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the disc wear by thermal spray (conventional WC-Co sprayed by HVOF) that is know to
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The role of the coating surface roughness has been investigated and the results have been
explained making specific reference to the acting wear mechanisms and the corresponding
characteristics of the friction layer building up between the pin-disc mating surface during the
tests. Special emphasis has been reserved to the charactererization of the friction layer that is
known to play an important role in the tribological system under study.
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future to optimize all the engineering requirements of a real braking system.

Best regards
Prof. Giovanni Straffelini
University of Trento



*Manuscript
Click here to view linked References

Effect of roughness on the wear behavior of HVOF coatings dry sliding against a
friction material

Matteo Federici®, Cinzia Menapace®, Alessandro Moscatelli®, Stefano Gialanella®, Giovanni Straffelini®’
® Dept. of Industrial Engineering, University of Trento, Via Sommarive 9, Povo, Trento, Italy

® Flame Spray, via Leonardo da Vinci 1, Roncello, (MB), Italy

* Correspoding Author

ABSTRACT

W(C-CoCr coatings on cast iron discs were prepared with different surface roughness and submitted to
dry sliding wear tests against a commercial friction material using a pin-on-disc configuration. The
effect of roughness on the friction and wear of tribological system was evaluated. The pin wear rate
increases with the coating roughness and becomes very high for roughness values in excess of 1 um.
In contrast, the friction coefficient was found to increase as roughness decreased. The discs wear was
anyway negligible. The experimental results were explained considering the characteristics of the
friction layer that forms during sliding at the interface of the mating bodies in dependence of the
initial roughness of the coatings. It is shown that friction layer plays an important role in determining
the relative contribution of the abrasive and adhesive interactions and, thereby, the resulting friction
and wear behavior of the tribological system.
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1. Introduction

Recent investigations have shown that the wear fragments produced by the braking systems
greatly contribute to the overall emission of particulate matter (PM) in the environment [1-3].
Therefore, a number of investigations have been aimed at understanding the wear mechanisms in the
braking pad-disc system to develop guidelines for reducing the emissions [4-7]. The brake pads are
usually made of friction material that typically contain a large number of different constituents,
including metallic fibers and powder, minerals, ceramic particles, solid lubricants and a phenolic resin
that after curing bound all the ingredients together [8, 9]. The disc is usually made of a pearlitic cast
iron, although other materials, like stainless steel, Al alloys, composite systems are used for specific
applications. Since wear of the cast iron disc contributes by approximately 50% to the whole system
wear, important efforts have been initiated to reduce such a contribution. In a previous paper,
promising results were obtained using conventional heat-treatments of the cast iron disc [10]. It was
demonstrated that wear rates of both disc and adopted friction materials in pin-on-disc wear tests
were reduced by almost one order of magnitude.

WC-Co-based coatings obtained by thermal spray are widely used in mechanical applications
where a high resistance to sliding wear is required [11-13]. In particular, high velocity oxy-fuel (HVOF)
thermal spraying is regarded as one of the best methods for depositing conventional WC-Co feedstock
powders [14-15], in view of the good combination of higher deposition rate and lower temperature
with respect to plasma deposition. These conditions determine a lower porosity and, therefore, a
better wear resistance of the coatings [13-15]. The HVOF WC-Co-based coatings in the as-sprayed
condition normally display a hardness in the range 1100-1200 HV, and a surface average roughness,
R,, around 5 um, depending on the powder particles size and morphology and on the specific spraying
parameters [16-21]. Depending on the application, the coatings can be submitted to subsequent
grinding in order to reduce the roughness, typically down to 0.1-1 um range. In the proper conditions,
the dry sliding specific wear rates of HVYOF WC-Co coatings against steel or a counterface of the same
type are approximately in the range 107" (or less) — 10 m*/N, i.e., typical of very mild wear [12, 22].
For these systems, the identified wear mechanisms were: coating delamination, fracture of the
carbides, cracking in the metallic phase with following disruption of the carbide-binder interfaces,
micro-cutting, extrusion of the binder phase [23]. With regard to the coating microstructure, a quite
important role is played by the metal content, and the size and quality of the WC particles [24-28]. In
addition, the final properties can be tuned also by changing the type of carbides (using, for example,
Cr3C,, VC, or mixtures [29-31]), and the type of metallic binder (such as Cr, Ni, or different metals
together [11, 13, 32]).

