023F+01
0.1114E+01
0.9314%400
0.1553F+01
0,1228FE+01
0.1030F+01
0.12835+01
6.16135+01
0.1434E4+01
0,1108C+01
0.1275F+01
0.1524F+01
0.1639E+01
0.1524F401
0.1640F+0%
0,2726E+01
0.1794F 401
0.1794F+01
0.2255F+01
0.1651F+01
0.2461F+01

0.1794F+01
0.3948F«01
0.3769E+01
0.2585F+01%
0.2585F4+01
0.2585C5+01
0.,3052E+01
0.3231F+01
0.2052F+01
0,2052F+01

0.1304%+01
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o -P '
CREEP DATA FOR A pPRIOP STRaIN HISTORY‘}d€M= ~4.00 ) FENSI=w/TORSION

t

2.
5.
4.
5.
6‘
7.
8.
9.
10.
15,
20.
25,
30.
35.
40.

45.'

50.
55.
€0.
65‘
70'
75.
80.
E5.
50.

95.

1ca.
105.

1106,

115.
120,

125. .

130.
135.
140.
145,
150.
160,
170,
180.
1%0.
200,
21G.
220.
230.
240.
250,
260.
279,
260.
290.

300. -

310,
320,

330, -

340'
350.
360.

37C.

€22

0.9102E-04
0.1098E-03
0.1255E-03

0.,1393E-03 .

0.1476E-03
0.1500E-03
0.1623E-03
0.1697E-03
0.1919E-03
0.2140c-03
0.,2214E-03
0.2460£-03
0.2607E-03
0.2829E~-03
0.3001E-03
0.3197E-03
0.3296E-03
0.3370E-03
0.3493E-03
0.3665E-03
0.3689E-G3
0.3714E-903
0.38375-C3
6.,3935E-03
0.3960E=-03
0.3960E-03
0.,3984:z-03
0.4152E-03
g.422%£-C3

-5,4279E-C3

0.43295-93
0.4427-03

0.45/5£-03 -

N.4648E-C3
0.4673E-03
0.47%6E-G3 .
1.5066E-03
3.5214£-03
0,2494E-03
3.5€56E-03
0.58>3E=-C3
N.£6025E-03
N.6197£-03
0.6245£-33

-

. 0.6492c-03

0.6517g-03
- 0.9879E-04
0.99452~-04 .

0.6615E-03
9.6640E-C3
0.6765E-03
N.67635-23
0.6910&-03
0.7033E-03
0.7181E-03
0.7328E-03
0.7328z-03
0.7500c-03"
0.7574E-(03

zbz

0.3425C-04

0.3952E~-04
0.4676E-04
0,4742E-04
0.4808E-04
0.4940E-04
0.5137E-04

0.5203E-04-

0.526GE-04
0.5927E-04
0.6059E-04
0.6454E~04
0.6718E-04
0.6981E-04
0.7508E~04
0.7640E-04
0:7706%5-04
0.7903E-04
0.7837E-04
0.7903F=04
0.8035E-04
0.8035E-04
C.8101E-04
0.R233F=~-04
0.2298E-04
C.8364E=-0N4
0.R4305~-04
0.84956F-04
0.3562E=-04
0.2628E=-04
C.R6094E~04
0.R634E-04
0.87¢0E-04
0.8760E-04
0.8825F=-04
0.°525€E~-04
0.2831E-04
C.0221E-04
0.,9221E-04

-0.9352E-04

0,9418E-04

- 0.548B4E-04

0.9632E-04
0.9747E-04
0.97472-04
6.9813E-04
0.9813E~04

0.9545E-04
0.10C1E-33
0.1001E-03
0.1014E-03
0.1014E-03
0.1021=-03
£.1027E-03

0.1034E-03
0.,1041E-03

0.1047€-03

(x10)

€z,
0.2091E-0G4
0.1722E-C4
0.1476E-04
0.1107E-04
0.7379E-05
0.6149E-05
0.6149E-C5S
0.4919E£-05
0.4919E-05
0.,4427E-05
0.2951E-05

0.3197E-05 .

0.3935e-05
0.3689E-05
0.3935E-05
0.3689€E-05
0.2951E-05
0.1721E-05
0.1967E-05
0.2951E-05

0.1967E-05 -

0.4918E-06
0.1475E-05
0.2213E-05
0.1230E-05
0.2459E-06
0.2459E-06
0.1721E-05
0.2705E=05
0.1475E=-95
0.73775-06
0.14755-05
0.2459E-05
0.2213E-05
0.9835E=06
0.1475€-05
0.26235-05
0.2090E-05
0.2090E=05
0.22132-05%
0.1844E-95
0.1844E-05
0.1721F-05
0.159&8€-05
0.1475€-05
0.8604E-06

0.6146E-06

0.6146E-06
0.7375E-06
0.6146E-06
0.7375E-06
0.1352E-05
0.11C06£-05
0.1475E-05
0.9833E-06
0.86C4E-06
0.122%€E-05
0.122%E-05
0.,1598E-05

¥oz
0.7574E~05
0.6257E-05
0.3952E-05
0.6586E-06
0.9879E-06
0.1647E~05
0.1317E-05
0.6586E-06
0.1207E-05
0.7903E=06
0.5269E-06
0.6586E-06
0.5269E-06
0.7903E=-06
0.6586E-06
0.1976E-06
0.,2634E-06
0.1317E-06
0.0000E+00
0.1976E-06
0.1317E-06
0.6586E-07
0.1976E-06
N.1976E-06
0.1317E-06
0.1317€-06
0.1317E-06
0.1317E-06
0.1317E-06
0.1317E-06
0.65356E-07
0.6536E-07
0.6586E=07
0.6536E-07
0.6586E=-07
0.658¢E-07
0.2634F-06
0.1647E-06
0.6586E-07
0.9879€-07
C.6585E=07
0.1317E-06
7.13175-06
0.3293E-07
0.3293E-07
0.3293E-07
0.32935-07
0.6586E-07
0.3293E-07
0.3293E-07
0.3293F-07
0.6586E-07
0.6586E5-07
0.3293E-07
0.6536E-07
0.6586E-07
0.6536E~07
0.6586E-07
0.6586E-07
x10)

AVERAGE K VALUE =

k

0.38135+09p
0.3825F+0y
0.2819%+0g
6.6263F~01
0.1409F+00
0.2819E+0¢
0,2255F+0¢Q
0.1409F+0¢0
0.2584E+0y
0.187%E+0¢0
0.1879F+00
0.2168F+ny
0.1409F+0Q
0.2255F+00
0.1762FE+0¢
0.5638E~01
0.9397E~01
0.8055E~01
0.0000k+00
0.7048%~01
0.7048E~07
0.1410F+np
J.1410FE+ng
U.9358E-01
0.1128F+up
0.5639E+0y
0.5€39F+0¢
0.8055€-01
0.5126c-01
3.92398%~-01

0.9398E-01

0.46995-01
U.2819C8-01
7.3133%-01
0.7049E-07
0.4€699F-01
0.1057%+0¢
0.2273E~01
U.3317F-01
0.4700E~07
0.3760E-04
0.7524F=-94
0.20575-094
J.2169F-01
0.2350E-ny
0,4029%-07
0.5640F=01
U.4700E-04
0.5640E~0y
0.4730E=ny
0.9128F-01
0.,6257F-04
0,2350E~01
0.7051k=0
0.80585-01
0.5641E~0
0.5641E~04
D II;S:"QF-O
(x10) °

0.1209%+0y

—



Programme 6.2

#% KINGSTON POLYTECHNIC 4120 #»

&J0B; MAPE/RQO08/DR; STRAIN RATES;
SOPTIONSIMOTHY;

&FORTRAN; D3

0% C '
i1» C
2% DIMENSION T(100), DEZZ(100), DGAMMA(100), EZZ(100), GAMMA(1Og
3= READ(3,45) F,5,H,EL : )
4n READ(3,50) GL
S5# READ(3,50) RADNM
b+ READ(3,51) M
7% K=Q
8 {1 READ(3,50) DERPM
9w . READ(3,50) XLAM
10» READ(3,%0) C1
11+ READ(3,50) C2
12+« READ(3,51) N
13# WRITE(2,100) DERPM
14s READ(3,52) (T(1),DEZZ(1),DGAMMALT), [=1,N)
15« DD 2 ] =1.,N ~
16e Z2=C1#DEZZ(1)
17+ BR=1,0+2/06L
18+ EZZ(])=ALOG(BR)
19+ X=C2sDCAMMA(])
20+ AA=(RADN#1.,1162X#3.14159)/¢(180.,0%GL)
21 GAMMA(I)I=SIN(AA)/CUS(AA)
22l L I 1
23 # IF(L,LT.2) -GO TO 2
24w REZZ=(EZZ{L+1)~EZZ(L=1))/(T(L+1)=T(L=1))
254 "RGAMMA= (GAMMA (L+1)=GAMMA(L=1))/(T(L+1)=T(L=1))
26+ A=RGAMMA/(REZZ#XLAM)
27% U=COS(AA) ##4
28» V=SIN(AA) ##d
29+ WESIN(2.0%AA) =52 :
SO« XX=COS(AA)#COS(AAI#SIN(2. 0s4A)
Siw Y=SIN(AA)*SIN(AA)#SIN(2.0%AR)
32 ZZ=SIN(4,0%AA)
S3#  BET1=(F+H)#U+(F+G)#V-F2W/2,0¢(1,52K=EL)
34w BET2z(2.0%F+H)#XX~=(2,0#F+H)*Y~(1,5%EL*1Z)
SSw BET3=(4.0#F+H+G=6.08EL)#W+(6,0%EL) ~
S6w . RGTZ=BET2+(XLAM#BET3)
37« REZ=BET1+(XLAM#BET2)
38+ AT=RGTZ/(REZ&XLAM)
S9w- WRITE(2,101) T(L)sA,AT
40s 2 CONTINUE
41* K= '(+
42» IF(K,LT.M) GO TO 1
43w STOP

44w 49 FORMAT(2X,4F0,0)°

45% - 50 FORMAT(6X,F0,0)

46 51 FORMAT(I10)

47w S5z FORMAT(2X,S$FO0, 0) .

488 100 FORMAT(////17X,46HCOMPARISON OF /{ X ) VALUES FOR A pg
492 117X,21HSTRAIN HISTORY = ,F5.2,1X,17H% TENSION/TORSION/,, !
50# 217X,41HTIME (HRS) ~ EXPERIMENTAL HU‘S VALUE//)

Sis 101 FORMAT(20X,F4,0,2E18,5) R

52w END ” .



L
COMPARISON OF 592’(6'::)‘ M) VALUES FOK A PRIOR 176

STRAIN HISTORY ]deM = -2.00 % TENSION/FERSIeN

HU’S VALUE

TIME (HRS)  EXPERIMENTAL
2, 0.232864E+01 0,259779F+01
3. 0.205148E+01 0.259720E+01
4, 0.294031E+01 U,259687E+01
5, 0.320126E8+01 0,259650F+01
64 0.308377E+01 0,259618E+n1
7. 0.343639E+01 0.,259586E+01
8, 0.320432E+01 (.259567E+01
9, U,283400E+01 “U,259545E4+01
10, 0.312867E+01 T,2594€6E+01
15. 0.331711E+01 0,259410E+01
20, 0.3382635+01 0,259362E+01
25, 0.328335E+01 £,259323E+01
30, Ue349472E+01 U,259281E+01
35, 0.359171F+01 0,7562649E+01
40, 0.,346400E+01 0,259223E+01
45, 0.,3278N1E+01 C,259163E+01
€9, 0.308964E+01 0,2591€60E+01
55, (y Y.350816E+01 0,259125E+01
60, o U.414498E+01 £,2550975+01
65, 0.351471E+01 0,259075E+01
70. 2 0.386742E+01 0,259043E+01
75, WV 0,332474E+01 C.2590195+91
80, T U,330241F+ng U,258663E+01
s5, ¥ 0.3118-28401 ,258973E401
90, 2 0.335616E5+01 0,258953E401
100, 0.325714E+91 G.2529C0GC+01
105, < U«409172E+01 0,258878E+01
110, @ 0.379720E+0% C,2588415+01
11%, o~ U.367755E+014 0,258813E+01
120, € 0.348324E+01 0,255793E+01
125, @ 0.317676FE+01 0.258777E+01
130, 0,320585E+01 C,258758E+01
135, o~ U0,34761GE+01 0.256743E+01
140, x 0.414519E+01 0,258727E+01
145, | 0.356338E+01 0,2567085+01
150, ., 0.3516326+01 C.253680E+01
160, < U,357878E+01 0.,258666E+01
170, g§,0.3204605+01 0.258654E+01
180, 0.353829E+01 6,258648E+01
190. =+ 0,352198E+01 0,258643E+01
200, 2 U0.243326E+01 0,258639E401
210, o U.340690E+01 U,258631E+01
220, ' 0.44R3441F+01 0.258617E+91
230, ) U.336046E+ny 0.,2536065+01
240, o 0.3286775+01 0,258592E+01 - . . .
250, 7' 0.351505E+01 0,258580E+01
260, (O 0,339293E+01 U,258566E+N01
270, « 0.403615E+01 0,258549C+01
280, 0.4013562+01 0,255529E+01
250, L Ue350190E+01 C,2568513E+n1
300, 0.328390E+01 0,258503E+01
310, 0.328830E+01 0,258490E+01
320, 0,312479C+01 0.2584R0E+01
330, 0:2757895+01 G.258473E401
340, U.325650E+01 0,2584€68E+01
350, 0.3257092+01 0,258464E401
340 0.309454E+01 0,2584¢0F+01
370, U.462119E+01 U,s253456E+01
383, A—10.65161364+01 0,258451E+n01
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CHAPTER 7

DISCUSSION AND RECCIMMENDATIONS FOR FUTURE WORK

I, this Chapter the overall flow behaviour of annealed, extruded
and prestrained sluminium is discussed, Particular comments are made
regarding the test conditions and finally, suggestions for future work

are outlined,

7.1 PLASTIC FLOW

Redial loading on anncaled aluminium (Chapter 4) produced
blastic strain increuwent vectorsfor each stress path that remained fixed
in direction. In applying the normality rule to the directions of these
vectors it was shown that the locus describing initial yielding in this
material inflated uniformly as strain hardening proceeded. In general,
when uniform harderning is evident, the locus could be a von Mises or
Tresca type or some other locus whick is descriptive of initial anisotropy
in the material, Cn the defiatoric plene a succession of concentric
circles and hexagons would describe uniform hardening in von Mises and
Tresca materials respectively (see Section 4.2% ). The present work
confirms the use of Hill's theory (29) for describing uniform hardening
in an initially enisotropic material. Mehan (20)‘ has similarly used
the theory in accourting for the plastic flow produced by radiel loading
on anisotropic zirconium-tin alloy. In general Hill's theory is
suitable to describe an initial anisotropy which is preserved throughout
radial loading. The initial anisotropy referred to here is a structural
property. It can exist in non severe form in an annealed structure or

in severe form in a textured structure,

Radial loading on extruded (Chapter 5) and prestrained aluminium
(Chapter 6) produced rotations in the plastié strain increment vectors for
each stress path. The normelity rule would then indicate a changing
shape of locus within the vicinity of the stress path., A similar
behaviour was observed by Rogan and Shelton'(su) and Shahabi and Shelton
(57) in a yield loci study of radial loading on prestrained En2l and En 25
. steel. Thus for a material possessing a strain history, due to a change
in direction of the stress path or in the presence of residual strain,
the assumption of uniform strain hardeninj during radial loading would be
invalid. Furthermore, where the directlon of the stress path is reversed
(paragraph L. 3 1), the uniform hardening theory would fail to display a

