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Abstract

Toward the green manufacturing, the minimum quantity lubrication (MQL) was high-lighted in the semi-dry 
stamping.  Besides for the hard coating technologies, the micro-texturing was effective to preserve the lubricating 
oil film onto the contact interface from the micro-dimples.  Two micro-texturing methods were proposed: the 
natural micro-texturing via the low temperature plasma nitriding, and, the artificial micro-texturing via the pico-
second laser machining.  Low friction and wear conditions were preserved for the stainless steel substrates in the 
ball-on-disc testing.  The laser micro-texturing was further utilized to make micro-dimple formation on the curved 
die inlet to reduce the wear during the ironing step in the semi-dry progressive stamping.
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1.     Introduction

The green manufacturing requests the significant 
suppression of CO2 emission by energy saving as 
well as less or zero emission of wastes even from the 
stamping processes [1].  Hard coatings have been 
applied to make perfect dry stamping [2, 3]; however, 
several damages hinder those challenging trials in 
practical severe working conditions.  Semi-dry 
stamping with use of minimum quantity lubrication 
(MQL) is highlighted in practice [4].   Under this MQL, 
the micro-texture on the sliding interface against the 
counter materials works as an oil pool to supply the 
low viscosity lubricating oils into interfaces [5, 6].  
How to tailor the appropriate micro-textures to each 
application and how to accommodate the micro-
textured surface to each die is still open to be solved 
in engineering.

In the present paper, two types of micro-texturing 
methods are proposed to investigate their effect on 
the reduction of friction coefficient in the ball-on-disc 
testing; i.e., natural micro-texturing via the low 
temperature short-term plasma nitriding [7-8], and,
the artificial micro-texturing via the pico-second laser 
machining [9-10].  Each method is capable to 
significantly reduce the wear and friction of stainless 
steels.  This basic knowledge is further utilized to 
design the micro-dimple texturing onto the semi-dry 
stamping die against the severe ironing steps in the 
progressive process.

2. Experimental procedure

2.1. Plasma nitriding 
Under the low temperature plasma nitriding of the 

stainless steels below 700 K, no nitrides are formed 
at the vicinity of nitrided surface [7-8].  In the 
following experiments, the AISI316L stainless steel 
substrates with the mirror-polished surface are 
plasma nitridied at 693 K for 7.2 ks by 75 Pa with use 
of the nitrogen and hydrogen mixed gases.  In this 

plasma nitriding, each grain of stainless steels is 
forced to expand by itself through the occupation 
process of the diffusing nitrogen solute interstitial 
atoms into the octahedral vacancy sites.  In particular, 
this crystalline straining at the vicinity of nitrided
surface induces the surface roughing through plasma 
nitriding.  Figure 1 compares the mirror-polished
surface before and after the plasma nitriding.  

Fig. 1 Natural micro-texturing via the low temperature 
plasma nitriding. a) AISI316L mirror-polished surface 

before nitriding, and, b) AISI316L surface after 
plasma nitriding.

Micro-dimples with the average size of 5 to 10 �m
are uniformly formed on the plasma-nitrided 
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AISI316L surface. This fine micro-dimple pattern 
works as an oil pool even under MQL. 
 
2.2. Laser micro-texturing 
 The pico-second laser machining system (LIPS-
Works, Co. Ltd.) was employed to form the tailored 
micro-dimple pattern onto the mirror-polished AISI 
316L surface.  Figure 2 depicts a typical micro-
dimple pattern with the average diameter of 50 �m, 
the pitch of 100 �m and the depth of 6 �m, 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Artificial micro-dimple patterns formed onto the 
AISI316L surface by the pico-second laser machining. 
 
In the following experiments, the galvanometer was 
controlled to form the finer micro-dimple alignment 
with the constant depth by 6 �m. 

 
2.3. Tribological testing 

The ball-on-disc tribometer (CSM-Instrument, Co. 
Ltd.) was employed to describe the history of friction 
coefficient with the sliding distance.  The applied load 
was constant by 10 N, and, the sliding velocity, 10 
cm/s.  Toward the green manufacturing under MQL, 
the spindle-oils were only supplied by 0.1 ml at the 
initial condition.  The SUJ2 ball with the diameter of 6 
mm was used as a counter material. 
 
