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A B S T R A C T   

Cemented carbide tools are successfully used to shear Cu alloy wire into zipper elements in the zipper industry. 
However, wear of the tools is the limiting factor for the production rate and the industry would benefit from 
more wear resistant tools. Previous investigations have indicated that the wear is tribochemical, and to inves-
tigate the role of Zn in commonly used Cu alloy testing is repeated against pure Cu in this work. The tool material 
used is a cemented carbide, in uncoated, CrC coated and CrN coated versions. The tests are performed in a 
simplified sliding test rig, combined with intermittent scanning electron microscopy (SEM) and energy dispersive 
X-ray spectroscopy (EDS) analysis. 

The tools are gradually worn and Cu is adhered and transferred to all tool surfaces. This process results in a 
pattern consisting of ridges and valleys on uncoated cemented carbide and CrC. Both are worn significantly faster 
than CrN, where much of the original surface roughness still remains after the full test. These worn surfaces are 
similar to the corresponding surfaces worn against the previously tested Cu–Zn alloy. However, the wear rate is 
dramatically higher in the pure Cu tests.   

1. Introduction 

Cemented carbides are successfully used in many demanding appli-
cations and are often the preferred choice, due to their combination of 
hardness and toughness, arising from the combination of hard WC 
particles in a soft metallic Co binder. One specific application for 
cemented carbide tools is the shearing of elements for metal zippers. 
Starting from a pre-formed wire, which is fed into a die, huge numbers of 
thin segments, called elements, are cut by a shearing punch. The process 
is further described in Ref. [1]. For high quality zippers these elements 
are commonly made of a Cu–Zn alloy, 85 wt% Cu and 15 wt% Zn, which 
is much softer than the tool constituents. Still, the shearing punch suffers 
gradual wear, which impairs the product quality and becomes one of the 
limiting factors for tool life and productivity. Corresponding connec-
tions between tool wear and product quality has been observed also for 
other applications, using similar material combinations [2]. 

Previous studies of tools from zipper production [3] and simplified 
testing [4] have shown that the wear is gradual and acts to smoothen the 
tool surface in the sliding direction. During this wear process, ridges and 

valleys are generated in the sliding direction and Cu–Zn alloy is trans-
ferred to the tool. The smooth and gradual wear of the tool surface, 
corresponding to removal of less than an atomic layer per meter sliding, 
indicates that tribochemical processes are involved. When using tools 
with CrC or CrN coatings, preferential transfer of Zn from the alloy is 
observed. This Zn becomes oxidized to a high degree. Of these two 
coatings, only CrN significantly reduces the wear rate. While the CrC 
coating wears at a rate similar to that of the uncoated cemented carbide, 
CrN reduces the wear rate by 25 times. Hence, it is demonstrated that the 
tool material and chemistry are crucial, but still very little is known 
about the active wear mechanisms. 

Adhesive wear of uncoated cemented carbide tools has been reported 
in Cu alloy wire drawing [5] and in reciprocating sliding contact against 
Cu alloys [6]. In metal cutting of Cu and its alloys, where elevated 
temperatures are expected, tool wear caused by diffusion into the 
passing chip is commonly observed [7,8]. This type of wear results in 
formation of a crater on the rake face. Here, it has been reported that the 
cemented carbide binder Co is diffusing into the chip and WC grains are 
subsequently removed [8]. Not only is Co diffusing into Cu, but also Cu 
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into the cemented carbide, although to a lesser degree [8,9]. To hinder 
this diffusion wear, thin hard tool coatings of diamond-like carbon 
(DLC) and CrN type have been successfully used [5,7,8,10–13]. Also 
commonly used Ti based coatings have been tested by several research 
teams, however with limited or even no improvement [5,6,10–13]. This 
lack of success has been accounted to that the Cu catalyzes oxidation of 
the Ti present in the coatings [14]. Also diamond tools tend to suffer 
from oxidation catalyzed by deoxidization of copper oxide. In this case, 
reducing the oxygen in the surrounding atmospheres has proven to 
lower the wear of the tool [15]. Further, diamond tools have shown 
behavior superior to CrTiAlN coated cemented carbide tools when micro 
milling oxygen-free Cu [16]. Also other ceramic-metal composites have 
shown great results for cutting Al alloys and stainless steels, however 
they do not hinder the diffusion wear and are outperformed by cemented 
carbide in Cu applications [9]. Besides coating and exchanging the 
cemented carbide, efforts have been made to replace the Co binder, to 
hinder the diffusion. Such an example is the use of FeAl binder when 
cutting oxygen-free copper [17]. The resulting lower tendency to 
oxidation in contact with copper, leads to great results. To get further 
insights into the importance of chemistry, also the work material can be 
varied. Here, the preferential transfer, and oxidation, of Zn when using 
coatings reported in Ref. [3,4] might play an important role in the wear 
process. 