As concerns brake systems, to the Author’s knowledge, thermal coatings have been
investigated so far mainly in case of train brake discs, where the contact temperature can be very high
because of the large frictional heating [33]. In the present paper, the results of an exploratory
research aimed at obtaining starting information on the feasibility of thermal spray coatings in the
pad-disc braking system for the automotive market are reported, with particular reference to the
reduction of PM emissions. The investigation was carried out using a laboratory pin-on-disc testing
device, and the tests are thus not meant to reproduce real braking conditions but have the aim of
providing preliminary information on the acting wear mechanisms, with particular emphasis to the
characteristics of the friction layer, which typically forms at the pin (pad)-disc interface during sliding
[34-37]. The pins and discs where machined from commercial brake pads and discs respectively. Each
disc was successively coated with a commercial WC-based layer, by an industrial apparatus, using well
established operating conditions. Since the hardness of the friction material is typically much lower
than that of the cermet coating, a specific attention has been paid to the role of the coating surface



roughness. With this in mind, in the present research the coating roughness was reduced to three
different levels in addition to the as-sprayed condition. The resulting wear behavior of the tribological
coupling has been evaluated and explained making specific reference to the acting wear mechanisms
and the corresponding characteristics of the friction layer building up between the pin-disc mating
surface during the tests.

2. Experimental procedure

The discs for the pin-on-disc (PoD) testing had a diameter of 63 mm and were machined from
a commercial cast iron disc with a pearlitic microstructure. Successively they were coated on both
sides by using an industrial HVOF system and employing a commercial WC-CoCr powder, containing
86%wt. WC particles (with a size in the range 1-10 um) embedded in a matrix constituted by 10%wt.
of Co and 4%wt. of Cr. The feedstock composite powder was produced by agglomeration and
sintering and had spherical grains with an average size in the range 15-45 um. The spray parameters
were optimized in previous researchers, and were quite typical for this kind of coating [38, 39]. The
kerosene oxygen flow rates, and the spray distance were around 24 L/h, 950 L/min. and 380 mm
respectively.

As expected, the surface average roughness, R,, in the as-sprayed condition was quite high,
approximately 5 pm, as measured with a stylus profilometer. Different grinding and polishing
procedures were thus adopted to obtain discs with a surface roughness varying in a wide range: from
5um down to 0.04 pm. Such procedures, carried out using an automatic polishing machine, are
described in Table 1, together with the relevant R,-values. The coatings were observed in a scanning
electron microscope (SEM) to reveal the main characteristics of the cross section as well as of the
surface topography. Information on the phase composition of the coating was also obtained by means
of X-ray diffraction (XRD) measurements, carried out using a Cu-ka radiation.

Table 1. Surface finish of the coated discs.

Final roughness Surface finish
Ra (um)
5 As sprayed
1 Diamond disc (220 grit) —30 s
0.1 Diamond disc (220 grit) — 2 min.
0.04 Diamond disc (220 grit) — 2 min.

Diamond disc (1200 grit) — 5 min.

Cloth + 9 um diamond paste — 15 min.
Cloth + 6 um diamond paste — 15 min.
Cloth + 3 um diamond paste — 15 min.

Dry sliding tests were carried out using a PoD testing device. The pin (with a diameter 6 mm)
was machined from a commercial brake pad made of a low-metallic friction material, with a number
of components, the main ones being: zirconia oxide (31 wt-%), Al and Mg silicates (9.5 wt.%), copper
and steel fibers (7.5 and 8%), vermiculite (6 wt.%), barite (5 wt.%) and other ingredients, embedded
into a phenolic resin matrix. Further details on the characteristics of the adopted friction material can
be found in [5] and [40].



