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Abstract: To decrease the size effects of friction in microforming, three kinds of surface coatings, such as diamond-like carbon 
(DLC), TiN and MoS2, were deposited on surfaces of dies with plasma based ion implantation and deposition (PBII & D) method and 
magnetron sputtering technique, respectively. The tribological behavior of surface coatings was analyzed considering plastic 
deformation of specimen at contact interface. The analyses indicate that there is a lower coefficient of friction (COF) and a high wear 
resistance under the condition of large strain/stress when using the DLC film. The graphitization of DLC film occurs after 100 times 
of tests. The mechanism of graphitization was analyzed considering energy induced by friction work. The effects of DLC film 
properties on qualities of micro-deep drawn parts were investigated by analyzing the reduction of wall thickness, etc. The results 
indicate that DLC film is very helpful for improving the qualities of the micro-parts. 
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1 Introduction 
 

Microforming process is very suitable for the 
massive production of micro-parts used in 
micro-electro-mechanical systems (MEMS) [1]. With the 
miniaturization of micro-parts, size effects of friction 
occur obviously when a liquid lubricant is applied [2,3]. 
For example, the friction factor increases from 0.02 in 
the case of the d4.0 mm specimen up to 0.15 for the 
smaller specimen of the d1.0 mm in micro-extrusion [4]. 
Because of the size effects, the micro-deep drawing 
process is different from the macro-deep drawing 
processes, and the friction has an obvious effect on the 
plastic deformation behaviors of thin sheet in micro-deep 
drawing processes [5,6]. For its excellent tribological 
properties [7], the diamond-like carbon (DLC) film gains 
more and more attention both in macro-forming and 
microforming processes. Carbon thin film was applied to 
friction-reducing and wear protection in metal forming 
[8−10]. For example, it was found that it was effective to 
reduce friction under dry friction condition of DLC film 
in wire drawing process [11]. The best results for the 

lubricant of Si−DLC film was at temperature of 700 °C 
in warm metal forming [12]. In microforming, it 
becomes difficult for DLC film to deposit on the inner 
surface of female die cavities due to their small 
dimensions [13]. A DLC micro-film coating method was 
proposed by making use of argon gas [14]. The results by 
TAKATSUJI et al [15] showed that the maximum 
extrusion force decreased from 32 kN for uncoated die to 
25 kN for the DLC-spatter-coated die due to its lower 
coefficient of friction (COF), which was also much lower 
than that for CrN coated die and TiN coated die. Using 
DLC coated blank holders and dies, micro-cups with 
high limit drawing ratio (LDR) were manufactured 
successfully because of low friction [16−18]. The micro 
bending tests showed that the wear resistance of DLC 
film was excellent [19]. The nano-laminated DLC film 
was applied to improving the coated tool life in dry 
micro stamping [20]. However, the wear mechanism of 
DLC film in microforming processes was not 
investigated, and the effects of tribological behavior on 
the qualities of micro-parts should be studied in details. 

In this work, the tribological behaviors of DLC, TiN 
and MoS2 films were evaluated in strip drawing tests.  
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The COF of films was measured, and the wear resistance 
ability was analyzed. Considering friction work, the 
graphitization of DLC film was studied with Raman 
spectra. In micro-deep drawing process, DLC film coated 
dies were applied to manufacturing micro-cup of 1.1 mm 
in diameter by using T2 copper thin sheet with 40 μm in 
thickness. The qualities of micro-cups with DLC film 
coated dies, such as surface quality, reduction of 
thickness, accuracy of inner diameter, were analyzed by 
comparison with that obtained by polyethylene (PE) film 
coated dies. 
 
2 Experimental  
 

Since T2 copper could be deformed under high 
contact pressure in micro-deep drawing, the tribological 
behaviors are different from the rigid contact in 
traditional ball-on-disk tests. A new COF evaluation 
method was developed with strip drawing tests between 
two opposing flat die surfaces which were wider than the 
strip [21]. The tests were carried out using a precision 
tension instrument. Then, the COF can be calculated by 
Eq. (1) based on the Coulomb’s law. 
 
μ=F/(2N)                                    (1) 
 
where μ is COF, F is friction force and N is normal force 
loaded by two punches. The tool steel JIS-SKD11 was 
selected as punch material, and the hardness was treated 
to HRC 60. The contact punch surface was polished to 
surface roughness Ra of 0.1 μm, which was helpful for 

the deposition of surface film. The TiN and DLC films 
on die surface were deposited in PBII&D facility, and 
MoS2 film was prepared by magnetron sputtering 
technique. The parameters used in surface film 
deposition are shown in Table 1. 