Previous investigations by the authors have indicated that the wear 
against the Cu–Zn alloy is of a tribochemical nature, and that the two 
elements Cu and Zn may have different roles [3,4]. To learn more about 
the individual roles of Zn and Cu, and how they influence wear rate and 
mechanisms, the previous testing sequence is here repeated against pure 
Cu. Thus, the present investigation involves a crossed cylinders sliding 
test to study the wear of uncoated, CrC coated and CrN coated cemented 
carbide against pure Cu. The test is performed in a repeated interrupted 
mode, where the sliding is performed in short sequences and the worn 
tool surface then imaged and analyzed, before continuing at the exact 
same position. This allows for very careful studies of the gradually 
wearing tool cylinders. The results from the present pure Cu tests are 
compared to the previous tests performed against the Cu–Zn alloy. 

2. Experimental 

2.1. Materials 

Uncoated, CrC (Cr7C3, confirmed by grazing incidence X-ray 
diffraction) and CrN (close to 1:1) coated cemented carbide cylinders (φ 
5 mm, L 30 mm), with 85 wt% WC (average grain size 4 μm) and 15 wt% 
Co, were used to represent the tool. The uncoated cemented carbide (CC) 
surface was prepared by polishing, to a surface roughness value Ra 0.1 
μm, in the longitudinal direction. The coatings were deposited on 
equally polished cemented carbide substrates in house by PVD HCD 
(hollow cathode discharge). Deposition of CrC and CrN were preceded 
by a slight sputtering of the substrate to improve the coating adhesion. 
Applied substrate bias during coating deposition was a negative DC 
(direct current) of 50 V and 150 V for CrC and CrN, respectively. Both 
coatings were used as coated, without any post polishing process. The 
thickness of the coatings was determined to 2.2 μm (CrC) and 3.0 μm 
(CrN), as measured with a calo tester on coatings deposited in parallel on 
flat substrates. 

The work material was an oxygen-free pure Cu cylinder (φ 100 mm, L 
280 mm, 57 ± 4 HV0.5). The surface was prepared by fine turning fol-
lowed by work hardening of the surface, to mimic the state of the pre- 
deformed wire used in zipper production. The work hardening process 
included sliding a dummy tool cylinder over the cylinder surface five 
times, using settings similar to those used in the actual test. 

Cemented carbide is a composite material, including a hard ceramic 
and a softer metallic phase, with a combined micro Vickers hardness of 
1170 ± 40 HV0.5. The hardness of the respective constituents as well as 
the thin tool coatings is previously characterized by the authors by 

nanoindentation [3], reported in Table 1. Despite the small indentation 
size there is a risk to measure hardness values including both carbide 
and binder. To minimize the influence from the other constituents, all 
indents were imaged in the Scanning Electron Microscope (SEM) and 
those situated close to a WC/Co interface were discarded. The hardness 
of the work material, including the work hardened surface, was 
measured using the same instrument (CSM Ultra Nano Hardness Tester) 
and indentation depth (100 nm), as also reported in Table 1. 

2.2. Tribological testing 

A simplified test comprising two crossed cylinders in unlubricated 
sliding contact, Fig. 1, was used to mimic the contact situation pre-
vailing in the shearing process of metal zippers production. A small tool 
cylinder is pressed against a larger rotating work material cylinder using 
a spring load of 150 N and sliding speed of 340 mm/s. To ensure that the 
tool cylinder constantly encounters fresh work material (as in the actual 
operation), a longitudinal feed of 0.72 mm/revolution was used. The 
friction and normal loads are continuously measured and recorded. The 
equipment has previously demonstrated good results in mimicking the 
wear mechanisms occurring on actual tools [4]. 