‘% Appendix I. ' ‘ .
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positive Bauschinger effect. Clearly any other hardening concept which
ignores the Bauschinger effect, e.g. the minimum surface model

(paragraph A.}.z*); is also invalid, A Bauschinger effect is evident
in the kinematic hardening model (paragraph h.}.}*) where the yield locus
is carried by the stress path. A further requirement of an anisotropic
hardening model is that it should describe the observed cross-effects
associafed with subsequent stress paths. Depending upon the relativez
airections of the prestrain path and the subsequent stress path a cross-
effect may be evident by either softening or hardening of the material
(see Figs. 6.1 and 6.2). The kinematic model in displaying no cross-
effects is therefore not wholly desériptive of anisotropic hardening.
However a model vhich combines uniform end kinematic hardening (peragraph
h.}.hﬁ) displays both Bauschinger and cross-effects and thereby describes
anisotropic hardening more closely. The theories of Edelman and Drucker
(58) end Yoshimura (59) are consistent with the combined model in allcwing
for a Bauschinger effect, a cross-effect and initial material anisstropy.
In the present work plastic strain increment directions derived from the
yield function of each theory were descriptive of the observed rotations
in the plastic strain increment vectors. The theory of Williems end
Svennson (60, 61) is also consistent with the combined hardening model and
further allows for distortion in subsequent yield loei. However it has
been shown in Chapters 5 end 6 that in assuming a virgin material of the
von Mises type this theory does not allow for initial anisotrory. The
former theories allow for this in a yield function which reduces to the
Hill type ( '/z ’C‘j“ V;j' VE" ) for zero strain history ( 6{,.1; o ).
Thus of all the yield criteria written as some function of the secord
invarient of the deviatoric stress tensor (J; ) only those ccntaining a
coefficient Cypy  of 3y ( = %5 % 0% ) nill deseribe plastic flow in

an initially anisotropic material,

7.2 CRZEP

At a test temperature of T/Tm = 0.32 the mechanics of plastic
deformation in aluminium (f.c.c.) involves the production,movement,inter-
action and multiplication of dislocations by the processes of cross slip
and climb, In general for the same iest conditions creep arises through
the operation of the same processes together with a possible contribution

‘due to viscons grein boundary deformation (62). The latter component

A% Appendix I.
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predominates with increasing taperature (Appendix III). In the present
work where creep has been shown to be time dependent plasticity the modes
of time independent and time dependent deformation are then equivalent,
Macroscopically this creep has been described in replacing plastic strain
increments by strain rates of creep. It follows from Section 7.1 that
the initial condition of the material must govern the correct choicé of
plasticity theory' for creep. . The Levy-lises flow rule ( 455' £ A sz )
when so applied to creep ( éﬁ} = ;.Qé ) assumes isotropic creep strain
hardening and can therefore only describe the creep rates of radial
loading in an isotropic material. . In Chapter 4 it was shown that creep
rate ratios derived from the yield function of Hill were consistent with
the observed colinearity in the plastic strain inccement vectors and
creep rate vectors for all stress paths on annealed aluminium. This
indicates the general use of Hill's theory to describe creep produced by
radial loading on initially anisotropic material., However creep
produced by radial loading on material possessing a strain history can
only be described by a theory that eccounts for a Bauschinger effect, a
cross-effect and initial meteriel anisotropy. Thus for aluninium in

the extruded and prestrained conditions it was shown in Chapters 5 and 6
that the theories of Edelman and Drucker and Yoshimura could be made
ponSistent with plastic strain increment vectors which rotated with
increasing stress éf redial loading and which grew in a constant direction
during short-time creep (10 min). The theories were also consistent
with a linear growth in the plastic strain increment vector for lorng-time
creep ( & 300 hr) in extruded material (Chapter 5). .They could not
however be made to'acdount for strain rate vectors which rotated in the

long-time creep of prestreined material (Chapter 6).

By prestraining annealed aluminium with either tensile or
positive shear strain then its resistance to combined tension-torsion
creep was improved (Chapter 6). Prestrains of this type hardened the
materisl in the direction of the combined stress path ( A = 0.95).
Low compressive and negative shear prestrains softened the material in
the AN = 0,95 stress direction and were thereby detrimental to creep .
resistance, The implication of the overall behaviour is that the biaxial
stress creep‘resistance of & material can be improved by a prestraining
operation that hardens the material in those directions where creep
stresses are to be applied. It is possible however that a prestrain
which hardens the material on one stress path softens it to another
(57). To establish where a prestrain can be used to advantage it is
. therefore necessary to know the creep behaviow of a prestrained material
for all combined stress paths (see paragraph (3) Section 7.6).
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7.3 DELAYED ELASTICITY

Following the creep period, for the three conditions of aluminium,
there was an instantaneous recovery of elastic strain associated with
unloading from the stressed state. Further measurezent of time dependent
recovery showed this component never to exceed 5% of the total recovered
strain, The elastic strain was thus the dominent component in the
recovery of aluminium at the chosen test conditions. Gittus (62)
attributes this "delayed elastic strain" to a return of displaced atoms
to their equilibdrium positions following the removal of external perturbing
stresses, He further defines delayed elastic moduli E', ¢’ and ¥’ in
relating stress‘to delayed strain, In the present work measurements of
the moduli E’ and G’ from specimens that were not too severely deformed
showed that these were no different from E and G of elasticity in
Chapter 6. Thus for a decrement of unloading thc measured delayed

elastic strain increment components can be expressed as,

dae
dée = Tz
“ £’ (7.1)
G’

The total elastic strain recovered from the creep stresses

D;z Y. comprises the following components,

1782
ec s E’
zz £’ ‘
e ¢ -y
€eo: Cr = N (7.2)

[4 - Te
%, = -a%'
In general the delayed elastic strains may be written as the
sur of a deviatoric and a dilatational comporent ( if V'gi ‘/2 ).
That is,

¢ _dupf  (-2v)g.,
dé"j £ ‘iz.;) + (J.;:_;,_) 34} dao.. (7.3)

which yields stress-delayed strain equations similar to those of

conventional elasticity. That is,

def = -é,[dv,',-v'(dv;,‘rdt;;)]' ete.

def = d¥: : A%,
2 26’

(7.4)

etc.
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7.4 NET STRAIN

~
In general the net strain (eij ) in the fully unloaded
cylinders of these tests is given by,

6; = prestrain + loading + creep - delayed (7.5)
J strain strain elastic strain

A theoretical prediction of the net strain is possible provided
that the strain history is known and noting from Section 7.3 that,

delayed elastic strain = elastic loading strain (7.6)

Then equaticn (7.5) becomes,

C?j = prestrain + 7plastic loading strain + creep strain
op : 1 4 %.c \
(&) | (]e ael; ) ( j‘ Eaty ()

For a yield function 'f' that defines the anisotropy in the cylinder
equation (7.7) may te written as,

an +j 2f N g@)dt (7.8)

o f
el - €. + f
A = 4
{ J] e?v;. 'mr"

d)
Before the integratior of equation (7.8) can be performed A , for
loadirg, should contain a correlation between the equivalent stress and
equivalent plastic strain increment (see paragraph (2) Section 7.6).
Similarly ): , for creep, should contain a correlation between the
equivalent stress and equivalent strain rate. The function Z(t) should
defiﬁe the creep rate-timé dependence e.g. for annealed aluminium in the

primary range g(t) = §7019 (Chapter 4).

7.5 GENERAL COMMENTS

It must be emphasised that the observations made throughout the
present work apply to cylinders of commercially pure anisotropic aluminium
- tested in combined tension-torsion at 21°C.  (T/Tw = 0.32)., It is
probable that combined tension-torsion tests performed on other anisotropic
pure metals would reveal similar trends on plastic flow end creep at test

temperatures where the mechanics of deformetion are the same, However
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it would be necessary to conduct further experiments to establish %low
behaviour for any departure from these test copditions. For example

the problem of thermal instability has arisen in the tensile creep of
pure metals and solid solutions when higher test temperatures assist grain
growth and recrystallisation (39). A further factor to be considered at
higher test temperatures is the contribution made to creep deformation in
viscous grain boundary sliding (62. 1In tensile creep tests on alloys an
increased test temperature has caused recovery and ageing effects (42)
while the introduction of prestrain has resulted in the formation of
undesirable cavities at grain boundaries (44). It is for these reasons
that discrepancies have arisen in published uniaxial creep data (see
paragraph 1.2.6 Chapter 1), For the same reasons discrepancies are
likely to arise in biaxial creep data. . For example the particular type
of strain induced anisotropy observed by Johnson (17) in his combined
tension-torsion tests on engineering alloys was not evident in the

present tests on a ductile pure metal.

Furthermore the observations of fhe present work are particular
charecteristics of radial loading paths. By maintaining a constant ratio
between the stresses this provides the simplesﬁ possible method for
experimental verification of the theory of plasticity. For example the
Levy-Mises flow rule for isotropic material predicts a ccnstant ratio
between plastic strain increments. Anisotropic theories for prestrained
material predict a rotation in the plastic strain increment vector.

Such predictions have been readily checked in the present experimental
work, The theories have then been extended to predict the creep
deforrmation associated with radial loading, Before the flow bechaviour
can be predicted for any other stress path, e.g. a stepped or zig-zag
type, it would be necessary to consider the loading straein history of
that path,

7.6 RICOLMENDATIONS FOR FUTURE WORK

The following suggestions would usefully extend studies on
creep and plastic flow in anisotropic material.
(1) The rotations in the zbl/é;z vector of creep in Fig. 6.9
occurred within the creep period ( & 400 hours) only for
cylinders prestrained by relatively small amounts, It would
be important to establish if a rotation occuré for a creep
period » 400 hours in cylinders prestrained by larger amounts,
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There is also a need to develop a theory which can account

for such a rotation,

(2) In the present work plastic strair increment directions
derived from the yield functions of Edelman and Drucker and
.Yoshimuras were descriptive of rotations in the plastiec strain
increment vectors produced by radial loading on prior strained
‘material, In order to establish which theory is the more
accurate in its prediction on the plastic strain increment
magnitudes it would be necessary to conduct further experiments,
The measured plastic strain increment magnitudes from radial
loading tests performed on specimens prestrained by the same amount
would make for the simplest comparison with theoretical
prediction.b Theoretical magnitudes of the plastic strein increment
components ( 46,5 ) would be given from dé}; = a;/'BV""&\ with
f written as the anisotropic yield function and S\ r;élaced by
en equivalent stress and an equivalent plastic strain increment
of the respective theory. (In Appendix I this method was used
to obtain the plastic strein increments of equation (56) from
Hill's theory. Here 5}‘ , the equivalent stress and equivalent
plastic strain increment were defined by equations (55), (57) and
(58) respectively). Before the theoretical pléstic strain inecrement
conponents could be calculated it would be necessary to find the
correlation between equivalent stress and equivalent plastic strain

increment for all radizl loading paths on prestrained material,

(3) In Chapter 6 en improvement in the creep resistance of ammealed
aluminium was observed for prestrains that raised the yield stresses
-in this material (hardening). Since a yield locus relates the

"~ yield stresses of all combined stress paths it should be possiblevto
predict overall creep behaviour from a yield loci comparison of the
annealed and prestrained materials., Then for all stress paths

. applied in the region where the prestraiﬁ hardens the material an
improvement in creep resistance should be expected. For all stress
paths applied in the region where the prestrain softens the material
then no improvement in creep resistance should be expected. The
validity of this postulation should be checked experimentally.,
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(4) The prestrain-secondary creep rate correlations of Fig. 6.5
were constructed from a combined stress creep test ( A = 0.95)
- performed on specimens with either an axial or a shear prestrain
history. It would be a useful exercise to check the correlations
with the creep rates from specimens of known complex prestrain
history. In the present test rig this could be most simply
achieved by prestfaining along any AN stress path prior to the
A= 0.95 creep test.

(5) In the one test where torsional creep buckling ocourred
(Fig. L.12) Finnie's prediction of equation (2£.2) considerably
overestimated the critical shear strain at buckling. One
possible reason is that a purely torsional theory has been
applied to a combined tension-torsion test. It would therefore
seem necessary to modify the theory for combined stress systems
involving torsion. An empirical type modification should be
possible from a test programme which serves to correlate creep

buckling strains with stress ratio and stress level,

(6) For an anisotropy of the Hill type (paragraph 3.1.3) it
would be interesting to know how the constants F, G, H, etc.
relate to the initial structure. For example it is not known
what effect gfain size and degree of crystallographic orientation

have on the constants, .

(7) An exemination of anisotropic flow in biaxial stress systems
other than combined tension-torsion would complement the present
- work, For example in thin walled cylinder testing this could be
achieved by combining tension with internal pressure (paragraph
- 2.1.4). Then for a stress ratio P = o?Q/v;z an examination
of the &99/46;, of loading and the éoo/éu of creep
. would reveal trends in anisotropic flow behaviour,






CHAPTER 8

CONCLUSIONS

. These conclusions epply to room temperature (2100) combined
tension-torsion deformation in each of the following three conditions of

anisotropic E1A aluminium,

8.1 ANNEALED ALUMINITM

(l) incremental loading generate& axiel (61,) and shear strains
(591) which consisted of instantsneous and shart-time (15 min.)
creep components, The letter component was of the t" form
throughout loading. = For each stress path the time exponent m
was independent of stress level and for all stress paths m lay
in the parabolic range 0 { m & %u A power function in time

for primary creep (up to 100 hr) was followed by these strains.

(2) Radial type loadigg rroduced instantaneous plastic strain
increment vectors (dabbéuq;) and short-time creep rate vectors
(”54/2;‘)for 2ach stress peth that were colinear, In the
absence of torsicnal buckling the strain rate vectors of ensuing
long-time creep were also colinear, Such behaviour was
indicative of an initially anisotropic material which hardened

uniformly throughout subseguent deformation.,

(3) Plastic strain increment ratios derived from the yield function
of Hill £ ='%<2qk‘02{01i were descriptive of the observed
plastic anisotropy. Trhe theory could be made to descrihe creep
anisotropy in replacing the derived plastic strain increments

with strain rates (e.g. éu .'.de:‘/dt). Tt is concluded that
Hill's theory is suitable to describe an initial, structural

anisotropy which is preserved during deformation by radisl loading.

