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A B S T R A C T   

Cemented carbide tools are commonly used in both cutting and forging processes associated to zipper produc-
tion. In production, the tools experience many millions of repeated contacts, hence they must be very durable to 
keep the wear at acceptable levels. Although the zipper elements in this investigation are made in a relatively soft 
CuZn alloy, the wear becomes significant and the tool life a production limiting factor. The wear process is to a 
large extent unknown. To increase the understanding, forging dies used for an increasing number of forgings in 
actual production, have been studied in detail. Initially the Co binder is preferentially worn off, and transferred 
CuZn partly fills the cavities. Interestingly, the repeating forging contacts lead to modification of the composition 
of the transferred material, which partly separates into Cu rich and Zn rich parts, where the Zn rich parts show a 
high presence of oxygen. During the life span of the tool, represented by the controlled use of forging tools to 
different percentages of their estimated life, the WC grains are gradually worn into faceted shapes. The most 
severely worn region of the forging dies develops an increasing surface roughness, which act to shape a corre-
sponding pattern on the zipper elements.   

1. Introduction 

Zipper production includes complicated shearing and forging pro-
cesses to arrive at the final zipper element shape. The forging process 
involves significant plastic deformation of the work piece, and many 
millions of repeated contacts, each with a short sliding distance between 
the tool and the work material. Cemented carbide tools, consisting of 
hard WC particles in a ductile Co binder, are commonly used for these 
processes, since they offer durability and acceptable wear. Although the 
zippers are made in a relatively soft CuZn alloy, tool life is a limiting 
factor in the production. Hence, reducing the wear rate or delaying the 
critical wear would be very valuable for the industry. Not only would the 
downtime, materials consumption and costs decrease, but also the 
product quality would benefit. An increased understanding of the wear 
process is desirable, as this would ideally lead to improved tools with 
prolonged life. 

Not many studies have been published on the wear of cemented 
carbides by softer Cu alloys, and the forging process is rarely in focus. 
Most of the published work concerns cutting of Cu and its alloys [1–7], 
where uncoated cemented carbides are commonly used as cutting in-
serts. A recurring topic is the removal or replacement of the common 
alloying element Pb in Cu alloys, due to its environmental and health 

issues. It is well known that Pb improves the machinability of Cu alloys, 
meaning that Pb free alloys might be an issue. Where Pb has successfully 
acted to lubricate and protect the tool from wear, the wear increases 
[1–4] with a corresponding increase in both friction and work material 
transfer [8]. The wear observed on cutting inserts is generally reported 
as abrasion [1,5], chemical diffusion (crater) wear [4] or 
oxidation-enhanced wear [6]. Observations of abrasive wear have been 
made also in Cu wire drawing [9] and blanking [10,11], where trans-
ferred material was detected on the tool, alongside scratches in the di-
rection of movement. Similar observations were reported in a laboratory 
sliding test, using a cemented carbide ball in reciprocating sliding with 
Cu, where scratches stretched over the wear mark on the ball [12]. This 
was suggested to be due to local asperity contact. When it comes to the 
chemical diffusion wear, it has been proven that Co diffuses into the Cu 
alloy work material, allowing for subsequent adhesive pluck-out of WC, 
and also that some Cu and Zn diffuse into the Co [4]. Tool coatings, 
acting as barriers between the cemented carbide and Cu alloys, have 
been reported to reduce wear in many applications [1,4,5,7–9,13,14]. 
Further, the cemented carbide itself can be modified to improve the 
wear resistance. Exchange of the Co binder for FeAl has shown prom-
ising results in dry cutting of oxygen-free Cu, owing to the higher 
oxidation resistance of this binder [6]. Also the transfer tendency 
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differed; Cu was detected in a smaller area on the WC-FeAl tool than on 
the WC-Co tool, and the more limited amount of Cu was oxidized to a 
higher degree [6]. Hence, in the published works several wear mecha-
nisms are observed and reported. However, the understanding of how 
the softer Cu alloy wears the much harder cemented carbide is still not 
complete, and investigations in high enough resolution to identify the 
microscopic wear mechanisms are scarce. 

Previous studies on cemented carbide shearing tools from the zipper 
industry have shown that the wear against the CuZn alloy work material 
results in smooth, almost polished-like tool surfaces [13,14]. The wear is 
gradual and most probably involves tribo-chemical mechanisms. In 
addition, the cutting action results in transfer of work material to the 
tool surface. If coated tools are used, the Zn is preferentially transferred 
and becomes oxidized to a large degree. 