The tests were carried out at room temperature at a sliding velocity of 1.57 m/s for 50 min.
after a running in step of 10 min. The nominal contact pressure applied was 1 MPa. Pin wear was
measured by evaluating the weight loss using an analytical balance with a precision of 10* g. Wear
volumes were determined by dividing the weight loss with the density of the pin (2.9 g/cm?). The
specific wear coefficient, K,, was calculated using the following expression:

Ka=—
@ s Fy

where V is the measured wear volume, s is the sliding distance and Fy is the applied load (units:
2

m</N).

During the test the friction coefficient was continuously recorded. The evolution of the pin
temperature was also monitored through two thermocouples inserted in the pin at a distance of 4
and 6 mm from the contact surface. Worn pins and discs were examined through optical and SEM.

3. Results
3.1 Coatings

Fig. 1 shows a typical cross section of a WC-CoCr coating. The thickness is around 50 um and
the microhardness is 1100 HV(; approx. The picture at high magnification (Fig. 1b) shows that the
coating microstructure is quite typical for this kind of coatings deposited by HVOF using standard
parameters [41]. XRD analysis on the coating indicates the presence of about 9% of W,C, which forms
as a consequence of WC decarburization [41, 42].

The surfaces of the coated discs after the different grinding/polishing preparation are shown
in figure 2 (a-d). The white areas in Fig. 2b, 2c and 2d represent the grinded/polished parts of the
surfaces, i.e.,, the areas where the highest coating asperities were partially removed by the
grinding/polishing action, as schematized in Fig. 2e. The grey areas are the un-polished disc areas, and
the black points are pores, which formed during the deposition process.
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Fig. 1. Example of cross section of a cast iron disc coated with a WC-CoCr layer. (a) Low magnification;
(b) high magnification.
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Fig. 2. Initial disc surfaces. (a) R;=5 um, (b) R;=1 pum, (c) R;=0.1 um, (d) R,=0.04 um, (e) schematic of

the effect of grinding/polishing.



3.2 Friction and wear behavior

In Fig. 3 the friction coefficients recorded during the entire PoD tests in case of the coatings
with R, between 1 and 0.04 um are displayed. The test on the as-sprayed disc was stopped just after
50 seconds due to the excessive wear, and therefore its friction curve is not displayed herewith. In Fig.
3(d) the temperatures profile recorded during the test against the disc with R,=0.04 is shown as an
example. As already observed in similar tests [43], all the temperatures increase of just a few degrees
during the PoD test, in agreement with the fact that most frictional heat flows into the counterface
disk and not towards the disk [9, 33, 43, 44].

The friction records show that in all cases the coefficient of friction increases in the first
minutes of test (run-in) reaching quite soon a steady value. It is worth noting that the friction trace is
less scattered as the coating roughness is decreased. The experimental steady state values of the
friction coefficient are listed in Table 2, where all the wear test results are also included (wear
volume, wear rate, specific wear coefficient). The friction coefficient increases by decreasing the
coating roughness, whereas the wear intensity decreases by decreasing the surface roughness,
whereas wear displays a decreasing trend with disc surface roughness. It can be further noted that
wear is mild in the case of the coatings with roughness in the range 1-0.04 um, whereas it is very
severe in the case of the as-sprayed coating condition.
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Fig. 3. friction coefficient during the pin on disc test of the discs with R; 1 um (a), 0.1 um (b), 0.04 um
(c), (d) temperature profile recorded during the pin on disc test.



Table 2. pin on disc wear test results.