(4) Isotropic theory of plastic flow (Levy-lises) and creep
(Merin-Soderberg) were valid only to a first approximation in

their predictions on the experimental observations,
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8.2 EXTRUDED ALUMINIUM

(1) In common with ennealed aluminium a short time t™ creep
conponent was evident in both the measured axial and shear strains
throughout incremental loading. For each stress path m was
independent of stress level and for all stress paths m lay in the

range O<mM< ‘/2,

(2) Redial type loading produced instentaneous plastic strein
" increment vectors and short-time creep rate vectorsfor each combined

stress path which were not wholly colinear, ' The plastic strain |
increment wetors of initial loading rotated with increasing stress
and éreﬁ in constant direction during short-time creep. The
vectors of final loading and ensuing long-time creep ( & L0O hr)
were colinear for each stress path, A torsion test produced
significant axial strain (& 2% total) and colinearity in the

vectors of plastic flow and creep throughout deformation,

The overall flow behaviour was indicative of an anisotropy
which was a particular function of the non uniform grain structure
and residual compressive strain histery that existed in the géuge

length of each test cylinder.

(3) Plastic strain increment ratios derived from the yield functions
,’ of Edelman and Drucker f = %C;ju (VZ;""“%; XV‘,"L-méz‘) ~ and
Yoshimura f = %Céju 0;; Vél - m'ef,- V;{ closely described the
observed anisotropic plastic flow behaviour in each test cylinder.
Anisotropic creep deformation was described by extending these
theories es Hill's theory was extended for annealed aluminium,

" Quantitative predictions to the flow in cylinders of extruded
aluminium were seen to be possible cnly if the'anisotropic nature

of their grain texture and residual strain history were known.

.(4) The enisotropic theories of Hill, Bailey and Hu, while accounting
for initial Structural anisotropy in plastic flow and creep, did not
allow for the effect of the residual strein history (i.e. a cross-
effect and Bauschinger effect)s The theories of Villiams and
Svermson and Berman and Pai are based on the assumption of initial
material isotropy and therefore did not allow for the ;nisotropy in

the non uniform grain structure.
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8.3 PRESTRAINED ALUMINIUM

(1) Plastically prestraining annealed aluminium with forward strains
(in tension or positive torsion) or with large reversed strains
(>2% in compression or negative torsion) was beneficial to creep
resistance by hardening the aluminium in the direction of the stress
pafh ( N =0.95). The effect was to eliminate the short-time
creep component of radial loading and to reduce the primary creep

strains and secondary creep rates of ensuing long-tire creep.

For formard and reversed prestrains £ 3% a short-time
creep component was first observed during loeding in linear form
(m=1). With continued loading the creep component reverted to

parabolic form (tm).

Increasing forward prestrains were more beneficial than
increasing reversed prestrains in successively reducing the

primary creep strains and secondary creep retes of long-time creep.

( A 100 hr).

(2) Plastically prestraining annealed aluminium with small reversed
strain ( £ 2%) was detrircental to creep resistence by softening
the aluminium in the direction of the stress path (Bauschinger
effect). The effect wes to increase the parabolic creep component
of loeding (m was small or negative) end to increase the primary

creep strains and secondary creep rates of ensuing long-time creep.

(3) Subsequent flow behaviour depended upon the relative magnitudes
of the prestrain and the total accumulated strain., Prestrains
£ 4 37 destroyed colinearity in the instantaneous plastic strain

‘increment vectors and creep rate vectors of rsdial loading, In
common with extruded aluminium the plastic strain increment vectors
rotated with increasing stress and grew in constant direction
during short-time creep., The rotation further continuea in the
long-time strain rate vectors of primary and secondary creep and
finally ceased when the total accumulated strain nullified the
prestrein effect. Colinear vector behaviour, approximating to the
direction of the as-annealed vector, was evident thereafter.
Prestrains 9 4% resulted in only elastic strain during radial
loading with no rotation in the sirain rate vector for up to 400

hours of ensuing creep.
The overall flow behaviour was indicative of an anisotropy

‘which was a function of both the annealed structure and the prestrain
history,
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(14.) Plastic strain increment ratios and creep rate ratios derived

from the yield fwctions of Edelman and Drucker and Yoshimura

Elosely described the observed anisotropic plastic flow and short-

time creep behaviourfor radial loading. These theories could not

be made to describe tine rotation in the strain rate vectorfor

long-time creep w}{en extended by the usua]‘. n?ethod (i.e. éij :»deij /db ?,

(5) For the reasons outlined in paragraph (4) of Section 8.2 the
anisotropic theories of Bailey, Berman ana‘Pai, Hu and Williams

and Svennson were inadequate in their predictions on the

experimental observations.
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APPENDIX I

. MULTTAXTAL CREEP AND PLASTIC FLOW

Basically the equations describing multiaxial creep rofes have
been developed by introducing a time derivative to the laws of time '
independent plestic flow, - In following such a development this
apperdix outlines the important equations of time independent plastic
flow and their application to the creep of isotropic and anisotropic

material,

1. ISOTROPIC PLASTIC FLOW

Wheré applicable nine component cartesian tensor notation is
used throughout for brevity., Thus & general stress and corresponding
plastic strain increment temsor is represented by Qf and d€
respectively where i = j =1, 2, 3. The stress tensor is symmetrical

since V’. Vo which means that each shear stress has a complement
( Wps T, %5" 03z , Oz 03, ). Thus both the stress and

plastic strain increment tensors have six independent components only,

That is,

% 2%, , %, Yz, "3, Vs
Aef = 4ef Aé' Ae' Aef Ae" Ae’

4:, Wa d327 129

Where a repeated suffix appears in a tensor or in o.ny tensor

expression a summation convention is implied., Thus,

Vf.:U"‘PV’ + 7

it " 22 V33
o def v-de +v;zde,§ + Ty de)
”{5 7 4522 * "525
% “éfn REARAM
An additional suffix k = 1, 2, 3 is introduced to certain tensor

expressions to correctly répresent all-the components of a particular

quantity, .Thus,



VZJVJ"R_VEI = %%% .,,.v;,%‘ sz,"' v}*Jo:kru (for 1 = 1, 2, 3),
= W% Tk v T W O "%v;k%

Vil Ths #%5 T Oy # W30 0k, (foridajels 2, 3)

- The 27 terms then obtained from the expansion of this expression for
k=1, 2, 3 yield an expression for one of the three independent invariants
of the stress tensor ( 07 fi ).

Lastly it is necessary to introduce the Kronecker delta (Jq )
when dealing with deviatoric stress components, The 1atter is the
component of stress remaining after the hydrostatic stress state (Vm )
has been removed from the stress tensor ( V' ). Since this applies
only to normal and not shear components of applled stress the Kronecker
delta ( 5,4,_, ) is mtroduced to form the deviatoric stress tensor ( V )

thus ! ' ‘
where U':" s ‘3" 7 ‘ @)
and Sy =lfori=jendOfori#j

l.1 Yield Criteria

Any yield criterion for an isotropic material with an imposed
plastic stress tensor ( V’” ) is formulated from the invariants of that
tensor. Furthermore sirce it is a basic assumption in plestlcity theory
that a hydrostatic tension or compressien ( V’ ) is ineffective in
yielding it follows that plastic defomation depends only upon the
deviatoric stress tensor ( 0;; ) and its invariants (:f,., 'J'z' and 33" ).
Since the inveriant is independent of transfomation of the chosen
coordlnate system then obviously so are the prlncipal devietoric stresses
( U’ V’ 7.'). It follows that J, ,T, and 3; are the coefficients
in the pr:.ncipal deviatonc stress cubic (1)qk . That is,

V”"'-‘-.T' 3’ v - 3}' =0
where a; Q:", o |
3% % @
7= 5% Tk G

Thus a yield eriterion may be reduced to a f‘unction (f) of the
_ two non-zero symmetrical invariants :J' and 3’ as

%  References are given at: the end of this Appendix.



§(7,75) = ¢ (3)

Symmetry here implies that 211 the principal stresses play the same role
in yielding. A further resfrictioh may be imposec. for an ideal plastic
body to make the yield stresses in tension and compression the same.

Now since 33' changes signvwhen the stresses are reversed (-Qan- jé’—Viz )
in equation(2) it follows then that 'f' must be en even fu.ction (g) of J’z'.
Lastly during subsequent plastic flow the ideal plastic body assumes
isotropic hardening., This implies that the fumction 'g' remains unchanged

whilst the ¢ term in equation (3) accounts for it, We therefore have,
I
& ( Iz ) =0 . ()

The most commohly used yield criterion) that attributed to von Mises,
is obtained by teking the simplest form of this equation. That is,

' 2 ‘
J, =k (5)
where k may be identified as the yileld stress in shear,

Another yield criterion in common use is that due to Tresca,
This may be obtained from equation(j)by writihg it as

47} - 279 - 36K'T)+ KT} = A ke )

but this form of equation is complicated and not very useful. It does
show however that the Tresca yield criterion contains only those

assumptions which were made in the development of equation{ﬂ.

A physical meaning of the von Mises criterion is that yielding
depends upon the shear strain energy or the octrahedral shear stress
reaching a critical value whilst the Tresca criterion depends upon the

maximum shear stress (k) reaching a critical value,

1.2 Flow Rules -

The essumptions made in the derivation of a flow rule are
that
- (1) the volume of material remains constent during plastic flow,
This may be written as an equation, in the progression of
plastic deformation, where the sun of the instantaneous plastic
strain increments associated with a stress change is zero. That

is,

. |
dé =0 ()



(2) the principal axes of stress and plaétic strain increment

remain coincident fhroug,hout plastic deformation,

The increments of deformation dé{} that occur during plastioc
flow are best obtained from a yield criterion F(V:J) = o in epplying the
concept of a plastic potential (1). That is

4l = 3[%(:%1’_] & ()
.

where S/\, a constant for a point in the deformation, is described in

more detail in paragraph l.4.

If we take £(V7;) as the von Mises criterion we have from equztions
[} 132 .
(2) and(5) that £( %J ) = J-Z = '2': Y:i + Then equation (8) becomes

"1 ’ "I .

el LA B 0
)" 2 XA, 1

which, from equation (1) can be written as

| & o, / -

Since V,:‘ is ineffective in yielding then ™ )V}j = O and this

equation then becomes
P !

which is known as the Levy-Mises flow rule.

A flow fule associated with the Tresca yield criterion is most
simply ohtained by applying equation(8) to the yield criterion f( V:J) = ¢
for £( V:J' ) as tre maximum shear stress k in this cese, Then for a
principal stress system (U], V’z,%) and O 70 G_'; we have that

: , |
f(og)= k= 5(%-9) | (1)
and principal strain increments, from equation(B) as

IR U AN )

d -——

V¥ 2797, : 2

pL(%-03) A -
A s - 27 2 o 1
P4 2(%-T3) Sh . - A

V:& 2
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Unlike the Levy-Mises equation(9)it is seen that these equations
are incorrect. when applied to the simple tension system ( V" 0,0 )
where, from equation (7), dé ’:. dé;-: -Aéf/z o« The flow rule as
derived from the Tresca yield criterion is therefore rarely used for the
prediction of multiaxial strain increments and the Levy-Mises flow rule

is now almost universally used for this purpose,

1.3 Equivalent Stress and Strain

It is of‘ten desirable to write the stresses end ple.st:.c strain
increments of a multiaxial system in terms of a stress ( T) and a strain
increment (i(é ) equivalent to that of a uniaxial system, If for the
latter system the yield stress is Y then the yield criteria of paragraph
1.1 may be employed for this purpose. '

' Y
Then for the von Mises criterion, equation(5), k =J§ " so that,

Y
Y= /:( V’) | - (2)

Y
end for the Tresca criterion, equation (ld, k= '2 which gives for a

principal stress system, . |
Y= 5-7 ' (13)
Both equations(L’)) and (15) then have right-hand sides which reduce to V;

for simple tension.

~ For a multiaxial system it is more usual to write the right-hand
side in these equations as a function 0" that increases with progressive
plastic deformation and so accounts for work hardening. Then the von

Mises equivalvent stress is
_ " _ .

3 (.ol )?
\/.; (o %',) (34)

which, for a principal multiaxial stress system (", 02, 03 ), appears

in its more usual form as

= L 2 2 KA *
= V3 {(W’Vz) 4(7'2-03). +(0;-75)2} , (15)

&

" and the Tresca equivalent stress for the system is

¥z (%-%) s



If either equation (15) or (16) successfully correlate the stress
strain behaviour of a multiaxial test with that of a uniaxial test then

nr

for any specified equivalent strain 0" = Y and the use of equation (12 or

(13) is justified. Obviously both equations must give V= V; for

simple tension or compression ( U‘:'D,D ).

The equii'alent plastic strain increment is best derived from
the work hypothesis (2). The increment of plastic work (O{W ) associated
with an eqzivalent stress (V‘ ) a.nd its corresponding plastic strain

increment (AG ) is written as

awl Fae’ (17)
r

or, in terms of tensors %’ and Ae‘j as,
4
Aw's V:'i AG"J'

Equeation (17) is more conveniently written in terms of the deviatorie

stress tensor V:‘; here. Thus from equation(])
= LV}; + &,V;,) AG‘J"
e, + 5ij T AE;
V;‘J'Ae"j ¥ Iy Vm

s |
i Aég + T d since 5‘ 1fori=Jand0forif]

and from eguation(?) we then have,
4 VL
dWw’'= ?;J' déij (18)
which must be so because, for an ideal plastic solid, no deformation work
is done by the hydrostatic component ( U, ) of the stress tensor 0:3- .

Equating equations (17) and (18) we have,
- - '
FAE"= wijdef; = (v ) (v 4e;
Then substltuting from equatlon (9)

Fagl (vy Iavy) (‘}G" Ae; )
NEA AL (% e Aéj)
which, from equation(11), can be simplified to,
Pl 7 (%4 464",' )?
so that,

& | -
= [ Ae‘J ‘(641 | (19)



For a principal multiaxial system with strain increments of c(é
A€ 2' and AéP equation (19) appears in its more usual form as

Aep f i(dé' dé')r(&' /(é +((£" 4é')} (20)

end since equation(7) would appear here as dé' + 45:’4 4(53 e ©

en alternai ive form of this equation is,
< _ (28,0 112 121"
A= [ (4e]) o (e V] (21)

The Tresca equivaleht strain is fomulated from two stand points:
(1) To correspond to the absence of intermedicte stress V in
the yield criterion of equation(10)the intermediate plastic strain AEP

is not included.