To carefully follow the initiation of wear and transfer, the tests were 
interrupted after 0.9, 9 and 45 m accumulated sliding. At each stop, a 
matrix of pre-defined areas were studied using SEM (Zeiss Merlin, sec-
ondary electron imaging mode at 3 kV acceleration voltage, for surface 
sensitive imaging, and a 41◦ tilt) and Energy Dispersive X-ray Spec-
troscopy (EDS; Oxford X-max, surface sensitive analysis using 3 kV ac-
celeration voltage), before continuing the test at the exact same position. 
To allow for the accurate re-positioning, the tool sample is not removed 
from the holder during the analysis, resulting in a precision in the μm 
range. After completion of the full test, 90 m accumulated sliding, the 
surfaces were analyzed using SEM, EDS and optical surface profiling 
(ZYGO Nexview NX2). A selected sample was locally cross sectioned by 
focused ion beam (FIB; FEI Strata DB235), to study the sub-surface 
characteristics using SEM (secondary electron imaging mode, 5 kV ac-
celeration voltage). 

3. Results 

3.1. Friction 

The friction coefficient curves differ between the tool materials and 
is relatively low, but increasing, for CrN and quite high and stable for 
CC, as presented in Fig. 2. For CrC the curve starts at a level close to that 
of the uncoated CC, but gradually drops to a lower level. Irrespective of 
the level, all tool materials show a gradually increasing friction coeffi-
cient during the first 9 m. An irregularity is noted each time the test is 
interrupted (at 9 m and 45 m), and the friction is then slightly lower 
when the test is restarted. 

3.2. Wear 

The surface appearances resulting from 90 m accumulated sliding 
against the work hardened Cu cylinder are shown in overview in Fig. 3. 

Table 1 
Hardness of the cemented carbide constituents, tool coatings and work material 
as measured by nanoindentation (Berkovich diamond tip, 100 nm indentation 
depth). The hardness data of the tool materials are from [3].  

Material H [GPa] Number of indents 

Co 8.3 ± 0.6 10 
WC 31.0 ± 3.1 22 
CrN 18.7 ± 1.1 34 
CrC 24.8 ± 1.0 39 
Cu, work hardened cylinder surface 1.9 ± 0.3 36 
Cu, cylinder bulk 1.7 ± 0.1 62  
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The CC and CrC samples show clear wear patterns, and for the latter the 
substrate has been partly exposed (showing brighter grey level). The CrN 
coated sample shows a very faint contact track, and the transition to 
unaffected coating is diffuse, however it is estimated to be shorter than 
the other two. 

From the surface profile measurements, Fig. 4, a maximum wear 
depth of 2 μm is recorded for CC and slightly deeper for CrC. For the CrC 
coated sample, the maximum wear is, as also indicated by the SEM 
micrograph, deeper than the coating thickness of 2.2 μm. Gradual wear 
of the coating is also observed. The line profile of CrN shows a very slight 
wear, corresponding to the barely distinguishable wear mark in the 
topography map and the SEM micrograph. 

Each sample is also studied at higher magnification, to reveal micro 
scale changes. For CC, already the initial sliding (0.9 m) causes transfer 

of work material, Figs. 5 c and 6. The transferred material is mainly 
situated on top of the Co binder in between WC grains, but occasionally 
also on top of WC grains. There are however Co areas not covered by Cu, 
and some of the transfer located on top of Co is so thin that the under-
lying Co is detected through the Cu layer. Besides the transfer, there are 
no signs of wear. However, possibly the transfer is preceded by some 
removal of binder. 

When the test is continued, larger particles become transferred and 
the wear become noticeable, Fig. 5 d. The wear results in a pattern 
elongated in the sliding direction. The pattern consists of slight valleys 
that run through both WC grains and binder, keeping a very consistent 
depth and character for both phases, despite their strongly deviating 
mechanical properties. This pattern deepens and evolves during the 
continuation of the test so that after 90 m accumulated sliding, clear 
ridges and valleys have been formed. However, the surface remains 
smooth in the sliding direction throughout the test. The elemental 
analysis, Fig. 7, reveals that almost no binder is present at the very 
surface, hence it has been concealed by, or replaced by, the transferred 
Cu. 

Although valleys are generated, the surface is rather smooth also 
across the sliding direction, Fig. 8. The ridges protrude just up to a 
micrometer and the WC grains are smoothly worn, and worn level with 
the Co binder. Transferred Cu is thus located on top of the worn 
cemented carbide, thereby adding to the observed roughness. It is pre-
sent both as larger particles, as indicated in Fig. 8, but also as thin faint 
layers. These layers are barely visible in the cross section, although 
clearly identified from the elemental analysis in Fig.7. 