) Steady state Specific Wear
Coating Roughness friction Wear Volume Wear Rate Coefficient
Ra (um) coefficient [mm?] [mm3/mm] K,
[m*/N]
5 um 0.3+0.1 49 610" 2.1010™"
1pm 0.48+0.1 2.02 4.31 10" 1.49 10™
0.1 um 0.7+0.1 1.46 3.11107 1.06 10™
0.04 um 0.71+0.08 1.05 2.23 107 7.64 10"

3.3 Wear surfaces and cross sections

The pin wear surfaces were found to be characterized by the presence of distinct areas of the
so-called friction layer, whose number and extension increases by decreasing the coating roughness.
In Fig. 4, the worn pin surfaces for tests conducted against discs with the lowest and highest
roughness are compared. The friction layers are quite different in the two cases. After sliding against
disc with the lowest roughness (Fig. 4a), the pin friction layer is made by well compacted secondary
plateau that form close to the metallic fibers (steel as well as copper fibers) that act as primary
plateaus, i.e. as obstacles against which the wear fragments accumulate during sliding [5, 34-37]. Such
plateaus tend also to spread over the metallic fibers. On the contrary, when sliding against the disc
with R,=5 um (Fig. 4b), the pin worn surface is characterized by the presence of metallic fibers with
severe abrasion traces. The corresponding secondary plateaus are quite limited in extension and
made by less compacted particles. Moreover, as indicated by the EDXS analyses shown in Fig. 4c and
d, the secondary plateaus are mainly made by wear fragments originating from the friction material
since the EDXS spectra show the presence of the principal elements of the pin material. i.e. Zr, O, Si,
Ti, Fe, Cu, Ca, Ba, K, Al. Pin surface obtained upon sliding against the disc with R;= 0.04 um, some
material transfer from the coating to the pin surface was observed, as suggested by the presence of
W, Co and Cr characteristics X-ray lines (arrowed in Figure 4c) in the EDXS spectrum. Secondary
plateaus observed on the pin surfaces wear tested against disc with intermediate R, (1 um and 0.1
um) have intermediate features, with more evident abrasion marks in the case of 1 um coating
roughness and a higher amount of material transfer when the coating roughness is 0.1 um.

Observation of secondary plateaus was made also by the metallographic analysis of the pin
cross-sections where the friction layers are clearly visible. Examples of friction layers are reported in
Fig. 5. It is observed that the thickness of the friction layer increases by decreasing the surface
roughness of the counterface disc. The EDXS analyses on the friction layers confirm the presence of
some elements transferred from the coating (W and Co) on the pin tested against disc having R, of
0.04-0.1 and 1 um. No traces of W was found on the friction layer formed against the as-sprayed disc.
The amount of W measured was seen to increase decreasing the coating roughness as reported in
Table 3.
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Fig. 4. Details of the pin surfaces, worn against disc with R,=0.04um (figure a) and Ra=5um (figure b)
and relevant EDXS analyses (c and d). The arrows indicate the characteristic X-ray lines of elements
found in the friction layer on the pin surface after wear tests coming from the WC-CoCr disc coating.

Table 3. Tungsten concentration measured by EDXS on the fri____.i layer
Coating average W (wt. %) measured by
roughness, um EDXS on the friction
layer
5 0
1 3.7
0.1 7.3
0.04 11.3
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Fig. 5. cross-section of the pin worn against the discs with different R;: (a) 5 um, (b) 1 um, (c) 0.1 um,
(d) 0.04 um.

The disc wear surface observed in the SEM after the wear test are shown in Fig. 6. The
comparison with the unworn surfaces (see Fig. 2b), allows us to understand the modifications
introduced by sliding. It is worth starting commenting on the surface with R;= 1 um initial finish. The
comparison of Fig.s 2b and 6b shows that after sliding, in addition to the white areas (coating polished
asperities) and grey areas (coating unpolished regions) wide black areas can be observed. In Fig. 7 an
observation of one of these areas at higher magnification is shown. The EDXS analysis taken in
correspondence of the black area demonstrates that they are produced by the compaction of
fragments originating from the friction material (pin) and then transferred onto the disc counterface.
In particular fragments tend to pile-up preferentially into the valleys between the smoothed
asperities, as schematized in Fig. 8. If the disc roughness is high (R,= 5 um), the amount of such
transfer increases (see Fig. 6a). On the contrary, for lower disc surface roughness the amount of the
transfer decreases, and it involves only small, limited areas, as shown by the black spots in Fig. 6¢c and
d. The wear of the discs, evaluated by measuring the depth and extension of the wear track by a
profilometer was negligible in all cases.