(2) The expression in AZP is made to agree with the major
principal plastic strain (df ) of a simple tension test where
Aé,'z a(e, : -déy/z

We therefore have,

A2’z £ (4¢- dé’) | o (22)

Although the Tresca V , dé expressions of equations (16) and

(22) agree with von Mises expressions of equations(15) end (20)for the case
of simple tension this is not so for other stress systems. For example,
-in the case of pure sheer (V:, -0 N ) end (ﬂ(c, -é(., ,0 ) substitution in
these equations would show a ratio between the ven Mlses and Tresca

. equivalent stresses and plastic streins of B/z . A consideration of the
corresponding plastic work increments from equation (17) would show only
the von Mises definitions to yield the correct result ( 20’,0(6"). In
general) exrerimental work performed on ductile metals has shown the
definitions associated with the von Mises criterion to be the more
correct, In view of its mathematical simplicity however the Tresca

criterion and its associated definitions are occasionally employed,

1,4 The S/\ Term

The 5/\ term in the von Mises and Tresca flow rules of equations

: (9) and (11) may be regarded as a constant for any given increment of plastic
deformation but varying with successive inc renents as deformation proceeds,
Slnce both the equivalent stress V and the equivalent strain increment
dé also vary in this way then 5* is shown to relate them in the
following treatment, ' '



Upon substituting equation(9) into equa.tion(l9) we have for the -

von Mises defml‘tlons,

dE'= f-(dé 46‘,’) [-5')\( %)

and identifying the right-hand side of this equation wi*th equation(1k)

leads to
- 2 el
A AF

from which,

4
3 A€
= 5 (23)
Substituting equatlon(23) into equation (9) we have the most
frequently used form of the Levy-Mlses flow rule, That is,
Aé ’ :(5 ‘i& J | (21+)
2¢

This equation allows the path of plastic defonna.tlon to be traced
through A€’ ana  —which in turn sre referred to a simple uniaxial

system,

The Tresca definitions of equivalent stress and strain, equations
(16) and (22), would be equated to S\ in the same way as equation(23)if
they are related through the levy-Mises flow rule in this way. Thus in
substituting equation(9) into equation(22) we have

Az'= 5 (def-4ef)= 280 (- 03)
z g 5/\(9',-7'3): 207

which is in sgreement with equation(23),

Equa.tion(Zl.) is then used with either the von Mises or Tresca
definitions of equivalent stress and strain, It should be noted
however that only the former definitions are strictly in accordance with
plasticity theory. This may be seen ’:hrough the plastic potential 4f' of
equation(8) when it is written in terms of equivalent stress and strain,
Thus for the von Mises yield criterion we have from equations (2) and(lh)
that

. 2 .
fo)e5) s § (25)

Then upon substituting equations (25) and (25) in ¢quation(8)we have
de f' - D ( Vz) AZ'
YT v, ¢

= (73:,.)

J
7\ aer @e)
v
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Equation (26)can be showvn * to agree with equation(24)only for the case
where ¥ and AET are von Mises definitions. The plastic potential
form of equation(B), in strict accordance with plasticity theory, only
gives plastic struin increment relations for a yield criterion with its
derived flow rule, equivalent stress and strain,

The 5)\ term in the Tresca flow rule of équation(ll) should
therefore only strictly be identified with its associated equivalent
stress and strain. Then substituting equation G into equa.tion(22) we

have
’ 2 2 ]\
o5l def) < 1 (A-(-3))
from which 5 p
A€ | |
, dh= z | (27)

and substituting equation(ZT)_into equation (11) we have the following

principal plastic strain increments for the Tresca flow rule,
- Vi

Ae' o (28)
a(e'= -5de

Lastly if the von Mises equivalent strain is.related through
the Tresce £low rule in a similaer way the resulting &\ expression does
not agree with vequation(27)._ Thns on substituting equatior(11)irto
equation (21) we have, :

a ettt 8o (H)]"

from which,

4 : -
5X = \/3 de _ (29)

»* If these equatlons %;'e to agree then,
3, Vil 'y 2F
B %fe = g = Phy,
then, f
5/ 457V1j = FOF
which upon mztegratlon gives,
5/4 l' - V 2
which of course is the von hses equivalent stress definition of
equation (11.)
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Then on substituting equation (29) into equation(11)the Tresca flow rule
with a von lMises equivalent strain yields the following principal plastic

strain increments,

def=0 (30)

It will be noted that although equations (28)and (30 do not contain
any equivalent stress definition the current state of stress is required

however in order to determine €(€ for a mult1ax1al system.

Of the three flow rule equations (2L), (28)and (30) derived here,
equation (L) with either von Mises or Tresc¢a definitions of equivalent

stress and strain, has found the most common use.

2., MULTIAXTAL CREEP FOR AN ISOTROPIC MATERTAL

The prediction of creep rates for the multiexial stress case
have simply been developed by writing the plastic strain increments of
the foregoing section as time derivatives, Thus the time independent
' plastic straln increment tensor 9{5'; is replaced by a creep strain rate

tensor 6“ from the equation,

A P ,
[ dG" '
‘) S - ’

€,,J T (31)

(32)

The assumptions made in the derivation of equation(24)(see parasgraph 1,2)
for time mdependent plasticity have also had satlsf‘actory experimental
support by Johnson (3) for secondery creep (constant G ) and to a

lesser extent, primary creep (decreasing C ).

2.1 Relationships between ¥ and €

Many multiexial creep tests have been done in order to establish
the functional relationship that might exist between the equivalent stress
end the equivalenf strain rate., The latter has been both primary and
secondary creep based., Such experiments have shown that for most
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engineering materials - a unique reiationship exists between them for all

stress systems that operate at identical temperaturés.

This has considerably simplified the multiexial c¢reep problem
since it means that the creep rates for a I’Imltia.xia.l system may be
M £ 3 - -
predicted from equation(32) along with the €, 9 functional relationship.

as obtained from a simpler laboratory test, e.g. tension or torsion,
In gereral

f(V’) (33)

and the most ccmmonly used functions for secondary cresp in engineering

are power, exponential and hyperbolic types,

A -

: Bexp (7e) ()
D siwh (7/2)

where A, B, C, D, E and n are experimentally determined constants,

M. mi- (’N
]

The choice of iunction depends upon the best fit to experimental

data but usually each function is more appliceble to a specific stress
range (see Appendix IIT), Thus if a power law is chosen for use in the

Levy-llises flow rule of eguation (32)we have

e 5 AV' V'.', 5A-". Vf'"
€2 F M*3 A . (35)

which, for a principal multiaxial stress system ( V] ’ ; 3 ), predlcts

secondary creep rates as,

AT [r- (7204 05)]

é,:
z AT LO' AY
similarly [ ’ J
é,- 27" [1,- 5(5,+9)] o)
T G A [5- % ()

where 0’ has been written either as the von Mises oi' Tresca equivalent
stresses of equations (15) and (16) respectively,

If alternatively a hyperbolic sinh law is preferred in the Lévy.

Mises flow rule we have, -
. 3 D.Sl.v\k(_v/g), o !

€= 7% = A (57)
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Lastly if the power law is chosen for use in the Tresca flow
rule we have from the time derivatives of equation (28) principal secondary
creep rates of the form,

€z 2& . 2 AF"

‘ . ] 4 .
'z 0 _ | (38)
€2 -G

P z
éz-.' o (39).
é} - "e"

for a von Mises equivalent stress,

Vhile equation (38) has had some specific ap'plica;tions’ (but not to
uniaxial tests where it is normally assumed that €, € ="€./2 )
equation (39) has never appeared in the literature, On the basis that in
some instances the Tresca equivalent stress has been used in the Levy-
Mises flow rule to provide the best correlation with experimental data
there is no reascn why the von Mises equivalent stress should not be used
with the Tresca flow rule if this combination were to provide the best

correlation in other instances.,

Multiaxial creep rate equations may be applied to primary creep
provided a time function &b (t) is introduced that describes it, Then
combining equations (52) and (}3) and adding the time function we have for
the Levy-Mises flow rule,

&= 319 w9 (o

A time function may be added in this way provided that it is
separable from stress and provided it is the same function for each

component creer curve of the multiaxial state, .

Equation(i0) is often written in terms of J, through equation
(25) and appears in the form ‘ '

. [} ’ ' |
€is A F(,) oy 48) (1)
where A' ‘ is a constant. Comparison with equation (35) further shows
that AP '
2 =3 (37 A
w. <P ' n-t F \"et (12) -
and  F(3)=2 35 37T = (;,'3)
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3. OTHER NULTIAXIAL CREEP RATE EQUATIONS

The equations initially proposed by Bailey (4) on the tension-
torsion creep of carbon steels at ABOOC and the combined internal
pressure-axial load creep of lead at room-temperature have often found
favour when the equations of paragraph 2.1 have been inadequate to

represent experimental data.

In terms of a principal stress system ( 0;',_75‘ (73 ) the secondary

creep rates are expressed here as,

. nelng o2
& AF "% +(g-5) }

.z= % = m i(v o,"'z': (5- )"4'"} | (43)
é_s‘ A {@3-77) HCE

where it is seen that the extra experimental constant m in these
equations affords greater fle.ribility in application, It should be
noted hosever that equatiors of this type violate assumption (2) of
paragraph 1.2 2xcept for the case where 2m = n - 1 when equations (u})

are then identical to the lNarin-Soderterg type for O' defined as the von
Mises equivalent stress of equation (15) in equation(36).

To make the Bailey equations (43)consistent with the concept of
a plastiec potential Davis (5) suggested thre following redefinition of

I
Mmelmel N-Im el NeZ 41
H (G e (BB (geg) e

R

Thus when equation@.h) is used as a plastic potential in an equation

equivalent stress,

(1)

similar in form to the tlme derivative of equation(Z@ vie have,

L4

v 3V é
4y = 'DV"“ , . (45)
which leads to the Bailey equations (43) with V;z V’ and provided a
power function relationship exists between (7 and of the form,
; o n
€= AV
. : (16)
v
with € presumably defined as, f

MNelnie)l

, o elma -7-m+" , helmaei ST
9{(5 ez) v (- eﬁ + (&;-€,) i] ).

Ma.
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Bailey obtained the constant m in his equation(43)from a
torsional creep test and; n in a manner identical to that described in
paragraph 2.1 rélating .G,' to 6" « The problem here of finding the n
value contained in the expressions (44) and (4L7) and as the power index
relating them (equation (ué)) would be more complicated, This apprbach
however has been shown by Wahl (6)»to yield a better correlation between
the equivalent secondary creep rate and siress for many of the multiaxial
creep tests quoted in the literature. It will further be noted that the
von Mises definitions of stress and équivalent strain rate, on which the
correlations were originally based, is contained in equations(hh)and.@ﬂ)

as a specisl case forn - 2m = 1,

Further creep rate equations méy be obtained from a modified
concept of the plastic potential as suggested by Berman and Pai (7).
They expfessed secondary creep rates in the more general form of equation

L5 ~That is,
( ) : e ﬂ?D

»

where, contrary to the statement made in paragreph 1.4, they allowed the
equivalent stress (through D) and the equivalent strain rate (through KMn)
to be separated from the one yield criterion. Thus the equivalent stress
functions M.and D may be different and the equations employed by Berman
and Pai, in their reanalysis of some published data, were obtalned by
replacing M and D with the Tresca ( V} ) and the von Mises (~ V’ )
equivalent stresses respectively such that equation (48) became

. 2
v g
€ ¢ k(7Y 70y S )

which gives principal secondary creep rates of the fornm,

fe AW
¢ = K\.?_:T) [0'.'-‘/’2 va"'o';)] '

(50)

3 ".%)"[vz-'/ (7+53)]
é3= k_(gj)"[v;-%(v;-o-q’,)).

The use of equation (50) wes shown to correct the discrepancies, attributed

to anisbtropy, between exferiment end isotropic calcula tions.

A second set of equations, not used by Berman and Pei, may be
obtained from equation (48) in replacing M and D by the von Mises ( Vi, )
and Tresca ( V} ) equivalent stresses respectively., - That is,
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M) ';9-.. _ , (51)
which gives principal secondary creep rates of the fomm,
,
L]
€ = K(.V' )
’

€ ¢

,63"’6

(52)

Theseequations are of course identical to those of equation (39) for

X = &Q A,

Lastly when X and D are the same function in equation (48) end
equal to the von Mises equivalent stress it gives the Marin-Soderberg
equations (36) for K = A whilst a Tresca definition for both M and D gives
the principal creep rates of equation (38) for K = 34/).

It would appear through the application of equation (48) with
this choice of equivalent stress that the secondary creep rates of any
multiaxial creep test may be satisfactorily described., The difficulty
however lies in the correct choice of equivalent stress ekpression(s) if

the more accepted forms are unsatisfactory.

L, ANISOTROPIC PLASTIC FLCW

The equations developed in Section 2 are consistent with
classical plasticity theory in that the assumption is made that engineering
materials are initially isotropic and remain so during subsequent creep
deformation, Experimental work, however, mainly on the verifcation of
yield surfaces (8-12) has shown that insufficient attention has been paid
to the question of anisotropy. The data collected in these studies has
shown fhat anisotropy develops with deformation irrespective of ﬁhether

the material is initially isotropic or not.

Anisotropic creep behaviour is much less understood., There is
however a set of creep rate equations consistent with a yield eriterion
and suitable for a material exhibiting a certain type of anisbtropy.
Their develoﬁmalt and usage is described in this and the following sections.

4.1 Forms of Anisotropy

A rolled or drawn section is initialiy anisotropic since it exhibits
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crystallographic orientation. The texture in the crystal structure is
normally associated with greater strength and the flow properties then
vary depending upon the relative orientation of the stress system and

the rolled direction,

_ Alternatively, a prefeerred grain orientation may develop during
the flow process itself, In more complex alloys plastic flow may cause
. & directional arrangement of certain phases, inclusions, porosities aud
cracks in a structure that was initially isotropic. Voids and crack
growth are normally associated with breakdown of the structure such as

the tertiary stage of creep or local necking.

A cold working procéss that introduces residual stress may render
a material anisotropic. . The residual stress pattern interacts with an
applied stress system and so modifies it to produce behaviour quite
different from isotropic, Dependihg upon the nature of the residual
strain and the applied stress the material may be either stronger or
weaker for it, A prestraining operation, like a preferred structure, can

therefore be used to advantage.

It is possible that both types of anisotropy may be present due
to the manufacturing process itself, In certein circumstances ﬁn
annealing treatment may make the metal isotropic but it is more likely
that the anneal results in a partial retention of the initial anisotropy
or in the development of a new type of anisotropy associated with the

annealing process itself,

4,2 The Deviatoric Plane

!