The CrC coating is initially rougher than the uncoated CC, compare 
Fig. 5 b to 9 b and 10 b, due to a topographical pattern generated by the 
PVD deposition process. Since the samples are not post treated, this 
causes early transfer, as shown for two selected positions in Figs. 9 c and 
10 c. The pattern is gradually removed by wear. However, the transfer to 
the now smoothened plateaus continues, although in the form of smaller 
particles evenly distributed over the plateaus, Figs. 9 d and 10 d. During 
the continued sliding, the traces of the pattern become completely 
removed and then followed by ridges and valleys, running in the sliding 
direction, Fig. 9 e and f. In areas where the wear rate is higher, Fig. 10, 
the wear of the coating gradually exposes the cemented carbide 
substrate. 

In areas where the coating is still showing full coverage, weak EDS 
signals for W and Co are observed, indicating that the remaining coating 
is thin, Fig. 11. In addition, Cu is detected over the entire surface, in the 
form of scattered sub-micron sized individual particles. In other areas, 
where wear through was observed, Fig. 12, the elements of the cemented 
carbide substrate can be recognized. In contrast to the coated areas, the 
transfer is here preferentially situated between WC grains, in similarity 
to the previously described CC sample. 

Also the CrN surface was initially rougher than the polished sub-
strate, due to a pattern of shallow pits being generated in the coating 
deposition process. Here, too, the coated surface is not post-treated, 
resulting in Cu being scraped off against the protruding edges of the 
pits, as clear from Fig. 13 c. Subsequently, these edges are gradually 
worn down, resulting in the formation of larger plateaus. After 90 m 
accumulated sliding, Fig. 13 f, the shallow pits are almost completely 
removed. The surface is now smoother than the as-deposited coating, 
compare Fig. 13 b and f, but characterized by a pattern of narrow lines in 
the sliding direction. This minuscule line topography and the remaining 
traces of the pits is sufficient to cause continued transfer of Cu, Figs. 13 f 
and 14. 

4. Discussion 

4.1. About friction behavior and couplings to surface modifications 

In the present investigation, the friction coefficient against the pure 
copper was found to differ considerably between the three tool 

Fig. 1. Test configuration, where the small cylinder (φ 5 mm, L 30 mm) rep-
resents the tool and the larger cylinder (φ 100 mm, L 280 mm) represents the 
work material. 

Fig. 2. Friction coefficient development during 90 m interrupted sliding 
against the Cu cylinder (average per 1 m). The irregularities in the curves 
correspond to the interruptions and restarts of the tests at 9 and 45 m. 

Fig. 3. Overview images of the contact tracks on the tool material cylinders 
after 90 m accumulated sliding against the Cu cylinder. The tracks have the 
distorted elliptical shapes, typical of the wear against a cylinder of larger 
diameter. Sliding direction of the Cu cylinder is from bottom to top. (SEM). 
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materials. Generally, it is rather high and stable for CC, high but slowly 
decreasing for CrC, and significantly lower but slowly increasing for 
CrN. A sudden drop in friction followed by slower recovery was noted 
each time the test was interrupted. One probable reason for this is 
cooling of the small tool cylinder to room temperature during the 

interruption (although no high contact temperatures are expected, a 
slight rise will always occur). A second reason could be the removal of 
occasional loose wear fragments from the tool surface preceding the 
SEM analysis. 

The CC surface is initially smooth, but early transfer events increase 

Fig. 4. Surface topography maps and profiles (along the white lines) of the contact tracks on each tool material after 90 m accumulated sliding against the Cu 
cylinder. Sliding direction of the Cu cylinder is from left to right. Please note the close to 220 times higher magnification in height scale compared to length scale. 

Fig. 5. Successive surface appearance changes of the 
uncoated cemented carbide sample after sliding 
against the pure Cu cylinder. Details of the exact same 
contact area, positioned as indicated in the overview 
image (after 90 m) in (a). The sliding distance is 
indicated in the respective image (b)–(f). Initially Cu 
is transferred on top of Co, between WC grains. 
Subsequently also larger particles adhere to the sur-
face. The wear generates ridges and valleys in the 
sliding direction. Sliding direction of the Cu cylinder 
is from bottom to top. (SEM).   
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the surface roughness, contributing to the early friction increase. After 9 
m, also larger transfer particles have adhered (Fig. 5 d), resulting in the 
higher, but more stable, friction level. Similar larger scale transfer 
events occur during the remainder of the test, resulting in a relatively 
constant presence of large Cu particles on the surface, keeping the 
friction high. The mild wear noted after 9 m, develops into a pronounced 

ridge-and-valley topography during the test. This topography does not 
influence the friction noticeably, probably due to the surface still being 
smooth in the sliding direction. 

