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A B S T R A C T   

Surface texturing with lubricant mixtures was studied by dynamic coefficient of friction (COF) values on micropit 
and micropillar WC-Co hard metal specimens that were fabricated using a micro-working robot technique 
combined with metal injection molding (MIM). Lubricating grease mixed with MoS2 was investigated, and 40 wt 
% additive level of MoS2 reduced COF values by 45% down to 0.06 level on flat WC-Co specimens. The corre
sponding COF values for the micropit specimens were higher up to 0.10 that may result from the small contact 
area of the used pin. On the contrary, a reduction of COF values was observed for micropillar specimens 
compared to the flat WC-Co specimens induced by a load carrying structure of the micropillar specimen. A highly 
stable antiwear behavior was observed for specimens with micropits.   

1. Introduction 

Layered crystallites, commonly known as solid lubricants, have been 
extensively used as additives in oils [1,2] and greases [3] for reducing 
friction and wear in mobile mechanical assemblies. They can be used 
directly as powders, fillers in self lubricating composites and as additives 
to liquid lubricants. Good lubricity is due to weak van der Waals forces 
between the planar sheets which allows easy shearing between the basal 
layers. Their operation, however, is highly dependent on environmental 
factors such as atmosphere, humidity and radiation. Typical examples of 
layered solids are graphite, transition metal dichalcholgenides (for 
example, MoS2 [4] and WS2 [5]) and hexagonal boron nitride (h-BN) [6, 
7] from which MoS2 is probably the most studied and widely utilized 
[8]. 

MoS2 occurs naturally as a black crystallite that is obtained as 
molybdenite, a mineral ore of molybdenum. It can also be fabricated 
synthetically. An extensive review of the basic structure, synthesis, 
application and lubricating mechanisms of MoS2 can be found from a 
previous study [9]. The basic mechanisms of the lubricating properties 
of MoS2 is the ability to form a transfer film on a counter surface, and the 
shear orientation of the basal planes along the sliding direction [9,10]. 
Reliable operation window covers a wide temperature range from 
cryogenic temperatures to about 300 ◦C in air. In addition, ability to 

operate effectively also in vacuum allows MoS2 lubricant for a wide 
range of applications including space industry. It has also been used in 
several tribological applications on different substrates from stainless 
steel [11] and ceramic materials to hard metals [12] and polymers [13]. 
MoS2 can be applied onto surfaces of mechanical components, for 
example, by rubbing (burnishing) on textured cemented carbide [14], 
titanium alloys [15] and steel surfaces [16], spraying [17] and hot 
pressing [18]. It can also be deposited as surface coating material by 
magnetron sputtering [19] or mixed together with lubricants ranging 
from low viscosity oils [20] and engine oil [21] to liquid paraffin [22]. 

Over the recent years, surface texturing has been studied as a surface 
pretreatment method with solid lubricants. A focused review of common 
surface texturing techniques that have been tested and used in the past 
decades was presented in a previous study [23]. A more recent surface 
texturing technique is the combination of a computer controlled 
micro-working robot technique with metal injection molding (MIM) 
[24]. MIM is useful technique in fabricating highly precise, controlled 
micropillars, micropits and multilevel micropits on metal surfaces 
including also ceramic materials [24]. Micro-dimple structure by 
infrared [25], laser [26], and electrochemical [27] surface texturing has 
been reported in literature as a particularly promising method for 
reducing friction and wear between rubbing surfaces in hydrodynamic, 
hydrostatic and mixed lubrication regimes as they serve as reservoires 
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for lubricants and also as wear debris entrapment cavities. Texturing can 
also enhance the load carrying capacity of mechanical components [28] 
and also increase hydrodynamic pressure effect in a lubricated contact 
[29]. 