. Anisotropic plastic flow is best examined from & knowledge of
changes in shape of yield surfaces as plastic flow progresses, For a
general stress system such surfaces may conveniently be represented as a
two-dimensional locus on a deviatoric or N plane (Fig. lA;f The
deviatoric plane is constructed from the deviatoric components ( Vﬁ' ) of
every possible stress state. For simplicity the principal stress space
(%, L ,03 ) is shown in Fig. 1A and the deviatoric components (0' V’ V; )

are obtained from equation (1) as

V:': 7 - T

* Figures are given at the end of this Appendix,
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In Fig, 1A if vector OP represents the stress state ( V: ) 93_ y Vs )) O’P
the deviatoric stress state (V;’, VE",V:;) and ,OOI the hydrostatic stress
( V,',.‘ ) then the vector representation of these equations is

(©P) = (e0)*+ (o'P)*

The hydrostatic vector (00’) of magnitude ’/3( TRAZES V:;) and
equally inclined to the stress axes 1, 2 and 3 has no effect on yielding
.and cannot therefore cut the ;y;ield surface, The deviatoric vector (O,F)
is seen to lie in a plane perpendicular to the hydrostatic vector., Since
(O'P) contains the components of stress that are responsible for
yielding then O' is the origin of possible yield surfaces containing O’F
and lyiné in this plane. The magnitude of vector O'P in this deviatoric
plane determines the yield characteristics of the material. VWhen O’P
reaches a certain limiting magnitude, represented by a yield locus that
forms the intersection of the deviatoric plane and a yield surface, then
yielding is said to occur., To include every possible principal stress
state the yield surface is therefore a prism of constant cross-section
with the hydrostatic vector as its axis,

A chosen yield criterion defines the cross-section of this prism.

It can be shomn (2) that the von Mises criterion of equation (5) is a
circle of radius Y on this plane whilst the Tresca criterion of equation
(10) appears as a regular hexagon inscribed in the von Mises circle

(Fig. 1B). Since the deviatoric plane makes equal angles with the
deviatoric axes then they are shown pmje_cted on the plane as three lines
120o apart. Actually they project as J.-;' 0'," etc. but it is more usual
to multiply these projections by /.g so that they appear as actual

deviatoric stresses,

In tension-torsion stress space ( C;, , 7 ) the von Mises and
Tresca prisms cut the plane of this space as ellipses U:’z-o- 3¢ r?
and V',"z-t 407{’: 7™?  respectively~these being the forms more usually
referred to for this stress system (Fig. 1C). For the following
discussion, however, we consider in Fig. 1B a general stress systenm
represented in yilelding by a von Mises .f:ircle on the deviatoric plané of

initial radius Y and current state U and the effect of straining in
tension ( © = 30°) followed by compression ( § = 210°).

L.3 Effect of Plastic Flow on the Yield Surface

A number of hypotheses have been suggested to depict the nature of
changes in shape of the yield surface for various types of prestrain
history. Once a state of stress is reached outside that defined by the
initial yield surface(radius Y) a new yield surface is then required to
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define yielding for the strained state (defined by 6’). Conceivably
there are four ways by which the yield surface may chenge from its initial
shape to some other shape.

Le3.1 Isotropic Hhrdening (Fig. 24)

This prediéts that the yield surface grows in size as a uniform
expansion of the initial yield surface. This is shown here as a
succession of concentric circles of initial radius Y and current radius
é? . Isotropic hardening is easiest to handle mathematically but implies

the following assumptions:

(1) an isotropic material remains isotropic and an anisotropic

material remains anisotropic,

(2) a negatlve Bauschinger effect, This means that tensile’
loading to ¥ on a material of initial yield stress Y (path OGP )
followed by reverse loading (path PFG) produces a yield point F

in compression greater than the initial yield point Q. As actual
experiments indicate the reverse effect then this assumption is
not valid. The effect of this on the yield surface is to reduce
the size on one side as thet on the other side is increased.

Thus the surfece changes shape as deformation proceeds,

L.3.2 Minimum Surface (Fig. 2B)

This surface contains part of the initial yield locusof radius
Y end a modification to embrace the new stress state T (point P). The
new yleld surface is then the minimum surface enclosing the two. The
resulting surface contains a yield corner st P, shows no cross-effect
and again implies wo Bauschinger effect. In tension-torsion stress
space cross-effectswould be apparenﬁ as an increase in the tensile &ield
stress after plastic deformation in torsion and vice versa. This however
appears to depend upon the definition employed to define yielding since
experiment has shomm this effect for a proof strain or a back extrapolation '
definition (8, 9) but none for the departure from linearity definition
(iO, 11). Furtler experimental work on the existence of corners as
vcérried by the stress vector (12) showed more of a local distortion in
this region. The minimum surface model is therefore incorrect in shape
aithough it correctly predicts that for some directions an isotropic
material becomes anisotropic, and an anisotropic material attains a higher
degree of anisotropy but both retain their original state in other
“directions, '
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he3¢3 Rigid Translation - Prager's Kinemtic Mcdel (13)

In this model (Fig. 2C) no change in shape of the initial yield
locus is assumed but a rigid translation occurs as the locus is carried
by the stress vector v end contains the current stress state P .
The model is consistent with a Bauschinger effect but the predictions
from the model are too severe in this respect. An absence of cross-
‘effect is implied with this model aﬁd like the minimum surface model
(4.3.2) it correctly predicts that an isotropic material becomes anisotropic
and an anisotropic material becomes more anisotrcpic. The accompanying
changes in properties are seen to bear a definite geometrical relationship
to the loading path with greatest hardening in this direction,

L.3.4 Combined Model

‘Tt is conceivable that a new yield locus may be accurately
represented by combinations of these three models, For example Hodge (114)
suggested the combination of kinematic and isotrepic hardening of Fig. 2D
which successfully displays a Bauschinger effect, a cross-effect and a
closeness of subsequent loci at points on the opposite side to the stress
véctor. The model does not however display the experimentally observed
(15) flattening of the yield locus in this region and en associated rounded
corner at thé loading point. Like the kinematic model (4.3.3) the
development of anisotropy with progressive straining is shown here but to

a lesser extent end with a more even spread of hardening.

Lol Anisotropic Plastic Flow Equations

Equations describing the plastic flow behaviour of materials that
possess anisotropy due to preferred orientation were originally proposed
by Hill (16). By writing f(g%)as the anisotropic stress invariant

function

Cf(0) s 2T s F(5- G 0% M e 3L Mgt G b q‘,\]e;)

end applying this as a plastic potentisl in equation (8) the Plastic
strain 1ncrements are then,

de' )‘/3[7(9', 032) = H(%;- 05 )J
45' n[s [6(,72:'%) -F (% 0s))

;e x’\é (H(e35-0:)-6 A

end Ael = del = L S\ v'.; | G

s dé;;: 5X
de"sz p@{‘z N S\ T’

where subseripts 1, 2 and 3 refer to the principel exes of anisotropy.
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Now SX may be expressed (17) in terms of an amsotropic
equivalent stress (V:K ) end plastic strain increment ( ¢L€4 ) in a
similar way to that outlined in paragraph l.4 for the isotropic case to

.-P )
‘5 'Efuf) .
A= 2( % (55)

" Then equation (54) may be written

dér i_s"[ (y-‘ q-n)_u( )] ete.

A¢f s 3L d;a v-z
—~ A

2 is deflned from equation (53) as
. )

V.= J\/—;{F(V;u'vb):+6(ﬂz’ V};)?'*' H (Wf"q}})z" (’(LV;: +M Vl: * NV‘;") ] o7

give

(56)

and.:‘zi,obtained from the solution to equations (54) and (57) is defined

as <P 1
A€, = g[[(mz {F(G‘fé,,'-”déz;z)’e‘(”‘“"Fdé,)"' H(ﬁdc‘, }.';(e;;)z}

The constants ¥, G,H, L, M and N in these equations describve

the current state of anisotropy and may therefore be functions of stress
and plestic deformation, The theory is more readily applied however
for constants that are independent as have been observed (18 - 20) in
sheet metals., For this case the theory assumes permanent initial
anisotropy and a hardening function similar to that of Fig, 24 for an
isotropic material (F=G=H=L =M=N =1)

5. MULTIAXIAL CREEP FOR AN ANISOTROPIC MATERIAL

Equations (56) may be applied to creep in the usual way (Section
2) to yield principal secondary creep rates for an anisotroplc material
as

¢

é = f:'[F(m-cf,)fH(V',#vz)J
l6(e-5)-7(5-5)]
[w(g-5)-6 (q-cr,)]

[
"

(59)

Athh

. 1

' XY
R



22

. This form of equation is similar to that employed by Johnson (3)
in describing his anisotropic redistribution of creep rates that was

observed to occur for higher stresses and temperatures,

L4
5.1 Relationship. between U, end éa

The correlation of the many tests performed by Johnson was always
made on the basis of isotropic definitions of equivalent stress and strain.
(Actually Johnson used octrahedral shear stress and strain for this
correlation but these ere made equal to T and é in multiplying by 2{3
and V2 respectively). Since the function F(U’z') of equation ().,J.)/ used

to represent this correlation, was of the complex form, ;,
=2 ’; =1
d "W 171 v L 1
F)=am s A= A5)" o,
it would be interesting to know if the function representing the

anisotropic correlation for equations (57) and (58) would be of the same
simple power function form as for isotropic behaviour. That is,

Z“ = A 6-;" (60)

If this were the case then this would imply that the constants A and n

in this eguation should not depart from those in the isotropic equation
(34) since equation (60) reduces to equation (34) for isotropic behaviour
(P = ¢ = H=1) The one function would then suffice to correlate all tests
for both isotropic and anisotropic creep behaviour., The problem however
lies in knowing the point in the deformation at which arisotropy begins
through the introduction of these constants and the form they might take
for different stress systems, ‘

Equation (59) is probably more usefully employed in a situation
where the constants are independent of the cresp process, Thus like
the use of equation (56) for a material whose initial anisotropy is not
affected by subsequent plastic strain (paragraph 4.4) then the use of -
equation (59) is implied here to a material whose initial anisotropy is
not changed by subsequent creep deformation.  Although there has been
little experimental work done on the effects of anisotropy in‘the stuly
of creep the validity of this statement remains uncertain, However
the tensile and torsional creep tests of Sneddon (21) on the primary
creep of anisotropic RR58 at 180°C do add some support to this,
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APPENDIX 1II

CALIBRATIONS

l. TBNSILE CELLS - LEVER MAGNIFICATION

The tvio lcad cells were'first calibrated on a Denison 12500 1bf
machine (Fig. 1)# The slopes of these lines gave the tensile force
per unit of bridge output. By repeating the calibration for the two
cells in parallel in the tension-torsion machine (Fig. 2), and comparing
with Fig. 1, the ratio of each cell farce per unit of applied force was
establizshed, The tensile magnification was then the sum of these two as

follows:

Tensile Magnification = Mag. for Cell 1 + Mag, for Cell 2

= 11.72 , 12.05 (N/0.01AV)
LJT47 4,903 (n/0.,014V)

20){-59 + 2 .L&—58

4,927 A N/N

The effeet of various fixed torsional lcads on this magnification
figure was further examined, The addition of the beam for this purpose
increa;ed the tensile dead weight which was seen as a shift in the two
curves in Fig. 2 but the magnification remained unaltered since the
calibrations for each cell were parallel, The same pair of lines in
¥ig, 2 represented the calibration for all the chosen torsional loads.
Exirapolation of thess showed the tensile dead weight for the beam in
position to be equivalent to a tensile force on the specimen of 350 N

or a tensile stress of 2,76 N/mi,

i

2. TORSION CEILS - PULLEY MAGNIFICATION

The two s0lid Duralumin terque cells were calibrated initially on
an Avery 15000 kg cm torsion machine (rlg. 3). A further calibration for .
each cell assembled in series with a test specimen (Fig, 4) enabled the
torsion magnification to be obtained as follows:

* Figures are given at the end of this Appendix,



254.2  (Nm/0,01Av)
LO79 (N/0.01AV )

Torsion magnification (Cell 1)

0.0523 Nm/KN

1]

247.6  (Nm/0.01Av)
3987.2 (N/0.01AWV )~

Torsion magnification (Cell 2)

0.0621 Nm/N

This showed that an equal and opposite torque was applied to the
specimen, The effect of various fixed tensile loads was secn from Fig,
L, to have no effect cn this calibration and extrapoclation here showed
the dead weight of beam, pulleys and.cables to be equivalent to a

specimen torque of 2,55 Nm or a shear stress of 3 N mﬁi

Both the tensile and torsional magnifications were later checked

by tensile and torsional creep testsin the main %test programme,

Agreement was seen to be within 1% of the calibrated values,

3. STRESS RATIO FOR CCMBINED TELSION AND TORSION

Element of cylinder in combined tension-torsion

The beam was calibrated for its eighth and third length
positions, At each position weights were increasingly added and the

*

outputs from the tension and torsion e¢ells recorded, These were then
used to obtain the ratio of the shear and tensile stresses for that

position as follows:
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Qa2

The stress ratio N = can be written in terms of a specimen

torque T, (Nm) and tensile force W, (N) as:

N = WA ‘ (1)
I W, '
end substituting for the specimen polar moment of area J, the cross-~
sectional area A, and the mean radlus ry w1th d.lmensmns 4, = 28.4 mm o.d.
emd@z = 25,4 mn i,d4. then,

N= a7 ’ (2)
For a combined loed the outputs from the tension cells were designated
1, and 1z and the out;dut from one torsion cell (cell 1) was designated
2, . Then equation (2) may be written in terms of the calibretions in

-Figs.A land 3 as:

A

74011 (2, x 254.2)

,\05[(1. x 11.72) + (1, x 12.05)]

18.84 x(2,/4,)
11.72 + 12.05( "/}, )

.(3)

For each beam position the bridge cutputs were plotted to give
slopes of (2o/" and ( '2/1‘ o These were then substituted in equation
(3) to give the stress ratio N\ for that position, For all beanm
positions constancy of PN for each position was observed through(tha
linearity of these plots., The }\ values obtained are shown in éhe
table of Fig. 5. '

A check on the >\ values obtained in this way may be made by the
following theoretical solution: Here a combined force C (N) is applied
at & point a (n) from the torsion support. Let the beam length be { (n)

and the tensile and torsicnal reactions be W and T respectively:
I

f " ‘
W T /) T R

Then by moments: w = ca/}Z

T= c(l=%/) ()



and from the tension and torsion magrifications (paragrapas 1 and 2)

L.927%

w

) 4927 Ca/‘a

(5)

i

0.0622 ¢ (1= %)

0.0622T

Then substituting for W" and T, from (5) into equation (2),

N 71,11 x 0,0522 ¢ (1= )

1927 Ca /g

A 1)
0.936.&4/‘) o (6)

Equation (6) was used as a theoretical solution for the stress retio >\ in
. Ya M

terms of any bean position La((') o Agreement between this sdution and

the 1/8 and 1/3 calibrated pointsis seen in Fig. 5.

L furthér check on the tensile beawm reaction W for en aprlied
combined load C was mede from equation (4) for which W/C = d/i .
The W/C ratio can be written in terms of the calibration for cell 1 in
Fige 2 as |

-

WC = hONT x1, )

G . .