The CrC coating shows a tendency to rapidly cause transfer of small 
but quite “sharp” particles to the coating plateaus. This may be the cause 
of the very rapid escalation in the coefficient of friction, from the initial 

Fig. 6. Elemental mapping of the exact same area as imaged in Fig. 5 c, after 0.9 m sliding. The analyzed element is indicated in the respective map, which intensity 
is adjusted individually. A low signal for O is detected, however not giving any clear indications of variation over the surface. (EDS). 

Fig. 7. Elemental mapping of the exact same area as imaged in Fig. 5 f, after 90 m sliding. The analyzed element is indicated in the respective map, which intensity is 
adjusted individually. A low signal for O is detected, however not giving any clear indications of variation over the surface. The position of the cross section in Fig. 8 
is indicated in the SEM image. (EDS). 

Fig. 8. Local FIB cross section of the CC sample, after 90 m sliding. (a) cross section along the line indicated in Fig. 7 and (b) higher magnification of the detail 
indicated in (a). Transferred Cu is located on top of Co and smoothly worn WC grains. The two continuous grey layers covering the surface are both platinum, 
deposited in situ in the FIB to protect the surface from ions during cross sectioning. (SEM). 
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≈0.35 to 0.75. The shape of the transfer particles remains sharp, while 
some more extended particles also are added. The CrC coating itself 
becomes smoother (in the sliding direction) when worn, possibly 
contributing to the slight friction decrease. 

The initially low friction coefficient of the copper against CrN may be 
due to the quite gentle roughness of the coating, and a seemingly low 
adhesion of the transferred particles. These particles appear to have 
been scraped-off against the back edges of the shallow pits. They 
therefore fit quite well in the pits without causing extensive ploughing 
friction. With increasing wear, plateaus gradually form between the 
shallow dimples and grow into an extending flat surface. The transfer 
particles seem to stick harder, which could lead to increased ploughing 
or just increase the fraction of copper-to-copper sliding, and thus explain 
the increasing friction. 

4.2. About the wear behavior 

All three tool materials become worn by the much softer Cu, however 
not by the same mechanism, and with significantly differing wear rates. 
The CrN coating retains shallow traces of the initial topography even 
after 90 m (Fig. 13 f), and the wear is barely measurable in the surface 
profiling (Fig. 4). In contrast, on CrC the last traces of the initial 
topography are removed already after sliding between 9 and 45 m 
(Figs. 9 and 10), and local wear through occurs already after 45 m 
(Figs. 10 and 12). Still, the remaining coating offers some protection, 
resulting in a smaller average wear depth in Fig. 4 (compare CC and 
CrC). Despite the protective effect from CrC, it is by far outperformed by 
CrN. The CrC coating is slightly thinner than the CrN coating, 2.2 μm and 
3.0 μm, respectively. But since the maximum wear depth of the CrN is far 
less than 2.2 μm, the thickness difference has no effect on the perfor-
mance difference in these tests. CrN has shown promising behavior 
against Cu also in other applications [5,13,14], attributed to a low 
oxidation tendency [14]. This is explained by formation of Cr2O3 on the 
surface of each CrN grain, impeding the Cr diffusion [18]. The same 
reasoning should however also apply to CrC, so it does not give the 
complete answer to the superior behavior. 

Although the wear rates are very different between the worn mate-
rials, they share a common characteristic; the surfaces are worn smooth 
in the sliding direction. This indicates that no large WC grains, coating 
fragments or pieces of the composite are removed at single events. The 
smooth character in the sliding direction contrasts to the very distinct 
pattern of micrometer wide and tens of micrometers long ridges and 
valleys that evolves on both CC and CrC. 