In this study the effect of a mixed lubricant of MoS2 and lubricating 
grease on the sliding friction and wear properties was studied on both on 
flat and textured WC-Co hard metal specimens. Highly controlled 
micropit and micropillar WC-Co specimens were fabricated using MIM 
with needle sizes of 100 µm and 200 µm. Sliding friction was measured 
using pin-on-plate reciprocating sliding tests on tribometer with two 
normal loads of 10 N and 30 N. First, the additive levels of MoS2 were 
examined on flat reference specimens for a low friction surfaces. Sec
ondly, the effect of both micropit and micropillar density was studied 
with the hihg density micropillars displayeing the lowest COF values. 
The observed sliding friction results were complemented with detailed 
surface morphology characterization by using the scanning electron 
microscope (SEM). 

2. Materials and methods 

2.1. Sample preparation 

Fig. 1 shows the fabrication protocol of the WC-Co micropit speci
mens. First, highly ordered round shaped micropits were fabricated on a 
rectangular (64 mm × 1 mm) 0.25 mm thick nickel foil (99.99%, 
Good Fellow Cambridge Limited, UK) using a computer assisted labo
ratory scale micro-working robot (Mitsubishi rp-1ah robot 1). Nickel 
foils were textured at a speed of 500 mm/s. Micropits were created using 
two WC-Co needles (Fodesco Ltd, FI) with tip diameters of 100 µm and 
200 µm. High density, medium density and low density micropit arrays 
were created using the 200 µm needle assembled to the arm of the 
microbot. The separation between adjacent pit locations for each array 
was 200 µm, 400 µm and 600 µm, respectively. The 100 µm needle was 
used to create micropits with a separation of 100 µm between adjacent 
pit locations. Micropits were ordered in an equidistant square lattice 
arrangement on each matrix. 

Secondly, to fabricate ordered hard metal WC-Co micropit speci
mens, each micropit matrix on Ni foil was replicated on 17-4PH stainless 
steel (PolyMIM GmbH, DE; composition shown in Table 1) having 
micropillars. The 17-4PH micropillar sample was then used as a mold 
insert to fabricate WC-CO hard metal micropit samples, and 17-4PH was 
selected as a mold material due to a low coefficient of expansion during 
sintering. 

Finally, the micropillar WC-Co specimens were fabricated in a single 
MIM replication process using Ni mold inserts with 200 µm and 400 µm 
separation between the adjacent micropit locations in a square lattice 
produced with the microrobot. The micropillar WC-Co specimens (a 
negative of the micropit texture on the Ni mold inserts) were then 
replicated using a MIM process similar to the 17-4PH SS specimens. 

Each fabrication and replication process was carried out by MIM 
technique using a HAAKE Minijet II (Thermo Fisher Scientific) injection 
molding micro-compounder under the following parameters: cylinder 
temperature of 191 ◦C, heating tool temperature of 60 ◦C, injection 
pressure of 750 bar and injection time of 10 s. These specimens, tech
nically referred to as the green parts, with an average thickness of 
1.64 mm were debinded, dried and sintered. The polymer binder ma
terial was removed from the compounded green parts by solvent 
debinding by placing the specimens into a hot water bath at a constant 
temperature of 60 ◦C for 12 h. These so called brown parts were sub
sequently dried in a temperature programmed oven at temperature of 
100 ◦C for 2 h. Full densification of specimens was achieved through a 
liquid phase sintering protocol in a high temperature furnace (HTK 8 
MO/16-1G, Carbolite/Gero, DE). 

For the 17-4PH insert specimens, sintering was carried out in an H2 
atmosphere with the following successive sintering protocol as pre
sented in Fig. 2 A: heating from room temperature to 200 ◦C at a heating 
rate of 180 ◦C /h for 1 h (A) and holding for 2 h, heating from 200 ◦C to 
600 ◦C at 180 ◦C /h for 2 h 13 min (B) and holding for 2 h, heating from 
600 ◦C to 1 350 ◦C at 300 ◦C/h for 2 h 30 min (C) and holding for 3 h 
followed by cooling from 1 350–80 ◦C for 1 h 25 min at 900 ◦C /h (D) 
and holding for 15 min before cooling from 80 ◦C to room temperature. 