For each position on the beam the slope of & 1, v C plot was used in
equation (7) to yield the V/C ratio. These are shown plotted in Fig. 5
aBout & theoretical l+5° line, These points actuallyl represent the true

S/ beam positions corresponding to the calibrated stress ratios,

The theoretical check, equaticn (6), has been shown here to
confirmm it for elastic deformation. The modification made to equation
(3) during loading in a creep test is to account for the plastic

defornation following the application of a ioéd. Then from equilibrium,

1

cST, = 2Nriv 'tgz

44 |
e[ ®
from which the mean shear stress,
127,

Te®  R(dp-d2) )

\.



and as before,

o = W_ 4w

=1 E (10)
7z A 7((01‘1— dzz)
then,
W AGEE T N,
U WAl saarar) " l 7\:1 | (11)

!

which, in terms of the calibrations Figs. 1 and 3, can be written as,

A\ = 18.88 (?4,) (12)
11.72 + 12.05(12/; )

_ If the stresses were to be separated in this equation then. the
axial stress was calculated from the bridge outputs 1, and 12 and

the calibrations of Fig., 1 as follows:

For a combined load c arplied at any team position,
W, [ : ('.) (‘z) 3
Yoo T2 (2 )+ 12.05( 2 Jto
C < C

‘ {
where ("4& ) and ( 143) were the slopes of a 1' v C and 12 v_C
loading plot.

Then substitution in eéuation (10) yields,
; ‘u , '2 3
v 4c [u7z(z)+ 12 os(z)]lo .
- K (d*-ds) |

- , (13)
£ GO S

It is important to make some assessment of how )\ and ‘;z of
equations (12) and (13) change with the development of plastic strain,
A true stress ratio ()( ) is based on current specimen dimensions and
since, during loading, these are changing *hen so is the stress ratio,
An estimation of the stress ratio based on the current value of axial
strain (eu) mey be made by defining X as.the ratio of the true shear

_end axial stresses, Thus

g ' |
Nz =2 . |
o’ , . | (lh)

o2
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where ths true shear stress (Tez) is obtainable from equilibrium

N {
conditions. In terms of the current specimen diameters d: and d;

eé;uation (8) may then be written as
/
d./z
'
from which

' 127,

-~

L / /
N 47)

(15)

The current diameters in this equation' can be written in terms of the
original diameters by making the usual assumption of constancy of volume
during plastic deformation. Then for a current specimen area (A,) and
!
guuge length (( ) this is written as
1a!
Al = AL
or t¥L 2
atl = d*L
[
2
from which (é) = ,{- ~ (17)
d £

If Z is the axial extension on an original length ae then the engineer's

(16)

axial strain is -
and . i .

' : -
{ L+z 1a4e,

which from equation (17) gives

!

(3’2'-' w', c

Substitution in equation (15) yields

3
A AL e,,)*
Pon(dP-d2)

which in terms of the nominal ahear stress of equation (9) is -

L3

3/ ;
"L’S'L-.: Tez(l-\- Zzz) 2  9)



The true tensile stress is given by
v ' W,
2z~ 'Af

which from equation (16) may be written as

L‘
0, =
<AL
Writing V%AA as the nominal stress V;z and substituting from equation
(18) we have that
!
v, = V;;(H’eu) (20)

Zz

Substitution of equations (19) and (20) in equation (14) for the current

stress ratio gives

7/
)\,: )s( ‘4’(3:2) 2

) ! Ya

or = (l 4 zu) (21)

o b

-

From equation (21) it cen be seen that A varies by 4% for each
1% of longitudinal sirain up to 10% for all values of the ratio and
thereafter the variation is smaller. Thus the stress ratio values
obtained for plastic lcading are not expected to be the same as the
calibrated elastic values. Although equation (21) predicts greater stress
" ratios for a plastically deforming specimen, the effect of changing
magnifications in the rig itself have not been considered. Generally,
this has the effect of lowering both the tensile and torsional loads onr
the specimen. Since the degres to which each is lowered depends upon the
position on the beam at which the combined load is placed, the overall
effect on the stress ratio is difficult to est;imate. The stress ratio
values quoted in this text were therefore those calculated from the bridge
outputs obtained at the time of testing, Equations (12) and (13) were
applied to the bridge outputs for this purpcse from which the overall

accuracy of stress measurement was probably better than 1 1%,



L, AXTALITY OF LOADING

Unwanted bending could occur if either the tensile load or the
applied torque ﬁere not axial, To examine this a Duralumin c¢ylinder
was longitudinally strain gsuged at four 90° positions around the tube and
loaded incrementally to 75% of its yield load for each of the follcwing:

(a) pure tension
(v) pure torsion
- (¢) combined loading

Axiality of tensile loading would meen that the lcad vs strain
gauge reading plot for each gauge should be parallel. In fact, it was
found to be necessary to adjﬁst the position of the table (component
in Fig.12.2) slightly to observe the best set of parsllel lires. The
variation in their slopes was then never greater than # 1,5% of the mcan
value and even less for the combined loading calibrations of Section. (3).

Axiality of torsional loading would mean that the normal. strain
for 811 longitudiral directions is zero, Thus for this tov be so thers
should be no output from the four longitudinal gauges during a pure torsicn
calibration, Since this was in fact always observed it may be concluded
that the torque loading system was axial.

The effect of an eccentricity h in the line of lcad appiication
and its effect on the axial stress may be examined from the following

theoretical solution,

5__?,,7__,

Viz

The variation was actually 2 1.5% which mears that the
eccentricity was of the order of 0,1 mm,

\ “~—
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5. SPECD{EN GEONETRY

Holloway;k made an assessment of the effect of variations in wall
thickness‘, ovality and straightness on axial, circumferential and shear
stress for his OFHC cylinders and concluded that the effect of
geometrical errors were more serious than deviations from axial loading
in this respect., The same conclusions are not drawn for the specimens

of these tests however in following Holloway's assessment,

5.1 Wall Thickness Variation

Assuming a variation of :S'c from the mean wall thickness ¢
the variation in axial stress for a tensile load applied concentric with
the outer diameter (61) is,

50':: 0/ :t 5@0 kz &’ where k: g—'
E’.z f dc(k4“) :
= %62.56 8t

and for the load applied concentric with the inner diameter (dz) ,

4
Jv;za/ =iM - + 28 Jb

o <4 ;‘4 ) - - 7 021

\7] dl( - .

Talking % 8% = * 0.005 mn and t = 1,501 mm from the wall thickness
neasurerents recorded in paragraph 2,.3.5 the variation in axial stress

for the worst case of loading is seen to be not in excess of * 0.4%,

The effect of this variation on the circumferential stress of
pressure 1oadingf is, '

80y oy _# 200kt _
= T Ty A& £0.35
To (k+1)s

and the shear stress of torsional loading, '

Y7

=% =tloolt » o

Tez €

* Ph.D. Thesis 1972, University of London
1— Not performed
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5.2 Ovality

The effect of ovality is to cause a varietion in the circumferential
stress, If the deviation of either diameter is =% 5}1 on an average
‘diameter of d then,

{959 7: t 100 &d
A C

o d
By far the greater variation occurred in the bore, Taking % 521
= 2 0.012 mm andb d = 25,40, mm from the bore measurements recorded in

paragraph 2.3.5 the variation in hoop stress is seen to be not in excess
of 0.05%. ‘ '

.The through-thickness variation on the mean circumferential stress
is,
8397: * 150 &4,
Too e |
is negligible here‘since the variation of the outer diameter was of
insignificant amount, Such variations are only applicable to the
circumferehtial stress of internal pressure and are therefore not applicable
here,

5¢3 Straightness Variation

The effect of variation in specimen straighiness on the axial
stress is assessed in a manner identical to-that for non axiality of
loading, Thus equation (22) applies here where h in this case is the
relative lateral displacement between the cenire end ends of the test
specimen, Since the method of specimen menufacture (Table 2.3)'was
devized to eliminate errors of this kind then any variation in axial

stress due to a lack of straightness is thought to be slight only.

Whilst all these ;ariations may be regarded as tolerable it shouvld
be noted that they diminish as the stresses increase, Lastly the worst

variation is that caused by load eccentricity on the axial stress.

6. CHOICE OF GAUGE LENGTH

- For an overall para}lel length of 75 mm,‘SO mm of it was chosen
as the extensometer mounting length, - Uniformity of strain over this
length was checked from the outputs of in-line strain gauges affixed
longitudinally and circumferentially to an axially loaded Duralunin
cylinder, Elastic loading showed that the strains were uniform over this
length., ' This is not hosever representative of the situation in en
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aluminium test specimen when plastic strains and creep strains are the
dominant components in the deformation. If the aluminium e¢ylinder
deforms in an isotropic manner (Appendix I) it means that the flow
strengths of all directions are the same and that the strains at all
points in those directions are the same (homogenous deformation).
However the results reported in the main text shows deformation by
combined tension-torsion to be énisotropic. The anisotropy of
deformation was not severe in cylinders of annealed aluminium (Chapter 4)
where the grain size was approximately uniform, The anisotropy of
deformation in cylinders of extruded (Chapter 5) and prestrained
aluminium (Chapter 6) was severe. It was associated with a non uniform
preferrad grain structure and the Bausbhinger and cross-effects of a
- prior strain history. ‘To eliminate the effect of variation in gauge
length strain during enisotropic deformation axial ( €z ) end shear
(.sz ) strain components were always calculated from displacements

measured on the 50 mm gauge length. -
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APPENDIX III

CREEP AND PLASTIC FLOW OF ALUMINIUM DURING INCREMENTAL LOADING

by D, W, A, Rees

A paper presented at a research seminar held in the School of
Mechanical, Aeronautical and Production Engineering, Kingstcn Polytechnic
on 28th May 1975.

1., SUMMARY

The transient creep cf a commercisl grade of pure aluminium
(B.S. 1476, EIA) has been studied for short-time incrementel loading.
Thasa tests show that in the temperature range of 0.3 Tm - 0.6 Tm the
creep occurring between loads is adequately described by a simplg
parebolic law € = £, + at™ and in no case was logarithmic crecp observed
(€ = €, + alnt), ' - '

Test conditions were varied to examine the effect on the parabolic
coﬁstants m, a and € + In general the time exponent m was found to
increase with test temperature and decrease with load increment ard in
only a few ceses did Andrade's equation hold (m = %). The constent a,
is shown to be a complex functicn of stress level, stress increment and
temperature of the form, Sexp(Av')ex;v(%’)v"’ while €, represents the
instantanecus strain on loading. To eliminate the errors in a and m
due to an incorrect selection of Ga a derivative analysis was employed

in the analysis of each test,

2. NOTATION

An Constents in the tensile stress~strain law.
a,b,k,1,p,q,r,s Constents in the transient creep equations.
€ Totel strain,

€ e ’
€ ) € : Creep strain, creep strain rate,

. 7 .

€p,€,6r Instentaneous, elastic and plastic strains.
AH, Apparent sctivation energy for ¢reep.

i,n Foirts on a transient crecp ourve.



m . ~  Time exponent.

v Totel applied nominal stress level,
Ll | Appliea sfreés inerement.
R . . Universal gas constant. - '
T A R Absolute temperature.
Tm Absclute meit temperature

t Time

3. INTRCDUCTION

In the study of the plastic deformation of metals engineering
plasticity theory assumes that the total instentaneous strein resulting
from the application of a load consists of an elastic and plastic

component. Thus ‘

: ¢ | |

€, = e+ ef - Q)
Wailst this may be acceptable for certain test conditions higher test \

stresses and temperatures with incremental loading give rise to additional

trensient creep strains. The instenteneous strain is followed by a time

- dependent strein which may well be of the same or higher order if

intervals are allowed between successive increments, It is, therefore,

necessary to add such strains tc equation (1) for a full understanding of

‘the deformation associated with this type of forward loading.

A great number of investigators have examined the nafure of creep
shortly after the application of a load. The.early work of Andrade (1Y%
showed this to be e transient rhenomenon where the rate of creep decreased
with tire, This is generally displayed by many differcnt materials for

various conditions of temperature end stress, Considerable interest has

‘therefore been shom in its mathematical representation end empirical

expressions of one type or another arc usually employed,

The number of these expressions from which to choose are numerous

(2) although the choice ultimately depends upon the accuracy required.

Generally the equations which can be made to describe trensient creep most

accurately are thossrequiring the greatest computational time,

The two most commonly used expressions are those describing
logarithmic creep and those describing parabolic creep. Logarithmic creep
is typiéal of exhaustion theories for transient creep and is often
successfully employed to describe trensient dfeep in steel at lower
stresses and tempereiures (3). In its simplest form it is represented

* References ere given in the Appendix.



By the equation: ‘
€, t aﬂwt . (2)

The objection here is that the equetion predicfs a creep strain of minus

‘ infihity for time t = o, but this is easily corrected by either
realistically defining €, as the instantaneous loading strain after a
very short time end therefore T 0 in this equation or modifying it to,

€=¢e,+aln(i+t) (3)
Parabolic creep is represented by the equation:

€ =60fa‘&m, (1)

When m = § in this equation this leads to Andrade's law for transient

ereep:
Va :
€= 6°+at : (5)

Crussard (4) shows that by ellowing m to take any value equation
(h) can be made to represent the trensient creep of many naterials over a
wide range of temperature ard stress, Furthermore, Conway (5) shows in a
comparison of the degree of representation of the many transient expressions
to an experimental curve that equation (4) wes almost as good as a third
degree polynomial in t%. It should also be noted that the time exponent
of the logerithmic equation (2) is & particular case of equation (4) for
n = O when they are expressed as creep rates. The disadvantage is that
equation (4) with a varying m value does not have the metallurgical
backing that logerithmic creep has (6) though it is generally identified

as a work hardening theory.

Very much less work has been done on the nature of creep occurring.
between successive increments of load, Wyatt (7) in his studies on copper
and fine grained aluminium showed this to te of a trensient nature and
employed equations (2) and (5) to describe it after having shown their
applicability to a certain range of constant stress tests. Rogan and
Alexarder (8) showed that the logarithmic equation (2) could successfully
be used for copper and mild steel at room-temperature for moderate stress
levels but when higher stresses were reached in an incremental fashion
logarithmic creep wes no longer observed, They also showed the constant
a in equation (2), when appliceble, to be a function of the sinh of the
applied stress at this tempereture, ‘
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In this paper both the logarithmic equation (2) and the parabolic
equation (4) are applied to the trensient creep occurring between.
increments of load. Since the parabolic equetion has been used to
describe the transient creep of aluminium at constanf stress (9) it is
expected therefore that this equation would be more applicable over the
range of test variables to be investigated here, The effect of
temperature, stress level and stress increment on the constants m, a and

€, are also examined,

L. ANALYSIS

The procedure employed in fitting equations (2) and (3) to
transient creep curves is to replot tb.e curve on a logarithmic time scale,
Logarithpic creep is then sald to be observed if the result is lineer,
The constants & and é, are then the élope ard intercept re‘s,pectively.
Often equation (2) is preferred as a time can be selected to make the
intercept on it compatible with the experimentally observed instantaneous

strain,

The parabolic equetion (4) presents some difficulties when al:i:lied
to curves. Commonly an estimate is made of the instantaneous strain €° .
This is subtracted from the total strain € and the resulting creep strain
€‘= €-€, is plotted against time on logarithmic axes, Then the slope
is m and the intercept is the logarithm of a, Analysed in this way
Crussard (4) shows that a small change in the value of €, causes a larger

change in the value of m,

Clearly, in an investigation of this kind, wheré the dependence of
m on various test variables is sought, this method should be avoided.
Crussard shows that a derivative aralysis eliminates this problem, This
derivative method has been employed in the following way for analysis of
transient creep curves in this paper:

Expressing equation (4) in terms of creep rates

é ¢ et bm-l : ,

| = gg 7 Mma (&
It will be seen that this equation does not contain €, . Then taking

logarithms:’ de ¢
‘e,;v(;(’c)z(m-l) (M-«t + zﬁ\r(ma ) | (7)



A plot of »(M( )vs £«-’° yields & line whose slope is (m-1) and
whose intercept is {ndma). | |
The creep rafe (‘:.(e:) is numsricelly evaluated for a time ti in a
centrel difference form:

"Efc; €ivi = €y

Ak 'y b

Al
where 1 = 2,3... n-l and represents any point along the equally

(8)

divided curve while n represents the last.