In the present work, the initiation and progress of the wear of forging 
dies have been studied on a series of tools collected from actual pro-
duction machines. The tools have been used for different time scales, 
from forging just 1000 zipper elements up to the full expected life time 
of the tool, corresponding to 25 million zipper elements. This wide range 
of usage enables observation of wear initiation as well as propagation 
and wear out. A deeper understanding about the mechanisms of tool 
wear is sought by detailed studies of the minute surface changes after 
different degrees of use, using high resolution imaging, elemental 
analysis and wear loss measurements. The increased knowledge of the 
wear process aims to facilitate actions to decrease tool wear, and hence 
prolonging tool life, and possibly improve the quality of the produced 
elements. As a consequence, a further objective has been to find corre-
lations between the state of wear of the tool and the surface integrity of 
the formed zipper elements. 

2. Experimental 

2.1. Materials 

The tools are made of cemented carbide; 85 wt% WC grains (average 
grain size 4 μm) cemented together by 15 wt% Co binder. Their surfaces 
are prepared by diamond powder blast polishing as the final preparation 
step. The work material is a Cu alloy, consisting of 85 wt% Cu and 15 wt 
% Zn. The hardness of the WC is 31 ± 3 GPa, Co 8.3 ± 0.6 GPa and Cu 
alloy 2.7 ± 0.2 GPa, measured by nanoindentation with a set indentation 
depth of 100 nm [13]. 

2.2. Wear testing in production machine 

All tests were performed in a production machine. The work material 
was a pre-deformed wire, from which individual sliced elements were 
produced by shearing. The shearing process is further described in 
Ref. [15]. The final step of the shearing process positions the sliced 

element in the forging die, right above the forging die cavity, and the 
forging process follows, Fig. 1. The newly sheared element is forced by 
the punch to take the shape of the die cavity, thus the process is char-
acterized by work material sliding against the die wall, under large 
surface expansion. 

Five forging dies were included in the investigation, each used for 
vastly different number of forgings, according to the scheme in Table 1. 
Once the set number of forgings was reached, the production was halted 
and both the die and the punch were exchanged for new ones, and the 
production restarted. The forging process is exactly monitored in pro-
duction, allowing for the well-controlled tests to selected proportions of 
the expected tool life. One unused die was also included in the investi-
gation, to function as a reference. 

2.3. Post test surface characterization 

All tools were carefully cleaned in acetone, followed by ethanol, in 
an ultrasonic bath for 3 min, respectively. The surface analysis was 
performed using high resolution field emission gun scanning electron 
microscopy (SEM; Zeiss Merlin, Carl Zeiss Microscopy, Oberkochen, 
Germany) and Energy Dispersive X-ray Spectroscopy (EDS; X-max, Ox-
ford Instruments, Oxford, UK). To measure the wear, surface profiling 
using micro probe 3D profilometry (ULTRA UMAP Vision System 350 
TYPE2, Mitutoyo, Kawasaki, Japan) was utilized. The 25M tool was 
analyzed also in cross section, prepared by Focused Ion Beam (FIB; Zeiss 
Crossbeam 550, Carl Zeiss Microscopy, Oberkochen, Germany). To 
make the worn surface in the die cavity accessible to the ion beam, the 
25M tool was cut from below, almost through to the die cavity. Subse-
quently, to avoid removing the wear surface with the cutting wheel, the 
remaining bridge was cracked and hence most of the wear surface was 
preserved. 

3. Results 

3.1. Tool wear 

Wear was measured along the centre line of the die using micro 
probe 3D profilometry, which facilitates measurement deep into the 

Fig. 1. Schematic drawing of the forging process; a) before forging and b) in the final forging state. The regions of the die showing the maximum wear (MW), as well 
as 150 μm above (aMW) and below (bMW), are indicated. In c) the resulting element geometry is shown from the view of the die cavity. 

Table 1 
Number of forged elements for each tool included in the investigation.  

Designation Number of forged elements Proportion of expected tool life 

Ref 0 0 
1k 1 000 40 ppm 
0.5M 430 000 2% 
1M 1 000 000 4% 
10M 10 000 000 40% 
25M 25 000 000 100%  
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cavity. A specific region in the die cavity, opposite and below the 
entrance point of the element (indicated in Fig. 1), was consistently 
subjected to the most severe wear. The wear depth in this region of 
maximum wear (MW), as well as the wear depths slightly above and 
below this region (150 μm above, aMW, and 150 μm below, bMW, 
respectively), is plotted for each tool in Fig. 2. For the 1k sample, even 
the maximum wear is too shallow to be separated from the surface 

roughness. For all longer tests, the wear is measurable and gradually 
increasing in all measured regions. 