4.3. Possible wear mechanisms 

So how is the soft copper able to wear the much harder cemented 
carbide and CrC coating? There are no hard particles present in the 
system, able to scratch the tool materials in this manner. Further, the 
ridges and valleys are smoothly rounded, and do not exhibit the shape 
resulting from material being plowed to the sides of a furrow, as typi-
cally found in scratching. Rather, the ridges are formed by suffering less 
wear than the neighboring material, which is worn away to leave val-
leys. The ridge and valley topography is thus most likely caused by the 
sliding contact against the soft counter surface itself. 

Further, adhesive wear involves severe plastic shear, but no traces of 
this can be observed on the tool materials, even at very high magnifi-
cation. The lack of hard particles or traces of other wear mechanisms, 
make it highly probable that the wear is of a tribochemical nature and 
material is removed at an atomic scale without any plastic deformation. 
A chemical aspect on tool wear by Cu and its alloys has been frequently 
suggested, albeit often in high temperature applications such as cutting 
or milling [2,7–9,16]. In none of these, generation of ridges and valleys 
are reported. 

When the valleys are starting to form, their formation might be 
accelerated by the constrictions they inflict on the work material flow. 

Fig. 9. Successive surface appearance changes of the CrC coated cemented 
carbide sample before and after sliding against the pure Cu cylinder. Details of 
the exact same contact area, as indicated in the overview image (after 90 m) in 
(a). The sliding distance is indicated in the respective image (b)–(f). The 
initially rough coating surface cause large-scale Cu transfer, subsequently 
transforming into evenly distributed small particles. Wear smoothens the sur-
face and generate ridges and valleys in the sliding direction. Sliding direction of 
the Cu cylinder is from bottom to top. (SEM). 

Fig. 10. Successive surface appearance changes of the CrC coated cemented 
carbide, here shown at a new position that experiences a higher wear rate 
resulting in wear through of the CrC coating after less than 45 m (see indication 
in overview image (a), after 90 m). Again, details of the exact same contact 
area, with sliding distances indicated in the respective image (b)–(f). Sliding 
direction of the Cu cylinder is from bottom to top. (SEM). 
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Such flow restrictions may increase the plastic deformation of the work 
material, the temperature, stresses, etc. The formation of ridges and 
valleys has been reported previously, both in a study of used tools [3] 
and in sliding contact against a Cu–Zn alloy [4]. 

Representative examples from the related study [4] performed 
against a Cu–Zn alloy rather than against pure Cu are found in 
Figs. 15–17. Fig. 15 illustrates the preferential transfer of the alloy to Co 
areas in the CC surface, as well as the fast removal of the initial topo-
graphical pattern on CrC, where just a few remaining pits are showing 
after 90 m sliding. After a longer sliding distance, Fig. 16, the ridges and 
valleys have evolved in the CC sample and the CrC coating, similar to the 
observations in Figs. 5 f and 9 f. Continued sliding leads to further wear, 
and after 4500 m the CrC coating is partly worn through, Fig. 17. Despite 
the similar appearance of the tool material surfaces worn by either 
Cu–Zn or pure Cu, there are significant and important differences in the 
wear rates. The details observed for the Cu–Zn material in Fig. 15 (after 
90 m sliding), resemble much earlier stages in the present pure Cu tests. 
The tool sample surfaces in Fig. 17 (after 4500 m sliding against Cu–Zn) 
more closely resemble the final surfaces in the present work (i.e. after 90 
m sliding against Cu). 

The wear rate against the pure Cu is thus much higher than that 

against the Cu–Zn alloy, and especially so for the CC and the CrC 
coating, as obvious from Fig. 18. These materials are less worn after 
sliding 4500 m against the Cu–Zn alloy than after sliding 90 m against 
the pure Cu, corresponding to more than 50 times higher wear rate 
against the pure Cu. For the CrN coating the wear is too shallow 
compared to the surface roughness to quantify a difference in wear rate. 
However, a more distinct wear pattern is observed after the 90 m against 
pure Cu (Fig. 13) compared to against Cu–Zn, which indicates that the 
pure Cu cause more wear also in the CrN case. The surface appearance of 
the worn tool cylinders is however similar irrespective of the Zn addi-
tion, indicating that the acting wear mechanisms are very similar. 