.Herce equation (7) becomes:

L‘(e;‘-e) (m_‘)zw,b‘,,,(“(ma) B

t £

-
AN

This equatior; was solved for a and m using a least squares fit on
input data (€4, t; ). The constant a was further checked as the
‘slope of a €; v ti™ plot in equation (4). ’

5. EXPERIMENTAL

51 Material and Specimens

A commercial grade of pure aluminium BS.1476 EIA was supplied in
the form of an extruded bar 44.5 mm diameter. The composition was:
Mg { 0.005, Cu £ 0,005, Si { 0.04; Fe = C.04, ¥n £ 0.01, Zn = 0.02,
F¥i & 0.015, Ti { 0,015% and Al (the balence). Specimens were machined
from this in the longitudinal and oblique directions in the form of blanks
- initjally. These were then annealed to give an average grain size of
0.23 mn and finally light finished machined to & B.S8.3500 size (5.64 mnm
dia,)s At the extremes of the 28 mm gauge length two 0.9 mm ridges were
maéhined to allow an extensometer to be mounted, Consistency of specimen
manufacture was obtained by using an 1dentica1 machining procedure with a
copy lathe and template.

5.2 Apparatus

- A1l tests were cerried out on a standard type tensile creep
machine with a three zone furnace end controller. Displacements were

neasured at room temperature 'by attaching two & 2,5 mm inductance



trensducers in parallel with and either side of the specimen gauge length.
The attachment was made by two rings each making three-point contact with
a gauge length ridge. To take up the changes in diameter of the ridge
under load and to ensure good contact between ring and ridge at all times
" a portion of each ring was made as a sprung loaded insert, At higher
temperature testing the ssme arrangement was used but wifh a dogleg
between esch ring and transducer, This allowed each transducer to be
mounted in parallel with and either side of the lower pull rod and sited
well clear of the furnace bottom,

In measuring displacements the output from each transducer was
averaged before driving a 0.3s response time pctentiometric recorder. This
enabled a continuous displacement~time record for the intervals between
loads and a matched transducer trimming arrangement allowed each record to

start from the one datunm.

\

543 Test Temperatures

Experiments wére cerried out at test temperatures of 21, 100,
200 and BOOOC. In terms of the homologous temperature T/Tm, these are
0.315, 0.40, 0.507 and 0.615 respectively. -In no case did a complete’
test exceed 12 hours and Quring this time the temperatures were always
maintained to within # 1°C. Three chromel-alumel thermocouples were
used es the temperature sensing elements and these were positioned at

squal intervals along the gauge length and as near as possible to it,

5k Procedure

- For a particuler test tmperature incremental 1oéq1ng was performed
for lo:d increments of 2, 5 and 7N. At rcom temperature (21°¢) an
additional load increment of 9N was used., For a 10 : 1 lever ratio and
a specimen cross-sectional area of 25 mm2 these loeds correspond to
nominal applied stress increments (& ¢ ) of 0.8, 2, 2.8 and 3.6 N/mm2

respectively, '

The test method was as follows:

A temperature and load increment was first decided upon and, where
épplicablé, the specimen was then left overnight in the furnace to attain
the steady test temperature. The load increment was then.applied,
allowing 15 minutes of recording time before the application of the next
increment, Loading was continued in this way until such a time as
either the specimen had fractured or the displacement was too large for‘

v



the maximum chart renge. Those specimens that had nct fractured were
tested for recovery by unloading and allowing 15 minutes of recording
time on the more sensitive chart ranges before the removal of the next

decrement, -

Two further tests were made involving variable load increments
and one with abprestrained specinmen, In almost all cases at least two

specimens werc tested for each load increment = temperature combination,

6. EXPERTMENTAL RESULTQ

6.1 Material Isotropy

The tensile stress-strain isotropy was checked from Hounsfield
tests on a series of énnealed longitudinal, transverse and oblique
specimens, The results of these tests showed near coincidence of these
curves gnd confirms isotropic behaviour, lore important here, however,
is the strain~time isotrepy.  This was checked in the main test programne
by observations on longitudinal and cblique specimen behaviour undere
identical test conditions, Since the deviation here was no more then
that for repeat tests between longitudinal specimens (Fig. 5)*'it is
concluded that the material exhibited temsile creep isotropy.

6.2 Transient Creep Analysis

It was first assumed that the materiel crept logarithmically
between load increments. Equation (2) was therefore applied as outlined
in the analysis. A typical plot is shown in Fig, 1 for the test
conditions and stress levels indicated, In this plot the time is
reckoned as zero at the instant the increment is applied and the stress
levels are the total applied nominal stresses for the duration of ereep
period. It is seen that in no case is the plot linear and the non
linearity increases with applied stress level, . At higher"étress levels
on copper and steel Rogan and Alexander (8) observed increasing non
linearity although at lower stress levels lcgarithmic creep was obs;rved.
Aluminium like copper has been shomm (7) to obey a logarithmic law at

similar homologous test temperatures in the range 0 ¢ I_.<¢ 0.,25., Thus
Tm
vhile copper at room-temperature falls within this range aluminium at room

temperature does not (T/Tm = 0,315). In geueral, therefore, logarithmic

creep.is only observed for low stress levels and temperatures,

*tFigures are given at the end of this Appendix.
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! Parabolic creep was then investigafed by the derivative equation
(9). This equation is shown graphically in Fig. 2 with each creep
period presented in the same way as Fig., 1 and for the same test,. It is
seen here the plots for each stress level are all linear over each creep
period,  With the exception of the higher stress levels at a test
temperature of BOOOC, where some secondary creep occurred, this observation
applied to all other tests and Fige. 3 shows a similar plot for a different
set of test conditions with OA{ =2 g;Z and a temperature of 21°C,

The parabolic equation (L) was, therefore, seen to apply for short time

deformations between successive load increments,

6.3 Parabolic Constants

A further important observatioﬂ here is that the plots in each of .
Figs. 2 and 3 are sensibly parallel, This would indicate that the time
exponent (m) for each interval is independent of the stress level and
total prior strain in each test, Table lf shows the very small variation
in m for the applied stress levels in Fig. 2, All tests consideréd,
where m did vary it was usually found to do so at the lower stress levels
but this was attributed to the difficulty of computing strain rates
accurately here rather than it being any function of stress, The effect
of a continuocusly decreasing lever ratio was eliminated as far as rossible
in this respect by maintaining the same beem geometry at the start of each

test and increment,

6.3,1, Effect on m

Although for a particular test m was seen to be constant it aid
vary from test to test, The effect of stress increment value and test
temperature on the average m value for each test is shown in Table 2,

At a glance this shows that m increases with temperature of testing but
decreases with stress increment value. The effect of temperature is hérdly
surprising since at the lower end of ths temperature scale, where
logarithmic creep is observed (7)a parabolic equation could equally well
be’employed with a small @ value (4) and for higher temperatures it is
possible to observe only secondary creep (m = 1) after the application of

a loed,

The effect of an increasing stress increment value is secen from
Table 2 to lower the value of m., There is evidence here, however, that
a steady m value is approached since the differences in m are smaller

between the higher stress increments. Furthermore, an additioral test at

[}

1 Tables are given at the end of this Appendix.
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room temperature for A(” = /xr.m yielded an m value almost equal
to the value for the AV = 2.8 N/mn® test.

Lastly, it will be obsecrved from Table 2 that for only two test
combinations of stress increment and temperature did the material creep

aprroximetely according to And:ade's t law in this type of test,

6.3.,2, Effect on a

The fact that m 1is constant for a particular test allows the
analysis to be teken a stage further. The value of the second paraboliec
constent (a) for each applied stress level of & test can then conveniently
be observed as the slope of an € vs t" plot. Typically Fig. 4 follows
from Fig. 2 and shows that a incresases with the level of stress,

Verious plots were tried in the searck for the functional relationship
between these two., It was found for éll tests that when plotted on
logarithmic coocrdinates they were linearly related, PFigs. 5, 6§ and 7 show
these logarithmic plots for all the tests, Fig. 7 also shows the
relationship to be slightly affected a2t higher stresses when current
specimen dimensions were employed for the computation of a, Qualitative ly
these shcw thet the constent & dincreeses with stress level, stress
increment value and test temperature., For corventiornal constant’stréss
transient creep analysis a is also known to increase with both stress
and tempersture (10) though the precise forms of dependence apply only to

limited stress ranges,

A knowledge ;f the dependence here can bs attempted from the
important observation that the logarithmic plots in Figs. 5, 6 and 7 are
all remarkably parallel. Linearity on a logarithmic plot firstly implies
a power function dependence on stress and secondly parallelism implies a
constant power index for all the test conditions. Thus, in general, the

stress dependence is expressed by:

= kel | (10)
where P is the slope of the 1ogd vs log % plot and k is the intercept.
The average value of P.from Figs. 5, 6 and 7 was 6.2 with extremes of
5.96 and 6.43.

An indication of ths dependence of a on temperature could next
be examined from the k intercept values, Since creep is a thermally

activated process then the temperature dependence must appear through the

Arrhenius expression.
k = ’( exp (q/"‘) | (11)

The k intercepts are therefore shown plotted logarithmically against
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tha reciprocal of the abéolute test temperature (T) for the three stress
increment values in Fig. 8. Then ¢q, obtained fiom the aversge slopa
here, was found to be -5950, A check on the validity of this value, made

later, shows it to be in accordance with accepted values for aluminium.

Lastly, the intercepts c in Fig. B8 were used to examine the stress
increment dependence, It was found that these were best plotted logarith=-
mically against their corresponding stress increment values ( A0 ) in

Fig., 9 to yield a dependence of the form:
(« = 8 exp (r [A?‘J) (12)

wheré r, obtained from the slope of Flg. 9, was 1 and s, the intercept,
equalled 177.8 x 10-8. Although there are too few points ip Fig., 9 to
make equation (12) conclusive it was felt to be worthwhile completing it

so that a possible equation of a's dependence upon all the test variables

could be‘formulated.

Thus combining egquations (10), (11) and (12) in the genersl form:

a=sexp (r{av]) exp G/7) 0P (13)
This then allows for the predictionvof transient creep rates here when
used with equation (6) as:

’

€% u s exp (r [AV] Y exp 3/7) thm 1 (14)
and substituting the constants p,q,r, and s for the range of test variables
here we have:

€= 1778 x 1060w oxp (87) oxp (HR) 62471 (15

where m varies as in Table 2,

6.303. Effect on 69

The instantaneous strain immediately following the application of
& single stress increment was obtained in these tests as the intercept
values in Fige, 4. In general, this was observed to increase in the

following ways:

(1) as the stress increment increased for a given temperature

and total sfress.

(2) as the total stress increased for a given temperaturs

and stress increment.

(3) as the temperature increzsed for a given totel stress and

stress increment.
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When the total insténtaneous strain (Zea) was conputed at each
stress and plotted against it, no apparent load increment effect was
observed (Fig. 10) as the three curves for each temperature were almost
coincident, = }Mean curves were then calculated for each temperature and
plotted in Fig. 10 to show the growth of instantaneous strain with stress
level., This shows that an increased test temperature decreases the stress
level to reach a specified strain and also decreases the total amount of
instentaneous strain, The fact that creep strain is predominant at higher
temperatures and stresses is shown in Fig. 1lwere the mean curves of
Fiz. 10 were used to compute the ratio of total creep strain (Eec) to
total instantaneous strain (EG«,) and plotted against stress for the four
test temperatures., These curves also show the stress levels at each
temperature for which the total creep strain (15 minutes after the
application of a 10ad) equalled the total instantaneous strain., Beyond
this relatively small increases in stress increase the ratio considerably.
For the higher test temperatures the total creep strain recached as much as
eight tines the total instantancous strain., For all test tempsratures the
stress-strain characteristics based on €, from equation (4) agreed with
observed behaviour and this in turn compared with separate tensile tests,
A double logarithmic plot in each case ylelied a law of the form: -

= A (Ee,) , - (16)
where n was typically 0.3 for aluminium and A decreased with

temperature,

A plot of £€, vs /26 in Fig. 11 shows the relative amounts of
total creep and irnstantaneous strain at the end of any stage during an
incremental test (defined by ¢ ). These curves also confirm the 10-25%

total strain at the end of all tests as obtained by measirement,

6.4 Recovery

Upon unloading from higher stress levels only elastic strain was
recbvered. This increased linearly with decreasing stress until very low
stress levels wers reached where some time dependent recovery was observed,
However, this was always small compared to the elastic recovery and in
total never exceeded 5% of the overall recovered strain, Further
independent gauge length measurements at 150 hours subsequent to unloading
showed no further recovery. This is interesting in view of work (11)
that has shown a significant part of the forward creep strain as recovemblé.

An explanation is attempted in the following section,
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7+ DISCUSSION

Since the time exponent (m) and the instantaneous loading strain
(€,) have been shown to be dependent upon both stress increment ( D¢ )
and test temperature it is not unreasonable to assume that m 1is possibly
dependent upon €° +»  Another possibility is that m is dependent upon
~the magnitude of the total prior strain or on the creep curve imzediately

preceeding it.

To investigate these possibilities further specimens were tested

at room-temperature under the following conditions:

(1) A cheanging incremental test A% = 2.8 N/'mm2 for the first
series of steps and then changed to 0.8 N/hmz for the
remainder (Fig. 12).

(2) A 2% prestrained specimen tested under identical conditions
as the arnealed specimen (Fig. 3).