Fig. 6. Wear tracks on the discs with the following initial surface roughness, R,: (a) 5 um, (b) 1 um, (c)
0.1 um, (d) 0.04 pm.

Fig. 7. Higher magnification SEM micrograph of Fig. 6b, showing the debris in between the polished
asperities of the coating and relevant EDXS spectrum.
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Fig. 8. Disc wear track profile: scheme of trapping of fragments from the pins.

4. Discussion

For a better understanding of the wear behavior of the tribological system under study, the
wear rate and the friction coefficient in Table 2 are plotted against the coating roughness in Fig. 9. As
can be observed, wear rate increases with roughness, with a big rise in passing from R,=1 to 5 um,
while the steady-state coefficient of friction decreases with roughness. In order to explain these
findings, it is important to consider the main features of the friction layer, summarized in Table 4
together with the corresponding wear mechanisms.
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Fig. 9. Friction coefficient and wear rate vs. surface roughness



Table 4. Main characteristics of the friction layer

Low disc roughness High disc roughness

Pin - Higher extension and - Lower extension and
thickness of the friction layer thickness of the friction layer
- Well compacted secondary - Poor compacted secondary
plateau plateau
- High transfer of W from the - Low transfer of W (it is O at
counterface disc (it increases Ra=5 pm)
with decreasing roughness)

Disc Low transfer from the pin Large transfer for R;=1 um
counterface (only in the and. in particular for R,=5um.
porosity)

The friction layer that forms under sliding at the interface between a friction material and a
counterface disc is made by primary and secondary plateaus [34-37]. In general the primary plateaus
are made by large and hard constituent of the friction material, such as metallic fibers and ceramic
particles, whereas the secondary plateaus are formed by the compaction of wear fragments blocked
by the primary plateaus. Wear fragments would originate from the friction material as well as the
counterface disc. In case of conventional discs, made by pearlitic cast iron, the disc largely contributes
to the formation of the secondary plateau and also to wear fragments. In fact, the iron fragments get
oxidized during sliding and enter the secondary plateau in the form of iron oxides. In the present
study, the primary plateaus are mainly made by the metallic fibers, i.e. the steel and copper fibers.
Since the counterface disc is coated with a cermet that do not provide a large amount of wear
fragments, the extension of the friction layer, and in particular of the secondary plateau, is much
more limited than in the case of the uncoated discs and it is almost exclusively made of wear debris
from the friction material. A certain amount of fragments from the coating, as proved by the presence
in the friction of W, Co and Cr (see Fig. 4c) is also observed, increasing as disc roughness is decreased
(Table 3). As concerns W, this elements might be present in two forms: metallic or as a carbide.
Elemental tungsten may diffuse from the coating due to the close contact between the pin and the
disc sliding surfaces if the temperature was sufficiently high [45]. In the present system, small WC
particles are released when the Co-Cr binder is worn out [28, 46].

From the above friction and wear results some conclusions can be drawn on the main acting
wear mechanisms. The wear behavior of the tribological system seems to be dominated by abrasive
and adhesive interactions at the contact regions. In case of the tests with the disc in the as-sprayed
condition (R,=5 um), the abrasive interactions between the hard asperities of the disc coating and the
quite soft friction material are prevailing. Such abrasive interactions are also evidenced by the
presence of scratches on the surface of the fibers acting as primary plateaus. The corresponding wear
rate is really severe, owing to the large removal of material from the surface of the friction layer and
its transfer onto the disc surface in the regions between the asperities. On the contrary, the friction
coefficient is relatively low. This can be explained by considering that in general the friction coefficient
can be expressed by the two contributions [12]:

