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Abstract: In this study nickel (Ni) micro components with high precision were 

produced by electroforming using a soft mould produced by softlithgrahpy and 

photolithgraphy techniques. The effects of current densities on the microstructures 

and mechanical properties of the fabricated micro components were studied. It is 

found that a high precision soft mould was sucessfully fabricated and micro Ni gears 

with sharp walls and fine features were produced. A feature size as small as 

approximately 70 μm, a height of 380μm and a pitch diameter of 3 mm were 

achieved for the gear. The densities of the gears electroformed are found to be within 

the range between 5.24 and 2.95 g/cm
3
 when current densities utilized vary between 

50 and 10 mA/cm
2
. A lower current density leads to a finer microstructure and a larger 

value of microhardness. Meanwhile, by changing the current density from 50 to 10 

mA/cm
2
, the grain size decreases from around 50 to 30 nm while the microhardness 

increases from 220 to 410. In addition, the preferred orientation of the Ni matrix 

changes from (111) to (200) or (220) with the decreasing current density. 

 

 

Introduction: The last decade has witnessed a tremendous development of 

microelectronic technologies and the fabrication of micro components with specific  
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mechanical or functional properties offers possibilities for a diverse range of 

applications [1-7]. In particular, metallic miniature parts already find applications in 

high sensitive temperature transducers and pressure sensors, high precision resistors 

and capacitors, wearable biomedical devices and ultra high speed inkjet printers. In 

order to produce high precision metallic or ceramic micro components, various types 

of fabrication techniques have been developed and optimized in recent years. Micro 

system technology invented decades ago can be able to produce micro components 

with feature size from nanometer to millimeter scale and is widely used in many fields 

[8]. X-ray lithography, as a well established micro fabrication technique can introduce 

high energy density to produce high precision microstructures on polymeric materials 

[9]. However, the use of the X-ray source usually incurs high cost and prevents it 

from further applications. Based on X-ray lithography, LIGA process was developed 

by combining the electroforming technique and already utilized to successfully create 

structures with high aspect ratio[10]. Nonetheless, the process often involves the 

sophisticated facilities and suffers from the low productivity. Micro electrodischarge 

machining (μEDM) have been developed for years and can efficiently fabricate a 

variety of miniature products from an enormous range of metallic materials or 

composites [11-13]. However,μEDM is only effective in processing materials with 

adequate conductivity. To realize the removal of the nonconductive materials, laser 

micro machining was proposed and used to fabricate microstructures and micro 

components in an effective way. Despite its wide application there is always a need to 

improve the technique for producing smooth and fine surfaces. Micro metal injection 

moulding (μMIM) developed from MIM is considered a promising and economical 

way to mass produce micro components [14-17]. Nevertheless, the process chain of 

the MIM which involves powder mixing, injection moulding, debinding and sintering, 

is time consuming and environmentally unfriendly. 

Electroforming is widely employed to successfully produce micro components of 

metallic materials [18] and careful control of the deposition rate of the metallic ions 

during the electroforming process can allow the formation of micro components with  

extraordinarily high precision[19]. In particular, the precision of the micro 

components is closely associated with that of the mould. So far, the mould for the 
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electroforming process has been fabricated by LIGA or laser micro machining process, 

however, these methods are either too costly or can not satisfactorily achieve the 

desired precision. In order to improve the precision, combined techniques involving 

the photolithography and soft lithography offers a feasible alternative. The main 

advantage of the photolithography over other techniques is that much higher precision 

can be achieved and high quality microstructures can be fabricated during the process 

[2]. Meanwhile, the soft lithography allows the production of the replicas of the 

mould with fine features.[8, 20-21].  

In the paper, high precision nickel (Ni) micro components were produced by 

electroforming using an elastomeric soft mould prepared by soft lithography and 

photolithography techniques. The effects of current densities on the microstructures 

and mechanical properties of the prepared micro components were studied. The shape 

and the surface morphologies of the micro components were examined by the 

scanning electron microscope (SEM) and atomic force microscopy (AFM). Phase 

composition and grain size were determined by the x-ray diffraction (XRD). The 

mechanical properties were evaluated by measuring the relative densities and 

hardness of the samples.  

Materials and methods 

A master mould with shape of a high precision micro gear was produced on SU-8 

photoresist using photolithography. The fabrication for the master mould is as follows: 

(i) directly cast appropriate amount of the photoresist on a silicon substrate and bake it 

for 3 hours at 65 
o
C and 34 hours at 95 

o
C for 34 h; (ii) have the SU-8 photoresist 

exposed to ultraviolet with a high exposure energy of 9000 mJ/cm
2
 and the aid of 

filters (iii) post-bake for 5 min at 65 
o
C and for 15 min at 95 

o
C; (iv) develop the 

baked resist in EC solvent [22-23]. The master mould fabricated was then used for the 

fabrication of soft moulds. The soft mould was prepared by mixing an elastomer and a 

curing agent (Dow Corning, Midland, MI) with a volume ratio of 10 to1 and pouring 

the mixture on the master mould. After the mixture was cured, the 

polydimethylsiloxane (PDMS) soft mould was manually separated from the master 

mould. 