Furthermore, since the wear most probably occurs by tribochemical 
effects, as indicated here and in Ref. [3,4], the present comparisons 
suggest that the chemical interaction with the tool materials is stronger 
with Cu (and/or copper oxide) than with Zn (and/or zinc oxide). Thus, 
Zn seems to have a protective effect, both for the uncoated cemented 
carbide and for the coatings. This is particularly interesting, since the 
composition of the transferred material differs significantly between the 
different tool materials used to shear the Cu–Zn alloy. While the 
composition is close to the original alloy against CC, the transferred 
material is strongly enriched in Zn against either CrC or CrN [3,4]. 

Fig. 11. Elemental mapping of the CrC coated cemented carbide after 90 m, in the exact same area as imaged in Fig. 9 f. The analyzed element is indicated in the 
respective map (intensity adjusted individually). Due to energies overlapping with Cr, O is left out from the analysis. (EDS, 3 kV). 

Fig. 12. Elemental mapping of the CrC coated cemented carbide after 90 m, in the exact same area as imaged in Fig. 10 f, where wear through of the CrC coating is 
observed. The analyzed element is indicated in the respective map (intensity adjusted individually). Due to overlapping energies with Cr, O is left out from the 
analysis. (EDS, 3 kV). 
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Hence, Zn rich transfer does not seem to be a prerequisite for lower wear 
rates (compared to wear rates against pure Cu). 

5. Conclusions 

With the aim to finding clues to the wear of tools for shearing and 
forming the commonly used Cu–Zn alloy, the present paper investigates 
the friction, material transfer and wear behavior in sliding contact 

between pure Cu and three tool material surfaces: uncoated cemented 
carbide, and cemented carbide coated with CrC or CrN. The main idea is 
to isolate the vital tribological role of Zn, by testing with (Zn free) pure 
copper and then comparing with results for a Cu–Zn alloy.  

• The friction coefficient in sliding contact with the pure copper differs 
between the tested tool materials, and is always lowest for the CrN 
coating. 

Fig. 13. Successive surface appearance changes of the CrN coated cemented 
carbide sample caused by sliding against the Cu cylinder. Details of the exact 
same contact area, as indicated in the overview image (after 90 m) in (a). The 
sliding distance is indicated in the respective image (b)–(f). Transfer of Cu is 
caused by the initial roughness of the coating. Wear smoothens the surface in 
the sliding direction, and Cu is trapped mostly in the remaining pits. Sliding 
direction of the Cu cylinder is from bottom to top. (SEM). 

Fig. 14. Elemental analysis after 90 m, in the exact same area of the CrN coated 
sample as imaged in Fig. 13 f. The analyzed element is indicated in the 
respective map (adjusted individually). Neither W nor Co is detected, and due 
to overlapping energies with Cr, O is left out from the analysis. (EDS). 

Fig. 15. Tool surfaces after 90 m accumulated sliding against Cu–Zn alloy. CrC 
from Ref. [4]. (SEM, 3 kV, tilt 41◦). 

Fig. 16. Tool surfaces after 720 m accumulated sliding against Cu–Zn alloy. 
CrC and CrN from Ref. [4]. (SEM, 3 kV, tilt 41◦). 

Fig. 17. Tool surfaces after 4500 m accumulated sliding against Cu–Zn alloy. 
(SEM, 3 kV, tilt 41◦). 

Fig. 18. Comparison of the wear depths against pure Cu and Cu–Zn alloy for 
the three tool materials. 
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• The uncoated cemented carbide is gradually worn, resulting in a 
pattern of ridges and valleys, stretched out in the sliding direction. 
Cu is transferred mainly locally on top of the binder phase, but also as 
larger particles.  

• The initial surface roughness of the CrC coating is gradually worn off 
and parallel ridges and valleys form. Cu is transferred to the coating 
both as large (several microns) and as sub-micron sized particles. The 
coating is locally worn through and where the substrate is revealed, 
Cu transfer is found on top of the binder phase.  

• The initial surface pits in CrN are removed by slow gradual wear, 
polishing the coating surface, and Cu is transferred mainly as larger 
particles, associated to the shallow pits remaining in the surface.  

• The resemblance of the wear surfaces both with used tools and with 
cylinders from tests against the Cu–Zn alloy confirms that the acting 
wear mechanisms do not change when excluding the Zn, although 
the wear rate increases dramatically.  

• The absence of any indications of abrasive or adhesive wear, even at 
high magnifications, the fact that pure copper causes a dramatically 
higher wear rate than the Cu–Zn, and the lack of correlation between 
the friction levels and the wear rates, strengthen earlier assumptions 
that the wear mechanism is of tribochemical nature. 
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