K= Hapr + Had



where the subscripts “abr” and “ad” indicate the abrasive and adhesive contributions, respectively.
The abrasive contribution is related to the interactions described above, among the coating asperities
and the friction material. Using the model proposed, using the model by Rabinowicz [47]: Han=tg®,
where O is the average attack angle that the asperities form with the sliding surface. We do not have
an estimation of ®, but even in very rough surfaces ® does not exceed 10° [12]. Therefore - should
not exceed 0.2 at most. The remaining part of u is given by the adhesive interaction between the
ceramic asperities of the coating and the friction material. This contribution is given by p.g= tm A/Fy,
where 1, is the average shear stress to separate the contacting asperities (approximately
proportional to the work of adhesion [12, 48]). A, is the real area of contact and Fy is the applied load.
The contribution of .q is thus expected to be limited when the coating has its original roughness,
since A, is quite low. The real area of contact between the two mating surfaces is mainly determined
by the dimension of the primary plateaus that would sustain most of the load since the compactness
of the secondary plateaus is quite poor.

As the coating roughness is reduced, the wear rate decreases and the friction coefficient rises.
This behavior is determined by the progressive reduction of the abrasion contribution to wear, as the
disc roughness passes from the initial R,=5 um to a roughness of 1 um or lower. Indeed, the
smoothening of the highest coating asperities results in a strong decrease of the pin wear rate. For R,-
values lower or equal than 1 um, wear rate becomes substantially similar to the typical values
displayed by this material when sliding against a cast iron counterface [5, 9, 22]. At the same time, by
reducing the coating roughness, the adhesive interaction between pin and disc strongly increases and
this induces an increase in the friction coefficient. In fact, by decreasing the disc roughness the
extension of the friction layer increases and the compactness of the secondary plateaus increases as
well (see the summary in Table 3). Both effects contribute to increase the real area of contact,
thereby p.q. With decreasing roughness, p.p,r decreases in importance but this trend is clearly
overwhelmed by the increase in 4. Such an increase in A, and in friction is also coherent with the
observed increase of tungsten concentration (see Table 3) with decreasing coating roughness in the
friction layer building up on the pin surface. To summarize, the lower the coating roughness, the more
extended the friction layer because it is not abraded (i.e. destroyed) by the coating asperities. On the
contrary, in case of very high roughness, as in the as-sprayed conditions, the extremely severe
abrasion acted by the much higher and sharper coating asperities on the softer pin material prevents
the accumulation and compaction of the wear debris and the formation of both primary and
secondary plateaus. The coating in this case does not release any WC particle being not consumed by
adhesive wear against the pin surface. The high values of the friction coefficient recorded in this study
for smoother coating surface finish are similar to those reported by Usmani et al. [25] during PoD
tests (in the ball-on-flat configuration) with different WC-Co coatings against a 440C steel. An
important adhesive contribution to wear was also in the cited study the ruling mechanism.

5. Conclusions

The wear behavior of a WC-CoCr HVOF coated disc having different surface roughness tested
in dry sliding against a commercial brake pad material was evaluated and interpreted considering the
peculiar features of the friction layer that forms during sliding on the pin and the characteristics of the
disc wear tracks. The main findings are summarized as follows:



the main constituents of the friction layer are not Fe oxides, as observed when the same pad
material was tested against an uncoated cast iron disc, but ZrO,, Cu and all the other
components of the friction material;

in case of the tests using the coated disc in the as-sprayed condition, the wear is extremely
severe and the friction coefficient is quite low, because of the prevailing abrasive interactions
in the contact regions;

decreasing the surface roughness, the abrasive interactions become less important; as a
consequence, an increase in the extension and thickness of the friction layer is observed that
in turn increases the adhesive interactions in the contact regions;

decreasing the surface roughness also increases tungsten concentration in the friction layer
transferred from the coating, for an increase of the adhesive component of the tribological
coupling;

if the coating roughness is lower or equal than 1 um, the pin wear rate is mild and very similar
to that displayed when sliding against a cast iron disc, whereas the disc wear rate is negligible.