3.2. Appearance of worn tools 

After the test, the 25M tool was studied in tilted view in the SEM, 
Fig. 3. The worn surface showed transferred material and a quite rough 

Fig. 2. Wear depth in the region of maximum wear (MW), 150 μm above MW (aMW) and 150 μm below MW (bMW) for tools used for different number of forgings. 
The depth is calculated as the difference between the measurement before and after use. 

Fig. 3. Appearance of the MW, aMW and bMW regions after 25M forgings. Left column; overview and right column; detailed view of the surface in left column. All 
images in a column are depicted in the same magnification. The tool has been moving in the vertical direction (top part of each individual image is closer to the die 
cavity entrance). The sketch indicates the positions of the three regions and the viewing angle. The dashed line indicates the position of the cut made to make the 
worn surface accessible for viewing. (SEM, 3 kV). 
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appearance of the cemented carbide, both in composite scale and in 
single WC grain scale, in all positions. However, in the region above 
maximum wear (aMW) there is a clear transition, from smooth and even 
wear closer to the die cavity entrance, to the uneven surface, already 
described, further down into the die cavity. 

The 25M tool examplifies a state where the wear has reached a 
critical level. To generate understanding about the initial wear and the 
processes leading up to this critical level, the full set of tools from 
varying stages of use was carefully studied. 

The development of the surface appearance in the region of 
maximum wear is presented in Fig. 4. The reference (unused) tool shows 
only some minor scratches, caused during the original tool production. 
This shallow type of damage is not immediately removed, but is still 
present after the first 1000 forging operations (1k). However, Co has 
been worn off in some areas, and transferred work material is found to 
take its place. Apart from this transfer, the difference from the reference 
surface is very small. From 0.5M operations and onwards, the WC grains 
show wear, and larger transfer particles are present on the tool surface. 
The wear gradually enhances the channeling contrast between the WC 
grains, resulting in different shading of the grains in the SEM. 

By increasing the acceleration voltage in the SEM, the information 
depth in the images increases. This results in loss of channelling contrast 
and further in that the thinner transfer films visible in Fig. 4 become 
electron transparent, and no longer visible in Fig. 5. Some of the larger 

transfer particles are still visible, indicating that these are also thicker. 
When part of the electrons are transmitted through the transferred Cu 
alloy, the surface underneath becomes visible. After large numbers of 
forgings (10M and 25M), the surfaces have somewhat rougher appear-
ances, which was clear from Fig. 3 (although the viewing angles differs 
significantly). Some of the Co binder, previously in level with the WC 
grains, has been removed and is now visible only further down in the 
microstructure (Fig. 5). This gives the impression of “gaps” between WC 
grains, although we know from Fig. 4 that these are not empty, but to a 
large extent filled with transferred work material. Further, more details 
about the WC grains are revealed. At close inspection, narrow cracks can 
be observed in the Reference and 1k tool surfaces. From 0.5M operations 
and onwards no such cracks can be observed. The wear is gentle but 
uneven, resulting in faceted WC grains. In a length scale exceeding the 
size of the individual WC grains, lines are generated in the direction of 
work material movement. These lines run through several neighboring 
WC grains, resulting in the uneven cemented carbide surface. 

After 1M forging operations, the transferred material covers a large 
fraction of the binder and is composed mainly of Cu but also of Zn, in 
proportions similar to that of the CuZn alloy, Fig. 6. The signal for O is 
low, indicating a low degree of oxidation. After 10M operations, trans-
ferred CuZn is still present, but now larger areas of the binder are visible, 
Fig. 7. However, here the transferred Cu and Zn are not present in 
exactly the same areas, but rather show a separation into Cu rich and Zn 

Fig. 4. Gradual modification of the surface appearance in the region of 
maximum wear (MW) after different number of forgings. The work material has 
been moving in the vertical direction. The inset sketch in “Ref” shows the po-
sition and viewing angle and the scale bar is valid for all images. (SEM, 3 kV). 

Fig. 5. Appearance of the region of maximum wear (MW) after different 
number of forgings. The depicted regions are exactly the same as in Fig. 4, and 
of the same magnification, but here using higher acceleration voltage. (SEM, 
10 kV). 
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rich areas. The areas rich in Zn show a high presence of oxygen, indi-
cating that the Zn has partly oxidized. This separation process between 
the two elements continues during the longer use, exemplified by 25M in 
Fig. 8. 

To study the cemented carbide tool surface, as well as the interface 
between the transferred material and the tool, localized cross sections 
were prepared by FIB, Fig. 9. The cemented carbide surface has a quite 
rough appearance, as observed also in top view, although the individual 
WC grains are worn relatively smooth, and no sharp edges are present in 
the top surface. As indicated already by the top view image, several 
pieces of transferred material are present in the cross sections. The 
largest (in the imaged slice) was about 1 μm long and 0.5 μm thick. 