The sintered 17-4PH specimens were utilized as new mold inserts to 
fabricate WC-Co specimens with micropits arrayed in an exact negative 
compared to the micropillars of mold inserts. The main feedstock ma
terial for MIM micropit specimens was commercial cemented tungsten 
carbide, (WC-Co, WC0.8Co13.5, Z360, PolyMIM GmbH, DE). The 
feedstock had an average density of 14 g/cm3 and a Vicker hardness 
greater than 1440 HV10. The composition of the feedstock material is 
presented in Table 2. Both micropillar and micropit MIM specimens 

Fig. 1. Fabrication of WC-Co micropit specimens by micro-robot and MIM techniques.  

Table 1 
Typical composition of commercially graded 17-4PH stainless steel specimens.  

Composition Fe C Ni Cr Mn Si Cu other 

> – – 3.0 15.0 – – 3.0 – 
< Balance 0.07 5.0 17.5 1.0 1.0 5.0 0.45  
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were produced using HAAKE Minijet II injection molding device. 
The WC-Co green parts were debinded and dried as given above. The 

debinded brown WC-Co samples were sintered in an N2 atmosphere with 
the following protocol as presented in Fig. 2 B: heating from room 
temperature to 100 ◦C at 100 ◦C/h for 48 min (A) and holding for 1 min, 
heating from 100 ◦C to 450 ◦C at 120 ◦C/h for 2 h 55 min (B) and 
holding for 1 h, heating from 450 ◦C to 600 ◦C at 120 ◦C/h for 1 h 
15 min (C) and holding for 2 h, heating from 600 ◦C to 1 000 ◦C at 
120 ◦C/h for 3 h 20 min (D) and holding for 1 min, heating from 1 

000 ◦C to 1 150 ◦C at 300 ◦C/h for 30 min (E) and holding for 40 min, 
heating from 1 150 ◦C to 1 250 ◦C at 300 ◦C/h for 20 min (F) and 
holding for 40 min, heating from 1 250 ◦C to 1 369 ◦C at 180 ◦C/h for 
40 min (G) and holding for 2 h followed by cooling from 1 369–300 ◦C 
at 900 ◦C/h for 1 h 11 min (H) and holding for 1 min, cooling from 
300 ◦C to 80 ◦C at 900 ◦C/h for 15 min and holding for 15 min before 
final cooling from 80 ◦C to room temperature. 

2.2. Surface morphology characterization 

Field-emission scanning electron microscope (FE-SEM, Hitachi S- 
4800, JP) and electron dispersive spectroscopical (EDS) techniques were 
utilized for surface morphology studies and elemental identification, 
respectively. The EDS was used to produce spectral micrographs of 
selected spots on the specimens with individual elements identified from 
the spectral micrographs. Fig. 3 shows SEM images of both textured and 

Fig. 2. Sintering protocols for; (A) 17-4PH SS and (B) WC-Co specimens.  

Table 2 
Typical composition of commercially graded WC-Co.  

Composition WC Co Other carbides 

> –  13.0 – 

< Balance  14.0 0.7  

Fig. 3. SEM images of the fabricated WC-Co MIM micropit specimens before tribological tests. (A) 200 µm high density, (B) 400 µm medium density, (C) 600 µm low 
density, (D) 100 µm high density and (E) flat reference specimens at different magnifications. 
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flat WC-Co specimens before tribological tests. 
Table 3 summarizes the geometries of the fabricated micropit and 

micropillar WC-Co specimens. It is noteworthy that the micropit speci
mens have smaller dimensions than micropillar specimens due to 
shrinkage of the 17-4PH SS during sintering of the SS mold. 