The surface topography of DLC film was observed 
by SEM (HITACHI, S−4300). The evolution of the sp3 
and sp2 phases was analyzed by Raman spectra (JY, 
HR800) with excitation wavelength of 532 nm at power 
of 0.1 mW. 

A serial of micro-deep drawing experiments were 
carried out using the blanking-deep drawing multiple 
operation die [17,18]. The diameters of blanked 
specimen D and formed micro-cup d were 2.0 mm and 
1.1 mm, respectively. Then, the limited drawing ratio 
(LDR, D/d) was 1.8. The punch load was obtained 
directly by a small precision sensor embedded in the die. 
 
3 Results and discussion 
 
3.1 Tribological properties of surface coatings 

Using the strip drawing experiments, the COF was 
obtained under various lubricant conditions shown in  
Fig. 1. The COF is decreased from 0.30 for no surface 
coating to 0.21, 0.15 and 0.13 for DLC, MoS2 and TiN 
film with specimen of 1.0 mm in width, respectively. The 
reduction amounts of COF are 30%, 50% and 56.7% of 
that for no surface coating. This means that the surface 
coating is very helpful for friction-reducing. When the  

 
Table 1 Parameters for deposition of surface films 

Film 
Implantation 

voltage/ 
kV 

Pulse 
current/ 

A 

Main arc 
voltage/ 

V 

Main arc 
current/

A 

Arc pulse 
duration/

ms 

Pulse 
frequency/

Hz 

Pulse 
width/
μs 

Working 
pressure/ 

Pa 

Base 
vacuum/ 

Pa 

Gas flow/
(mL·min−1)

Time/
h

TiN 25 2 50 8 3 25 60 3×10−1 9×10−3 50 (N2) 3

DLC 25 1.5 70 3.5 1 100 60 4×10−2 9×10−3 5 (Ar) 3

MoS2 6 5    100 60 2   3

 

 

Fig. 1 Coefficient of friction with different films: (a) 1 mm in width; (b) 2 mm in width 
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width of specimen is changed from 1.0 mm up to 2.0 mm, 
the COF is almost the same as that for no surface  
coating, DLC and TiN film. This indicates that size 
effects of friction do not occur, and the surface films, 
such as DLC and TiN film, can be used in microforming 
for friction-reducing. At the same time, it is found that 
the COF obtained by the strip drawing test is a little 
higher than that obtained by ball-on-disk test as shown in 
Ref. [17]. The reason may be that the plastic deformation 
of specimen occurs at the contact interface under high 
contact pressure. 

After about 100 times of tests, the surface 
topographies of coatings were observed with SEM as 
shown in Fig. 2. A lot of chippings appear on the surface 
 

 

Fig. 2 SEM photographs of surface coating after tests: (a) DLC; 
(b) TiN; (c) MoS2 

of MoS2 film, and the TiN film is better than MoS2 film. 
It is very interesting that there is no cracking or chipping 
on the surface of DLC film, which means that the DLC 
film can endure larger strain/stress. Based on these 
results, DLC film is adapted to deposit on the die used in 
micro-deep drawing. 
 
3.2 Wear mechanism of DLC film 

To evaluate the abrasion of DLC film in strip 
drawing, a series of 532 nm Raman spectra were 
obtained before and after 100 times of tests. The curves 
are fitted with Gaussians equation for the G and D peaks 
(Fig. 3), and the parameters, such as D peak, G peak and 
ratio between intensity of the D peak and G peak, are 
obtained in Table 2. After 100 times of tests, the peak 
frequency of D peak and G peak becomes large, and the 
ratio of ID/IG increases at the same time. These results  
 

 

Fig. 3 Raman spectra of DLC film: (a) Original DLC film; (b) 
DLC film after test 
 
Table 2 Analysis results of Raman spectra 

Peak position/cm−1 
Sample 

D peak G peak 
ID/IG (m/I(G))/μm−1

Original DLC 1376.9 1574 5.038 0 

After 100 times 1391.7 1579.3 6.723 0.023 
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indicate that the phase transformation of DLC film 
occurs obviously. For the energy induced by the friction, 
some sp3 bonds are changed to sp2 bonds. Since the 
plastic deformation occurs in the surface layer of copper 
specimen, the energy due to the friction at the contact 
area is much larger than that in rigid contact. The friction 
contributes to the activation energy of the transformation 
from sp3 bonds to sp2 bonds. As a result, the 
graphitization of DLC film occurs clearly [22]. 
Interestingly, the ratio of the slope m of the fitted linear 
background to intensity of the G peak, m/I(G), becomes 
large after 100 times of tests. As we know, the ratio 
m/I(G) can be used to evaluate the content of hydrogen 
in DLC film. This means that the DLC film still contains 
a certain number of hydrogen atoms which are not in the 
form of C—H bonds. 
 