The PDMS soft mould was coated with a gold layer using a gold sputtering machine 

and used as the cathode while a Ni plate was utilized as the anode. The Ni electrolyte 

used is made of boric acid (25-35 g/L), Ni chloride (8-12 g/L) and Ni (85-95 g/L) 

(PMD Chemicals Ltd, UK). Electroforming was performed to produce the Ni micro 
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gears at a current density of 50, 25 and 10mA/cm
2
 respectively and the corresponding 

deposited samples are denoted as Ni-1, Ni-2 and Ni-3. After the electroforming, the 

micro gears were manually separated from the PDMS mould. Surfaces of the PDMS 

mould and micro Ni gears were examined using AFM and SEM. The crystal 

orientation and grain size were determined by XRD. The densities of the fabricated 

gears were measured by Archimedes’ method. Microhardness was obtained by 

introducing 100g load on the surface of the components for 15 seconds. 

Results and discussion 

The prepared master mould is shown in Figure 1. It can be seen that a mould of a 

micro gear with a height of 700μm and straight walls was successfully produced. The 

achievement of such a height of the micro gear is closely associated with the 

processing parameters. It is suggested that the exposure of the master mould to the 

ultraviolet is the critical step to fabricate vertical walls and usually a higher exposure 

energy can produce a sharper side walls [8]. In particular, SU-8 photoresist is rather 

sensitive to the wave length of the UV light. The increase of the wave length can 

considerably decrease the chance of the photoresist to absorb the energy of the light. 

In particular, when a wave length higher than 420 nm is selected, no absorbance of the 

light would occur while within 320 nm UV light would be completely absorbed [24]. 

In this work, a high energy density of 9000 mJ/cm
2
 along with a filter was selected to 

ensure the production of a microcomponent with a large thickness and high precision. 

The high energy density selected can favor the crosslink reaction within the SU-8 

photoresist and the use of the filter can allow only the wave length of near 320 nm to 

pass through and prevent the occurrence of T-topping effect, leading to the formation 

of straight and sharp walls. 

A PDMS soft mould replica is shown in Figure 2 after the softlithography process and 

it can be seen that the small features of the master mould are well retained in the soft 

mould. PDMS is a particularly well-known for its usual rheological properties. It can 

flow freely in a liquid state to precisely replicate the details of the master mould and 

when it is cured, it can be imparted with a very high strength and can be utilized 

frequently for the subsequent electroforming process. AFM images of the master 

mould, the soft mould as prepared and coated with a layer of gold particles are given 

in Figure 3. As is shown, surface roughness of the soft mould is similar to that of the 

master mould, implying a high precision soft mould is successfully produced while 
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the surface roughness of the soft mould coated with gold particles is almost ten times 

more than that of the master mould, indicating formation of a gold coating with 

thickness larger than 100 nm. 

Figure 4 shows SEM images of a typical electroformed Ni micro gear. It can be seen 

that micro gears display good shape profiles retaining the fine features and the sharp 

edges. The minimum feature size of the micro gear produced is approximately 70 μm. 

To further analyze the microstructures of the micro gears, the surfaces of micro gears 

electroformed at the varied current densities were then examined by XRD and high 

resolution SEM. The corresponding results are given in Figure 5 and it is noted that a 

lower current density leads to formation of a finer microstructure of the Ni. In 

particular, a lower current density can help prevent the agglomeration of grains and 

formation of large particle sizes, resulting in a smoother surface morphology and 

better surface quality of the electroformed samples. It should be noted that edge effect 

is usually present in the electroplating process and current is prone to concentrating 

on the edges or corners of cathodes, leading to the formation of samples with 

non-uniform thickness and surface morphologies. An auxiliary electrode or 

adjustment of current densities was often employed to achieve a more uniform current 

distribution around cathodes [25]. In this study, varied current densities have been 

attempted and a relatively uniform thickness and a smooth surface are achieved using 

a low current density in a continuously agitated electroplating bath. 

The XRD pattern of the Ni gear prepared at a higher current density exhibits sharper 

peaks as compared to that at a lower current density and the peak width of the Ni 

prepared at a lower current density is broader than that at a higher current density. It is 

reported that the grain sizes determined by XRD method are very consistent with 

those observed by transmission electron microscopy [26]. Grain sizes of the deposited 

Ni are therefore derived from the XRD results using the following equation [27]:    

/ cosQ K                       (1) 

Where   is the diffraction angle,   is the full-width at half-maximum,   is 

the wave length of the incident x-ray, K  is the Scherrer constant, Q  is the 

average grain size. 
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Grain sizes of the Ni gears electrodeposied at varied current densities are shown in 

Figure 6a. It is evident a lower current density can result in the formation of Ni with 

smaller grain size and when the current density is decreased from 50 to 10mA/cm
2
, 

the grain sizes of the Ni are found to decrease from around 50 to 30nm. Hardness 

measured shows the inverse trend with the current density (Fig 6a). A high hardness 

of 410 is achieved by using a lower current density of 10mA /cm
2
. On the other hand, 

the density of the electrformed gear exhibits a moderate decrease initially from 5.24 to 