2.3. Tribological testing 

Reciprocating pin-on-plate sliding friction and wear tests were per
formed on both WC-Co specimens with micropits and flat reference WC- 
Co specimens against WC-Co pins (radius of curvature of 2.2 mm and 
length of 9.2 mm) using the CSM tribometer coupled with a computer 
controlled software. Tests were carried out in lubricated conditions 
using a commercial lubricating grease (SuperLube, Synco Chemicals, 
US) in combination with MoS2 at different addition levels up to 50 wt%. 
MoS2 was mixed together with SuperLube manually by simply adding 
the weighted percentage masses together in a small plastic tray, and a 
uniform mixture was obtained by gradual stirring. All lubricant mixtures 
were applied by rubbing 0.01 ml of lubricant unto the sliding track 
before sliding wear. Dispensing of lubricants onto the specimen surface 
was carried out using a 1 ml rubber syringe with a needle fitted at the 
tip. Two applied normal loads of 10 N and 30 N were employed. Each 
test was carried out at a linear acquisition rate of 100 Hz with a sliding 
distance of 100 m, sliding speed of 5 mm/s and an half amplidude of 
15.0 mm. Temperature and humidity varied between the range of 25 ±
2 ◦C and 40 ± 2%, respectively at a standard atmospheric pressure. Test 
specimens were cleaned manually using acetone and cotton wool. Each 
test was repeated at least three times to enhance the reproducibilty and 
reliability of the obtained results. 

3. Results and discussion 

EDS spectral images of selected spots on the WC-Co sample speci
mens identified the highest peak in the measured spectrum as tungsten 
followed by the cobalt binder phase. The EDS analysis confirmed the 
presence of the main constituent elements; tungsten, carbon and cobalt 
in WC-Co, which constitute the two distinct phases, WC phase and Co 
phase of cemented tungsten carbides. 

3.1. Optimization of MoS2 additive level for sliding friction 

Flat reference specimens were used to optimize the MoS2 content in 
the lubricant. The measured dynamic COF values under an applied 
normal load of 10 N with different MoS2 weight percentages are pre
sented in Fig. 4. MoS2 was mixed uniformly with the lubricating grease. 

From Fig. 4, a gradual decrease in the dynamic COF curves from 0.11 
for pure SuperLube is observed as the MoS2 content increases. At 40 wt 
%, the curvature almost overlaps with the 50 wt% curve with 0.06 COF 
value. However, 50 wt% COF curvature begins to rise above the 40 wt% 
MoS2 COF at the steady state after about 70 m of sliding distance. 
Therefore, 40 wt% was selected as the used amount in the following 
measurements with microstructured specimens. 

3.2. Effect of micropit density at 40 wt% MoS2 additive level 

Fig. 5 shows the COF curves under two distinct applied normal loads, 
10 N in A) and 30 N in B) with 40 wt% MoS2. The dynamic COF curves 

for both textured and flat reference specimens are well below 0.10. It 
was observed that both medium and low density micropit specimens 
exhibited an irregular behavior. At 10 N, the low density micropit 
specimens present a lower dynamic COF value of 0.08 than the medium 
density specimens with 0.09 value, whereas at 30 N, the medium den
sity specimens have a lower dynamic COF value of 0.08 compared to 
0.10 for low density specimens. 

The observed higher COF values for the micropit specimens 
compared to the flat WC-Co samples may also be related to relatively 
high viscosity of the used mixed lubricant. However, additional mea
surements with solid lubricants of paraffin wax mixed with MoS2 
showed that upon heating to a liquid form, these mixed waxes also 
displayed a similar COF behavior to SuperLube+MoS2 lubricant 
although having a much higher viscosity. This indicated that the 
defining factor for the observed higher COF values for micropit speci
mens is not the high viscosity but rather the used pin getting bound to 
the edges of micropits. 

As a summary, a rather regular behavior was observed both for the 
flat reference and the high density micropit specimens with steady state 
dynamic COF values of approximately 0.06 and 0.07, respectively, in
dependent of the applied load. A previous study [30] reported a slight 
decrease in dynamic COF values but a significant increase in wear with 
increased applied normal load with WC-Co/WC-Co tribopairs but these 
tests were carried out under dry reciprocating sliding conditions. 

3.3. Effect of micropit size on friction 

The effect of micropit size on dynamic COF values was carried out 
using reciprocating sliding tests on WC-Co specimens having 100 µm 
size micropits with 100 µm separation between the adjacent pits. Each 
test was performed using 40 wt% MoS2 at 10 N and 30 N applied normal 
loads as shown in Fig. 6. It is evident from Fig. 6A) that at a lower normal 
load of 10 N, the dynamic COF value was moderately low at 0.10 COF 
value and significantly lower than the corresponding value of 0.28 at 
30 N shown in Fig. 6B). It can be concluded that decreasing the size of 
the micropit did not have a significant positive effect on the dynamic 

Table 3 
Final geometries of WC-Co micropit and micropillar specimens after sintering.  