The results of the PoD tests using coatings with surface roughness in the range of 0.1 — 1 um

are very promising, in terms of friction coefficient, which is adequately high, and wear rate that is
adequately low (negligible in the case of the disc) in view of brake applications. The low system wear
is also promising with regard to the reduction of PM emission in the atmosphere. Of course, specific
dyno or bench-tests would be highly recommended in order to confirm the obtained results and for
evaluating the performance of real braking systems.
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Tables

Table 1.

Surface finish of the coated discs.

Final roughness Surface finish
Ra (Um)
5 As sprayed
1 Diamond disc (220 grit)—30's
0.1 Diamond disc (220 grit) — 2 min.
0.04 Diamond disc (220 grit) — 2 min.
Diamond disc (1200 grit) — 5 min.
Cloth + 9 um diamond paste — 15 min.
Cloth + 6 um diamond paste — 15 min.
Cloth + 3 um diamond paste — 15 min.
Table 2.

Pin on disc wear test results.

Steady state Specific Wear

Coating Roughness friction Wear Volume Wear Rate Coefficient

Ra (um) coefficient [mm?’] [mm®/mm] K,
[m?/N]

5 um 0.3+0.1 49 610" 2.10 10

1 pum 0.48+0.1 2.02 431107 1.49 10

0.1 um 0.7+0.1 1.46 3.11 10" 1.06 10

0.04 um 0.71+0.08 1.05 2.23 107 7.64 10"




Table 3. Tungsten concentration measured by EDXS on the friction layer

Coating average W (wt. %) measured by
roughness, um EDXS on the friction
layer
5 0
1 3.7
0.1 7.3
0.04 11.3

Table 4. Main characteristics of the friction layer

Low disc roughness

High disc roughness

Pin

- Higher extension and
thickness of the friction layer
- Well compacted secondary
plateau

- High transfer of W from the
counterface disc (it increases
with decreasing roughness)

- Lower extension and
thickness of the friction layer
- Poor compacted secondary
plateau

- Low transfer of W (it is O at
Ra=5 um)

Disc

Low transfer from the pin
counterface (only in the
porosity)

Large transfer for R;=1 um
and. in particular for R,=5um.




Figure captions

Fig. 1. Example of cross section of a cast iron disc coated with a WC-CoCr layer. (a) Low magnification;
(b) high magnification.

Fig. 2. Initial disc surfaces. (a) R;=5 um, (b) R;=1 um, (c) R;=0.1 um, (d) R;=0.04 um, (e) schematic of
the effect of grinding/polishing.

Fig. 3. friction coefficient during the pin on disc test of the discs with R; 1 um (a), 0.1 um (b), 0.04 um
(c), (d) temperature profile recorded during the pin on disc test.

Fig. 4. Details of the pin surfaces, worn against disc with R,;=0.04um (figure a) and Ra=5um (figure b)
and relevant EDXS analyses (c and d). The arrows indicate the characteristic X-ray lines of elements
found in the friction layer on the pin surface after wear tests coming from the WC-CoCr disc coating.

Fig. 5. cross-section of the pin worn against the discs with different R,: (@) 5 um, (b) 1 um, (c) 0.1 um,
(d) 0.04 um.

Fig. 6. Wear tracks on the discs with the following initial surface roughness, R,: (a) 5 um, (b) 1 um, (c)
0.1 um, (d) 0.04 pm.

Fig. 7. Higher magnification SEM micrograph of Fig. 6b, showing the debris in between the polished
asperities of the coating and relevant EDXS spectrum.

Fig. 8. Disc wear track profile: scheme of trapping of fragments from the pins.

Fig. 9. Friction coefficient and wear rate vs. surface roughness
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