2.95 g/cm
3 

when the current density decreases from 50 to 25 mA/cm
2
 and a significant 

increase to 4.05 g/cm
3 

when the current density as low as 10 mA/cm
2
 is used. The 

variation in density of the electroformed sample is attributed to both the deposition 

rate of Ni ions and the bubbles generated in electroplating practices. It is expected 

there is an optimum current density where a relatively high deposition rate can be 

achieved and bubbles formed would be readily released, leaving no pores in the 

electroformed samples and leading to a high density. Note that both a small grain size 

and a high density associated with the current density can contribute to a high 

hardness of the electrodeposited Ni. 

To further analyse the microstructure, the XRD results were used to determine the 

preferred orientations of the matirx grain and the corresponding texture coefficients of 

varied crystal planes were derived based upon the equation below [28-29]: 

( ) 0( ) 0( ) ( ) ( )/ /hkl hkl hkl hkl hklTc I I I I               (2) 

Where (hkl) and I represent the crystal planes and the intensity of the reflection 

respectively. 0 indicates the intensity of the reflection for the standard sample. 

Texture coefficients of the matrix microstructures are compared and given in 

Figure 6c. It shows that Ni electrodeposited at 50 mA/cm
2 

show the preferred 

orientation at (111) and the decrease of the current density to 25 or 10 mA/cm
2 

results in the change of the preferred orientation to (200) or (220). The previous 

report suggest that the following reactions tend to occur during the  

 H2O + Ni    Ni(H2O)                       (3) 

 Ni(H2O)   H
+
+Ni(OH)

+
+2e-                  (4) 

OH
-
+Ni(OH)

+     
Ni(OH)2                    (5) 
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electroforming process and cause the formation of Ni(OH)2 on the cathode 

surface [30]. As a result, the texture coefficient at the preferred orientation is 

noticeably decreased [30]. On the other hand, it is found for face-centred cubic 

metals, the stress in grains with orientation of (hkl) is linearly correlated with 

the angle between (100) and (hkl) [31]. Therefore, it might be feasible to 

roughly assess the residual stress within the electrodeposited Ni by determining 

the deviation of the specific (hkl) plane away from the (100) plane. The angles 

of (111) , (200) and (220) planes to (100) plane can be calculated to be 54.7°, 

0° and 45°, respectively. The result suggests that in comparision with the Ni 

produced at a higher current density, a lower current density tends to cause the 

decrease of the stress in the deposited Ni. However, when a small current 

density is utilised, it takes a long time to complete the electroforming process 

and may cause the build-up of the stress.” 

Conclusions 

In this study, electroforming was carried out to produce high precision micro Ni 

gears using a soft mould fabricated by photolithography and soft lithography 

techniques. Microstructures, phase compositions, densities and hardness of the 

gears electroformed at varied current densities were investigated. It is found 

surface roughness of the soft mould is similar to that of the master mould and a 

high precision replica is sucessfully produced. A gold layer deposited on the 

soft mould for the electrforming process is around 100nm thick and micro Ni 

gears electroformed display good shape profiles with feature size of as small as 

approximately 70 μm. SEM images indicate that a lower current density can 

lead to a smoother surface morphology and a finer microstructure of the Ni. 

Uniform thickness and surface morphologies of the electroformed samples can 

be achieved using a low current density of 10mA/cm
2
. XRD results imply grain 

sizes of the Ni can be tuned by changing the current densities and when the 

current density is decreased from 50 to 10mA/cm
2
, the grain sizes of the Ni are 

found to decrease from around 50 to 30nm. Densities of the gears are closely 

associated with the current density, which determines the deposition rate of the 

Ni ions and the release of the bubbles during the electroforming process. 

Varied current densities cause the change of preferred orientation from (111) to 

(200) or (220) and a lower current density tends to cause the decrease of the 

stress in the deposited Ni. The presented study suggests that massive 
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reproduction of metallic micro components with improved mechanical 

properties might to be realized using the combined techniques. 
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Figure 1.A camera image of the SU-8 ultrathick master mould on a silicon wafer (a) 

and a SEM image of the micro gear master mould (b). 

 

 

Figure 2. SEM images of the soft moulds of the gears. (b) is a higher magnification 

image of (a). 

 

Figure 3. AFM images of the surfaces of the master mould (a), soft mould (b) and the 

gold-coated soft mould (c) 
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Figure 4. SEM images of the electroformed micro gears. (b) is a higher magnification 

image of (a). 
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Figure 5 SEM and XRD results of the micro gears prepared at 50 (a,b), 25 (c,d) and 

10 (e,f )mA/cm
2 
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Figure 6. Hardness, grain sizes (a), densities (b) and texture coefficients(c) of the 

samples electroformed at varied current densities. 

 

 

 

 

 

 

 


	Blank Page