Micropits Micropillars 

Matrices / (µm) Top diameter/ (µm) Bottom diameter/ (µm) Depths/ (µm) Matrices/ (µm) Top diameter/ (µm) Bottom diameter/ (µm) Heights/ (µm)  

200  143  126  42  200  162  195  55  
400  141  123  52  400  167  193  43  
600  140  128  35          

Fig. 4. COF curves for the flat reference specimens at varying MoS2 levels.  
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COF values. In a previous study [31] micropits or micro-dimples were 
observed to exhibit the lowest dynamic COF between rubbing surfaces 
when the dimple size was increased. 

3.4. Effect of micropillars on friction 

The effect of micropillars on dynamic COF values was studied with 

Fig. 5. COF curves for textured WC-Co specimens and flat WC-Co reference specimens at two distinct applied normal loads: (A) 10 N and (B) 30 N with 40 wt 
% MoS2. 

Fig. 6. Variation of COF curves at (A) 10 N and (B) 30 N for 100 μm micropit WC-Co specimens compared to the flat WC-Co reference specimens with 40 wt% MoS2.  

Fig. 7. COF curves for textured WC-Co micropillar specimens and flat WC-Co reference specimens at a half amplitude of 20 mm with 40 wt% MoS2 at (A) 10 N and 
(B) 30 N. 
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comparative reciprocating sliding tests that were run on selected WC-Co 
test specimens. 200 µm high density and 400 µm low density micropillar 
specimens with flat specimens were measured with lubricating grease 
mixed with 40 wt% MoS2 at 10 N and 30 N as shown in Fig. 7. Here the 
sliding tests were carried out using a half amplitude of 20 mm as the 
structured area was larger compared to the micropit specimens, whereas 
all other test parameters were similar to the micropit specimens. In 
Fig. 7A), at 10 N applied normal load the 200 µm high density specimens 
showed a lower COF value of 0.06 than the flat reference specimens with 
0.08 and the 400 µm low density specimens with 0.09. On the contrary, 
as the applied normal load was increased to 30 N in Fig. 7B), dynamic 
COF values decreased steadily for the flat reference specimens of 0.07, 
whereas the COF values of the micropillar specimens were higher at 
approximately 0.1. It can be concluded that in this case the high density 
micropillar specimen exhibited a lower COF value at 10 N normal load 
than the flat reference specimens. 

3.5. Surface analysis after the wear 

The wear mechanisms on the surfaces of test specimens was studied 
from the SEM images after tribological testing. The surfaces were 
cleaned using acetone and cotton wool before the SEM imaging. All 
tribological tests were carried out under normal loads of 10 N and 30 N 
that did not result in a significant wear on the surfaces. 

Fig. 8 A - D) shows SEM images of the high, medium, and low density 
micropits with a flat reference specimen after sliding friction and wear 
test at a 10 N normal load with 40 wt% MoS2 content. Sheet-like frag
ments of the mixed lubricants are entrapped within the micropits 
Fig. 8A). However, no observable wear tracks were visible on the worn 
surfaces excluding a narrow-polished wear track on the flat reference 
specimens Fig. 8D and H). 

Fig. 8E - H) shows the corresponding specimens after tribological 
tests under 30 N applied normal load. Similar to the observations at 
10 N normal load presented in Fig. 8A), the wear tracks were barely 
noticeable on the worn surfaces, excluding the flat reference specimens 
with a clear worn area. On the contrary, only fragmented plate-like 
sheets of the mixed lubricants were visibly entrapped within the 
micropits Fig. 8E). 