3.3 Effects of tribological behavior on micro-deep 

drawing 
Since there were obvious size effects of friction 

when lubricant oil was applied, two kinds of solid films, 
DLC film and PE film, were applied to micro-deep 
drawing as shown in Fig. 4 due to their lower COF. The 
DLC film was deposited on the female die and blank 
holder by PBII&D method with parameters shown in 
Table 1, and a commercial PE film of 5 μm in thickness 
was chosen and put directly between copper sheet and 
female die, which was blanked and deep drawn together 
with copper sheet during the moving down of punch. 
Micro-cups were successfully deep drawn with DLC film 
and PE film. The SEM photographs of micro-cups show 
that no wrinkles in the rim occurs with DLC coated 
female die as shown in Fig. 5(a). However, there are 
many wrinkles in the rim when PE film is applied as 
shown in Fig. 5(b). Due to the force induced by friction 
and plastic deformation, obvious tensile deformation 
occurs at the wall of micro-cup, which can lead to the 
breakage at the bottom corner of micro-cup for the 
reduction of wall thickness. The thickness of wall     
at bottom corner of micro-cup was measured at the 
points as shown in Ref. [18] using a confocal laser 
 

 
Fig. 4 Lubrication of DLC film and PE film [18] 

scanning microscope (Olympus, OLS3000) as shown in 
Fig. 6. The reduction of wall thickness of micro-cup 
formed using DLC film coated die is lower than that 
using PE film. The reason is that the PE film can be 
easily accumulated at the corner of female die during the 
micro-deep drawing process for its lower strength, and it 
becomes difficult for T2 copper sheet to be pulled into 
female die. As a result, the thickness of wall decreases 
under the relative small clearance. At the same time, the 
accumulation of PE film leads to the wrinkles in the rim. 
It also has an obvious effect on the inner diameter of 
micro-cup [18]. The inner diameters of micro-cups are 
1.091 mm and 1.088 mm for the DLC film and PE film, 
respectively. The measured value is different from the 
designed value of 1.1 mm. The error increases from 9 μm 
for DLC film to 12 μm for PE film. 
 

 

Fig. 5 Micro-cups obtained under different lubrication 
conditions: (a) DLC film; (b) PE film 
 

 

Fig. 6 Thickness of sheet near bottom corner of micro-cup 
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Figure 7 shows the punch load in micro-deep 
drawing with thin T2 copper sheet under different 
lubrication conditions. The maximum punch load for 
lubrication with DLC film is approximately 8.7% lower 
than that of lubrication with castor oil, which is close to 
that of lubrication with PE film. This means that DLC 
film possesses lower COF in microforming. 

After about 100 times of tests, the DLC film on 
blank holder and female die were observed using SEM as 
shown in Fig. 8. It can be seen that there are no scratch 
marks on the surface of DLC film, which means that 
 

 
Fig. 7 Punch load−stroke of micro-deep drawing 
 

 
Fig. 8 DLC film on micro-die surface after tests: (a) Blank 
holder; (b) Female die 

DLC film possesses strong adhesion with substrate and 
excellent wear resistance to endure high strain/stress 
condition in microforming. At the same time, we notice 
that there are many debris of copper sheet left on the 
contact surface of blank holder and female die after 
micro-deep drawing. In the following deep drawing, the 
debris may lead to stress concentration. Then, the DLC 
film can be easily worn under the higher stress. 
 
4 Conclusions 
 

1) The strip drawing tests show that DLC film 
possesses lower COF independent of the specimen 
dimensions, and can endure high strain/stress in 
microforming due to the strong adhesion with substrate 
and excellent wear resistance. 

2) After about 100 times of tests, the ratio of ID/IG 
increases clearly, which means that the graphitization of 
DLC film occurs. 

3) The micro-cup of high quality was successfully 
deep drawn with DLC coated die. After micro-deep 
drawing tests, there are no scratch marks on the surface 
of DLC film. 
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摘  要：为了降低微成形中的摩擦尺寸效应，采用基于离子注入、沉积法和磁控溅射技术在模具表面分别镀上 3

种涂层(DLC、TiN 和 MoS2)。考虑试样在接触面的塑性变形，分析了表面涂层的摩擦行为。分析表明：当使用

DLC 涂层时，摩擦因数较低，并且在大应力应变条件下具有较高的抗磨损性能。当进行 100 次摩擦实验后，DLC

薄膜出现石墨化。从摩擦功影响而导致能量降低的角度分析了石墨化机理。通过减小壁厚等研究了 DLC 薄膜的

性能对微拉深件质量的影响。结果表明，DLC 薄膜有助于改善微型构件的质量。 

关键词：微拉深；DLC 薄膜；摩擦行为；微型杯件；石墨化 
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