It is apparent from Fig. 12 that the change in = on lowering
the stress increment value is dependent eithor upon the change in
instantaneous strain associated with it or on the prior ereep curve, The

- relatively small increase in G; with each step, in Fig, 2 due to non,
linear stress-strain behaviour, does not appear to affect m noticeably \
nor does the total amount of prior strain qtherwise parallelism would not
have been observed., Comparison of the slopes in Fig., 3 showed a 2%
prior plastic prestrain not to affect m significantly but only to
increase the stress at which creep first started, This is seen as non
linear behaviour in Fig. 6 where the parabolic constant a 1is lowered
by the prestrain., After this the dependence upon stress is seen to be
identical to that of the annealed specimen., It appears, therefore, that
tﬁe prior creep curve controls the subsequent curve more than the instant-
aneous strain does, This is further substantiated from Fig. 12 where it
is seen that upon changing to the smaller stress increments the value of
m remains unsettled until the sum of these exceeded the last larger
increment., Thereafter m settled at a constant value, The degree of
dependence between subsequent and prior creep curves is seen from Table 2
to be less when the stress increment values are large, llere m
approaches a constant value to indicate that the creep curves occufring
between increments of larger loads are approximately of the same shape.
This would seem to confirm Wyatt's observation that for large stress
increments fhe less the resulting creep curve depended upon the prior one.
Mentjon should also be made to the experiments of Davis and Thompson (12)
who showed that a prior creep curve also controlled the degres of

instantaneous strain associated with the next increment, Indeed a critical
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stress increﬁent was determined for which increments less than this
produced no instantaneous strain whereas those greater did, It is not
thought here that this interdependence occurs over a very large range of
stress increments since the stress - total instantaneous strain plots in

Fig. 10 show no consistent stress increment effect.

Equation (15) has been developed here for éhe prediction of creep
rates within the renge of experimeﬁtal variebles employed in these tests.
Vhile it is felt that it would do this with reasonable accuracy some
nention should be mads to the form of the equation, The stress index
of 6.2 appears from the parellelism in Figs. 5, 6 and 7 to be the correct
power in this type of incremental test. Experiments by Dorn (13) on thg

- secondary cresp rate - stress dependence of conventional creep tests also
yielded a power function relstionship for this materiel but with a stress
index typically of 4, though the value does decrease with temperature.

For the transient creep it is generally accepted (10) that the stress =
creep rate dependence does change cver a wide range of stress and
temperature, Linear, pcwer, hyperbolic sinh and exponential laws have all
been employed at some time to describe this dependence with each function
&applicable only to 2 small range of applied stress, Linear dependence is
observed for lcw stresses ard is believed to be a process of stress _
directed diffusion (6). For increased stress, where the controlling
mechanism is dislocation c¢limb, the dependence may be expressed as either
power or hyperbolic sinh functions for the intermediate range and an
exponential function for the higher range, Over a wider range one
function has been employed but it is usually a complex one, Henderson
and Sneddon (11) combined the low and high stress range with a function of
the fom a V’P+ bO” to describe the primary creep in copper while
Sarofalo (10) combined the intermediate and hign stress-ranges with a
function of the form A (sinh BO")" to describe the secondary ereep rate
in both metals end alloys. )

A power function dependence here is consistent with other work on
transient parabolic creep at low stress, though the power of stress has
only been made insensitive to temperature when a constant structure haas
been maintained {10)., Since this is unlikely here it can only be
concluded that the constant power observed over the whole range of‘stress

and temperature is a consequence of this type of incremental test,

_ The constent in the exponential temperature funétion may be
expressed in terms of an apparent activation energy for creep (OH,) if
equation (11) is written in the form:

= { exp ( ~OHyar) (17)
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For transient creep it is usual to apply a formula of the Dorn type, in
. which the time and temperature dependeﬁce are contained in one function,

Since the time deperdence has been shown to be parabolic then:
m
ko= A{ven(-aH /0] (18)

and teking an average value of m here as 0,L, over the temperatures

where only transient creep was observed, we have that:

k = }L[to.z* éxp(- O'AAH‘/KT)] , (29)

On comparing this with the exponential temperature term of equation
(15) for R = 1.98 cal/mole, then £§‘4‘ = 29,5 kecal/mole which, for

aluminium, is in fair agreement with accepted values,

Approached in this way the activation energy for transient and -
secondary creep is made constant, This may be taken to mean that the
two processes have the same energy and this has been proved from another
standpoint (14) where for polycrystalline aluminium Achas found to be
independent of creep strain, Other than tests on constant structures
DM, is known to vary with tempersture (14). Since m and DH,
increase with temperature it is possible that the m values of Table 2
have a phySical significance in this respect when used with equation (18).
The average vélue of 29.5 kcal/mole for this se;ies of tests was celculated
here to check the validity of the constant q din equation (11).

The validity of the stress increment function in equation (12)
is less certain since no other work of this type exists, It is
interesting to note that the constant r in tais equation was unity,
This means that the dependence of strain rate on stress increment is
a simple expcnential one. Clearly this is an:area for further
investigation since it is of direct concern in all creep tests that are

loaded incrementallj to some test stress,

An explznation of the almost complete absence of fecovery in these -
tests may be atterpted from a consideration cf the structural mechanisms
involved in each strain component. = Tha permenent component of the

-instantaneous strain exhibited the characteristics of plastic strain which
involves the production, movement, interaction and multipication of
dislocations. Since the application of a load and the production 6f this
strainAare simultaneous the dislocation movement is therefore extremely
rapid., This movement slows and becomes time dependent vhen the entangled
dislocation structure so formmed acts in itself as a block to further rapid
movement, In plastic deformation the barriers which pinythe entangled
dislocations are already present within the crystal in the foram of impurity
atéms, grain boundaries, sessile dislocations and screw dislocations that

cut across the active slip plane of the lattice,
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The mechanism that acéounts for low-temperature plastic

. deformation in a face-centred cubic 1at£ﬂ3 is essentially slip with
dislocations as the source for it, Cross slip and pencil glide are

typical slip processes associated with screw dislocations. At higher
temperatures an additional mechanism may predominate when vacancies and
interstitials diffuse from deformed regions to the sites of edge dislocations

causing them to climb out of their original slipijlanes.,

The magnitude of instanteneous strain produced with each increment
was observed to increase parabolically with stress in a manner consistent
with usual tensile stress-strain behaviour. Thus the process by which
dislocations move to produée plastic deformafion for one increment is ‘
repeated for each successive increment, The net effect is a work hardened
structure which requires increased stress in order to move existing
" dislocations past barriers and to generate the new ones necessary for the

slip processes of further plastic deformation,

The time dependent strain occurring between increments of load is
generally attributable to the motion of dislecations as discussed above
for ﬁlaStic deformation together with grain boundary shearing, The rate
determining factor here is thermal activation under the sction of an ,
applied stress., Thus the creep rate is initially quite high when the links
in the disloéation networx are sble to break frez due to small fluctuationsa

but slows thereafter as only the stronger links escape.

, Parabolic creep of the type observed here is the result of both
work hardening and recovery acting simultancously but with creep rates in
opposition. Work hardening, produced by the same mechenisms of plastic
deformation, would produce & structure increasingly resistent to an applied
stress, If this waere the only effect then creep would always occur at a
decreasing rate. However, as the dislocation density increases so does
the stored energy of the tengled structure., This acts as the driving force
in the recovery process where, provided the temperature is high enough,
dislocations are thermally ectivated to climb over barriefs where they may
mutually ennihilate or form stable walls (polygonize), The net effect
is 8 decreased dislocation densitj, a softer metal ard an accelerating
creep rate, Recovery is therefore the controlling procesé in creep because
if it 4is sufficient to compensate for work hardening the constant strain
‘rate ofrsecondary creep would be observed but if it is not the decreasing

rate of primary creep would result.

Recovery is observed in a different way when the load is removed
. from the specimen and the internal stress field developed during forward

creep may cause a similar rearrangement of the dislocetions,
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Macroscopically this is observed as an inverted primary cresp curve,

In this light the ereep recovery curve has been identified with anelastic
strain and the total forward creep curve regarded as the sum of two different
kinds of time dependent strain, anelastic and plastic occurring together
but followiﬁg independent laws (15)., Where no recovery occurred this was
attributed to the stress levels being in excess of the "plastic creep
limit", Below this limit, however, the recovered strain was important

to consider since the plastic strain was shown to be negligible in
comparison with the anelastic strain. Microscopically the amount of
strain recoverable would seem to depend upon whether the work hardened
structure contains sufficient stored energy at the test temperature to
themally diffuse -vacancies to dislocation sites and so make possible their

climb over barriers.

.In the type of test performed here the instantaneous strain was
followed by 15 minutes of creep strain for each increment, In general
this was continued until total strains of the order of 20% were reached.,

. Of this strain Fig. 11 shows that at lower temperatures the instantancous
strain component was dominant, whilst at higher temperatures the short-
time creep strain component accounted for most of it. Irrespective of
temperature, however, the strain recovered from unloading was mostly the
elastic component of the instantaneous strain and to a very much lesser
extent, and then only at loads approaching the fully unloaded state, the
anelastic component of the creep strain, It is possible that the plastic
strain caused by the addition of an increment interacted with the internal
stress field developed dwring prior creep in such a way as to prevent the
rearrangenent of dislocations associated with recovery. This inplies
that the work hardening mechanisms of creep and plastic deformation,
although basically equivelent, act on the structure in different ways,
There appears from the literature to be some evidence that this is the

case,

During creep inhomogenous defommation within individual grains and
across grain boundaries is caused bty the non uniform complex internal
stress'field that operates by interaction between the differently
orientated neighbouring grains, Wood end Wilms (16) observed that this
has the effect of fragmenting the individual greins intc a large nunber
of closely spaced subgrains bounded by dense arrays of lcw angle boundery
networks, Each subgrain contained within it isolsted jogs, kinked dislocations
end dipoles that form en overall strﬁcture common to metels and solid
solutions of high stecking fault energy. The étability of such a
structure depends upon the recovery and recrystallisation characteristics

of which the test temperature plays an important part. Anker, Hazlett
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and Parker (17) in their studies on high purity nickel_conciuded that this
type of Structure was unique to creep and diffefent from that associated
with plastic deformation where subgrains form as a result of dislocations
piling up at barriers already present within the crystel. Furthermore
the subgrain formation of plastic deformaticn was obseived to be generally
larger and free from the multitude of small angle boundaries of creep
deformation, Lagneborg (18), reviewing dislocation mechanisms in creep
observed that the subgrain boundaries of high temperature creep were more
distinct and well defined than the tengled dislocation structure forming
the cell walls of low-temperature plastic deformation though et similar
temperatures the two processes were regarded as equivalent, Sherby,
Goldberg and Dorn (19), in & study on subgrain formation, compared the crept
structures of initially annealed and prestrained/éhnealed pure aluminium,
A 60mparison of creep and tensile properties made on the degree of
polygonization of each subgrain structure following various degrees of
creep showed the properties to improve in the amnealed metzl as the \
pol&gonization increased, The correlstion did not hold, however, for the
increased polygonization structure of the prestrained metzl where the least
polygonized structure of the highest prestrain exhibited the best cfeep
resistance, Subgrain fomation is not now associegted with polygonization
and in this iight Lagneborg suggested that the factor controlling creep
;trength is the subgrain walls and the rate at which dislocations drain
from the grain interior to strengthen thems Thus the subgrain size and
perfection would appear to control creep strength, This has shown to be
the case for nickel by Colédren end Freeman (20) and for e luminium hy Hazlett
ard Hansen (21) provided the subgrains were stable. On the otker hand Yim
and Grent (22) have cast doubt on this postulate for nickel as have Grant
et al (23) for eluniniun., . Based on the'knowledge that subgrain i
bourdaries have & high degree of mobiiity during creep at temperaturss
where recovery is effective it is likely that the structures fommed as a
.result of plastic deformation coalesce with those formed during creep so

as to yield a net siructure little different from that of an originally
annealed structure. The test temperature may, therefore, be accounteble

for some of these discrepancies. . : !

At test températures exceeding 0.3 Ty the contributicn to creep
deférmafion in grein boundary sliding must be considered. | The grein
boundary seems to reverse its role in providing strength at low temperatures
to one of weakness at higher temperstures, - Grain boundary sliding is
observed as a rotation or trénslation of one grain with respect to its
neighbours and occurs in addition to the inﬁercrystalline Hodes of low=

temperature deformation., The question arises as to whether the two
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1

processes independerntly contribute to the total creep strain or wvhether
grain boundary sliding is dependent upon the intercrystalline mode in that
it serves to accommcdate it, In a review on the stréss and temperature
dependence of grain boundary sliding along with observations on appropriate
crept structures Carofalo (10) concluded that there was strong evidence to
irdicate that grain boundary'sliding was controlléd by intercrystalline
deformation for certain conditions of stress, lemperature and structurel
properties, Over the whole range of possible combinations, however, the
litersture indicates that grain boundary sliding may contribute anything

between 1 and 905 of the total observed creep strain,

With regard to the tests perfommed here in view of the test
temperatures (T/Tm ¥ 0.315) it is thought that the creep strain vas
- largely composed of grain boundary deformation. This would also explain:
the absence of the anelastic component of creep strain associated with
intergranular deformation., Microstructursl studies showed grains elongated
in the direction of the applied stress and sliding along their boundaries
which adds support to this (Fig. 13).

8., CONCLUSIONS

(1) For EIA aluminium the short-time creep cccurring between successive
increments of load over a wide range of temperature (0.3 & IT/Tp < 0.6)

and stress is transient in nature and describable by a parabolic equation

of the form €‘= at”,

(2) The time exponent m "is dependent upon the test temperature end the
- magnitude and sequence of loed increments but not on the test stress

level, In general its value was increased by:
(a) an increase in temperature;
(b) loading with smaller increments;

(c)‘a change in the value of the stress increment from

high to low during a test,

Possible physiczl significance of m has been shown in the
degree to which a subsequent creep cwve is affected by a prior one, to
the magnitude of the instentaneous loading strain and to an activation

energy which increases with temperature.
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(3) The paraméter & in the paraboliec law is dependent upon temperature,
stress level and stress increment value, The functions containing these

varisbles are separable into the form:
a = s exp (OV) exp (g/T) V’P

[ 4
to show that the creep rate ( €°= mat™ l), t seconds after the application
of en increment ( AV ) making a total applied stress (V") at a

temperature (T), increeses:
(a) exponentially with the test temperature;

(b) as & power function of the total stress level,

(1) The magnitude of the creep rate at a particular stress, time and

temperature for incremental loading is also dependent:

" (a) exponentially upon the stress increment used to reach

that stress;

(b) upon the prior creep curve when the increments ere small
and, to a lesser extent, the instantaneous loading strain

when the increments are large;

but not on the total amownt of prior strain aggregated from the previous
losds, '

This shows that it would not be possible to formulate a

mechanicsl equation of state
. &
€= g(v-;‘l')'b,é )

for which the creep rate at any time depends on the state of the system
at that time ard is independent of how or by what path the system reached
this state., There is conclusive evidence now that this cannot generally
be true but it would be approximately correct if in tests of this kind the
loading were always restricted to a fixed jncrement value and the time
exponent m were assumed constant at some average value acceptable over

a specific temperature range,

(5) Over the renge of temperature and stress employed in these tests the
mechanism responsible for creep deformation is predominantly grain
boundary sliding. A consistent feature in this type of tést was the '
insignificant order of recovered sirain associated with unloaaing. It

is more likely that the predominance of grain boundery sliding accourts
for this rather than any interaction between the @islocation fields of the

instanteneous strain and the prior creep strain,
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