Fig. 9 presents the SEM images of the micropillar specimens with a 
flat reference specimen at normal load of 10 N (Fig. 9A - C) and 30 N 
(Fig. 9D - F). It is clear from the SEM images that wear increases with an 
increasing normal load [30], especially for the micropillar specimens 
that display severely ploughed and broken micropillar structures along 

the top and edges. However, only moderate wear mechanism was 
observed on top of the low density micropillars at 10 N. Surface pol
ishing was also observed on the flat reference specimen Fig. 9C) at 10 N 
with a narrow, weak wear track compared to the worn track Fig. 9F) at 
30 N normal load. 

As a summary, the flat reference specimen displayed the lowest dy
namic COF values. Hence, surface texturing did not have significant 
benefit over the flat specimens in terms of the dynamic COF values, with 
the exception of the 200 µm high density micropillar specimens. How
ever, as reported in a previous study [32], micro-dimples on specimen 
surfaces can have both postive and negative effects on the dynamic COF. 
The dimples can serve as reservoir space for lubricant and entrapping 
wear debris that can reserve lubrication between tribopairs. This may 
help in formation of a lubricating film between the rubbing surfaces 
compared to a flat reference surface i.e. a dimple specimen can sustain a 
reduced friction at the interface for a longer duration of a wearing ac
tion. On the contrary, dimple structure can also present a negative effect 
of increasing surface contact pressure due to reduction in the real con
tact area. Thus, controlling friction between rubbing surfaces under the 
combined influence of both surface microstructure and lubrication de
pends on which of these two opposite effects of the dimples prevails 
under the selected test conditions [32]. 

It can be concluded that in this study the interface contact pressure 
on the textured surfaces was higher than the positive influence of 
micropits trapping and supplying lubricants onto the sliding surface. 
This is probably due to the small contact area of the used spherical tips of 
the pins. In the case of specimens with micropillars, the 200 µm high 
density specimens displayed a lower COF value than the flat reference 
specimen. This is probably due to the support of micro-structures 
improving the load carrying capacity of the specimens. To increase the 
surface contact area, a flat headed pin was also tested. Unfortunately, 
this resulted in a very non-uniform contact with test specimens and 
alignment problems between the tip and the sample that are not present 
with spherical tips. Therefore, high variations in the measured data were 
observed. Increasing the radius of curvature of the tip could reduce the 
tip penetration depth into the microstructure that would result in a 
lower COF values. We plan to return to this issue in a future 
communication. 

It can also be concluded that under the selected test conditions, wear 
resistance performance of the test specimens was remarkable. Only mild 
wear in the form of surface polishing was observed on the specimen 
sufaces after tribological testing, which suggests plastic deformation of 
surface during sliding [32]. However, as compared to the specimens 

Fig. 8. SEM images of worn micropit surfaces after tribological test with 40 wt% MoS2 at 10 N (A - D) and 30 N (E - H) applied normal load. (A and E) 200 µm high 
density, (B and F) 400 µm medium density, (C and G) 600 µm low density micropit specimens and (D and H) flat reference specimens. 
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with micropillars, the specimens with micropits exhibited a better 
antiwear behavior at both used normal loads in this study. 

4. Conclusions 

Highly ordered round shaped micropits and micropillars with vari
able sizes were manufactured on WC-Co hard metals specimens using 
micro-robot and MIM techniques. The influence of a solid lubricant 
(MoS2) addition to lubricating grease on the tribological performance 
was investigated. The best weighted percentage amount of MoS2 was 
observed at 40 wt%, among those tested, which presented good synergy 
with lubricating grease both in terms of friction coefficient and wear 
performance. COF values well below 0.100 were recorded with the flat 
reference specimenS and the 200 µm size high density micropit speci
mens that exhibited the best tribological behavior. For the micropillar 
specimens, the 200 µm high density specimens presented a lower COF 
value compared to the flat reference specimen. 

For the micropit specimens, lower COF values were obtained with 
increased size and density of micropits. Hence, the 200 µm size high 
density micropit specimens performed better than 100 µm micropits 
specimens. However, the micropits played the significant role of 
entrapping wear debris and retaining the lubricants on the specimen 
surface. The tribopairs were highly stable under the test conditions, and 
highly stable antiwear behavior was observed on all test specimens. 
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