2.4. Progressive stamping 
   The progressive stamper (AMADA, Co. Ltd.) was 
employed as a tribo-simulator to investigate the 
engineering endurance of micro-textured die.  Among 
several steps in this progressive stamping procedure, 
the most severe ironing step was selected for 
evaluation. 

 
3.  Experimental results and Discussion 
 

Two types of micro-texturing were evaluated by 
the ball-on-disc tribo-testing.  The tailored micro-
texturing was also proposed for semi-dry stamping 
with severe ironing step. 

 
3.1. MQL via the natural micro-texturing 
 Among three types of stainless steels such as 
AISI420, AISI430 and AISI316L, the AISI316L 
substrate was selected to investigate the effect of 
natural micro-texturing on the frictional behaviour. 
Figure 3 compares the time history of measured 
friction coefficient between the bare AISI316L and 
the micro-textured AISI316L.  Severe fluctuation in 
the time history of fiction coefficient was experienced 

in the bare AISI316L because of metallic sticking and 
wear on its surface.  The wear track reached to 630 
�m only after 300 s in the tribo-testing.  In case of the 
micro-textured AISI316L specimens, the friction 
coefficient was preserved to be constant by 0.1 even 
until 3600 s.  In addition, the wear track width after 
3600 s was only 135 �m.  The naturally formed 
micro-textures by low temperature plasma nitriding 
has capability to sustain low friction and wear state. 
 

Fig. 3 Comparison on the time history of friction 
coefficient between the bare AISI316L and the micro-

textured AISI316L specimens. 
 
To be noticed, there was little enhancement of 
hardness in this plasma nitriding; e.g., the hardness 
by the micro-hardness testing by 0.5 N for both 
specimens was nearly equal to 190 to 200 HV.   
 
3.2. MQL via the artificial micro-texturing 

The previous studies [9, 10] on the design of 
artificial micro-textures revealed that the geometric 
configuration of micro-textures played a significant 
role in the lubrication behaviour under MQL.  
 

Table 1 Three geometric configurations in the 
artificial micro-texturing via the pico-second laser 

machining. 
Case Diameter 

(��m) 
Pitch 
(��m) 

A 50 200 
B 50 100 
C 20 40 

*The micro-texture depth was constant by 6 �m. 
 

 
Fig. 4 Comparison on the time history of friction 
coefficient among three artificial micro-texturing 

conditions via the pico-second laser machining with 
the reference to the bare AISI316 without micro-

texturing. 
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In the present study, both the diameter and pitch of 
micro-textures were varied as listed in Table 1. 
 Figure 4 compares the time history of friction 
coefficient among three micro-texturing conditions, 
listed in Table 1.  When using the micro-textures by 
the Case-A, low friction with � = 0.1 was attained in 
the initial stage.  However, once the surface sticking 
occurred at 60 s, severe wear started and continued 
on the contact surface, resulting in high friction 
transients.  In the Case-B, where the pitch of micro-
dimples was reduced from 200 �m to 100 �m, low 
friction state was preserved through the whole 
duration.   This implies that the pitch must be 
shortened to supply the lubricating oils from the oil 
pockets, to preserve the sufficient lubricating oil 
thickness, and, to be free from metal sticking 
between the micro-textured AISI316L specimen and 
the counter material.   
  

Fig. 5 Comparison of the wear track after the tribo-
testing between the Case-B and the Case-C. a) The 
wear track in the Case-B, and, b) The wear track in 

the Case-C. 
 
In the Case-C, the micro-dimple diameter and its 
pitch were much reduced from the geometric 
conditions in Case-B.  The micro-dimple diameter 
was reduced from 50 �m to 20 �m; its pitch, from 100 
�m to 40 �m.  In the initial stage, lower friction 
coefficient than Case-A and Case-B was seen in Fig. 
4.  However, the metal sticking occurred in part on 
the contact surface and grew to significant wear in 
the final stage.  This suggests that the aspect-ratio of 
micro-dimple must be taken into account together 
with the micro-dimple size and alignment.  In the 
Case-B, the aspect ratio is 6 �m / 50 �m = 0.12, 
while it is 6 �m / 20 �m = 0.30 In the Case-C.  This 

higher aspect ratio of micro-dimples hinders the 
flush-out of the lubricating oils from the oil pocket. 
 Figure 5 compares the wear track after the tribo-
testing between the Case-B and the Case-C.  In 
common, both micro-dimples worn out after testing.  
In the Case-B, the wear track width is 250 �m while it 
reaches to 470 �m in the Case-C.  This difference in 
wearing state proves that the micro-texturing design 
should have much influence on the lubricating 
process on the contact interface. 

 
3.3. Hardening effect on the wearing 
 In order to significantly reduce the wear in MQL, 
the micro-textured surface must be hardened to 
preserve the micro-dimple shape and alignment.  
The low temperature nitriding was also employed to 
increase the engineering durability after formation of 
micro-dimples via the pico-second laser machining. 
 Figure 6 shows the micro-dimples after ball-on-
disc testing for 3.6 ks.  Although the slightly 
deformed zones were seen at the center of micro-
dimples, all the micro-dimples were never worn out 
through this tribo-testing. Compared to the wear 
tracks observed in Fig. 5, the hardening by plasma 
nitriding has drastic influence on significant reduction 
of wearing for AISI316L specimens.  
 The measured friction coefficient for this 
hardened AISI316L specimens was kept constant by 
� = 0.1 through this testing.  Although the micro-
textured AISI316 encounters the metallic sticking in 
Fig. 4, no fluctuations of friction coefficient was seen 
in this hardened AISI316L.  This proves that no 
metallic sticking occurs during the ball-on-disc testing 
and results in no formation of wear tracks. 
 This time history of friction coefficient is in 
agreement with the tribological behaviour, observed 
in Fig. 3 for AISI316 specimen with naturally formed 
micro-textures but without artificial micro-textures. 
This suggests that the nitrided ligaments of AISI316L 
in the micro-textured surface should govern the 
frictional behaviour. 
 

Fig. 6 Micro-dimples, formed on the AISI316L 
specimen by combination of the pico-second laser 

machining and the low temperature plasma nitriding, 
after ball-on-disc testing for 3600 s. 

 
3.4. Micro-texturing onto the curved die-surface 
 In the fine stamping of lithium battery, nickel-
plated steel cans, the super-alloyed die materials or 
WC (Co) is utilized to attain the low friction and 
wearing state in practice.  However, these hard dies 
suffer from severe wear in the ironing steps with 
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deep drawing of battery cans.  In the previous 
studies [11], the DLC (diamond like carbon) coating 
was applied to reduce the friction and wear in this 
sever stamping step.  Even in dry conditions, this 
nano-laminated DLC coating had sufficient 
endurance against delamination and wear up to 5000 
shots in the continuous stamping.  However, partial 
delamination was observed in local at the die-hole 
shoulders, which had the highest severity in ironing. 
 In the present study, the laser-micro-texturing is 
applied to form the adaptive micro-dimple patterns 
onto the curved surfaces of die inlet-hole as well as 
the transient surfaces to the straight hole.  Highly 
accurate and homogeneous micro-dimple patterns 
are accommodated onto the die inlet-hole. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Highly accurate and homogeneous formation 
of micro-dimple patterns onto the die inlet hole. a) 
Die for ironing and deep-drawing step, b) Micro-

dimple networks and c) Segmentation of fine micro-
dimple patterns. 

 
4.  Conclusions 
 
Two types of micro-texturing methods were employed 
to reduce the friction and wear of AISI316L stainless 
steels under the minimum quantity lubrication (MQL) 

with use of the ball-on-disc tribo-testing by 10 N 
and .10 cm/s.  Very small amounts of the spindle oils 
were supplied to the contact interface only at the 
beginning of test. 

Naturally adaptive micro-textures to MQL 
were formed by the low temperature plasma nitriding. 
The metal-sticking behavior, observed on the bare 
AISI3016L stainless steels, disappeared even after 
continuous testing for 3.6 ks.  Low friction coefficient 
with � = 0.1 was preserved all through this whole 
testing duration. 
 Laser micro-texturing provided a means to 
form the accurately aligned micro-texture patterns on 
the substrate.  The wear track width was significantly 
reduced together with reduction of friction coefficient 
down to � = 0.1.  The aspect ratio of the micro-
texture diameter to its depth played a role in this 
significant reduction wear and friction besides for the 
density of micro-textured.  Finally, the laser micro-
texturing succeeded in accurate and homogeneous 
formation of micro-dimple patterns onto the curved 
surface of die inlet shoulder and onto the transient 
surfaces to the straight section of die hole. 
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