Above the region of maximum wear (aMW), where a transition in 
wear behaviour was observed in Fig. 3, the surfaces are generally 

smoother, Fig. 10. The wear depth is of the same order of magnitude as 
in the MW region, as apparent from the wear measurements in Fig. 2. 
However, here the transferred material seems to fill all gaps more effi-
ciently, resulting in the smoother surface appearance. 

Again, increasing the acceleration voltage provides information from 
a larger depth, Fig. 11. Although the transferred material becomes partly 
transparent for the electrons, the impression of a smoothly worn surface 
persists, and Co, or transferred material, is present all the way to the 
surface. This is also clear from the cross section in Fig. 12, where the 
individual WC grains are worn smooth, and Co (or transferred material) 
is in level with the WC grains. Some lines, running through several WC 
grains, and small facettes are however seen in top view (Fig. 11). 

Below MW, further down into the die cavity, the wear is of the same 
character as in MW, Fig. 13. The surface is becoming more uneven as the 

Fig. 6. Elemental analysis in the MW region after 1M forging operations. The work material has been moving in the vertical direction. (SEM/EDS, 10 kV).  

Fig. 7. Elemental analysis in MW region after 10M forging operations. The work material has been moving in the vertical direction. (SEM/EDS, 10 kV).  
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tool is used, and transferred material, initially positioned between WC 
grains, is later on also observed as large particles on top of the cemented 
carbide surface. 

Increasing the imaging depth by increasing the acceleration voltage, 

again shows a rather uneven worn surface after 25M, Fig. 14. The Co is 
gradually removed in the top layer, and after 10M forgings the 
impression is that the WC grains are more or less loose and protrude 
from the surface (although Fig. 13 shows that transferred material 

Fig. 8. Elemental analysis in MW region after 25M forging operations. The work material has been moving in the vertical direction. (SEM/EDS, 10 kV).  

Fig. 9. Detailed appearance and cross section from the region of maximum wear (MW) on the 25M tool. a) Top view. The positions for cross section I and II are 
indicated with white lines. b) Cross section I and c) cross section II. (SEM, 3 kV). 
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actually cements the grains together). The formation of lines and face-
ttes in the WC grains is also quite significant from 0.5M and onwards. 

In cross section, Fig. 15, the roughness of both the composite and the 
individual WC grains is obvious. However, there are no signs of cracking 
or removal of whole WC grains. All protruding “peaks”, or facettes, of 
the WC grains are smooth in sub-micron scale. 

3.3. Appearance of the forged element 

During forging the elements are forced by the punch to take the 
shape of the die. Since the die is worn during use, also the geometry of 
the element changes, Fig. 16. The amount of work material fed into the 
die cavity is always the same, and although the forging punch position is 
adjusted to compensate for the change in tool geometry, the result is a 
shallower and wider element. 

The surface appearance of the element is also affected by the tool 
wear, Fig. 17. As long as the tool is smooth, the element surface becomes 
smooth (Fig. 17, left column). However, extensive plastic deformation of 
the surface is involved in the forging process. When a tool showing a 
wear pattern of parallel lines is used, this is reflected on the element 
surface (Fig. 17, middle column). Parallel tracks, about 10–20 μm long 
and about 3 μm wide, are formed in the direction of movement. These 
tracks become more irregular and wider if the tool is used for a longer 
time (Fig. 17, right column). In cross section, Fig. 18, it can be observed 

that each step consists of a thin layer of work material, often separated 
from the bulk by small pores. None of the analyzed elements showed any 
wear particles from the cemented carbide. 

4. Discussion 

The wear rate of the forging tools is low and remarkably stable, 
Fig. 2, corresponding to 0.015 Å per forged element. Hence, it would 
take about 200 forgings to remove one layer of atoms (assuming an 
average diameter 3 Å) and almost 3M forgings to remove one layer of 
WC grains (average grain size 4 μm). Nevertheless, the wear of the tool 
modifies the macroscopic shape of the die cavity and after 25M the 
geometry of the forged element is no longer within the tolerance limits. 

The narrow cracks observed on the reference tool surface and after 
short use, are not observed after 0.5M and onwards. These cracks are 
presumably a result of the manufacturing of the tool, and they are soon 
worn off. The lack of cracks on tools used for a longer time indicates that 
no cracking occurs during use, and hence cracks are not an important 
part of the wear mechanism. 

The highest wear occurs where the tool geometry changes slightly 
and the space for work material becomes constricted. In this area, the 
worn surface is characterized by parallel lines running in the direction of 
movement, and faceted WC grains. This generation of parallel lines is 
interesting. They are not the result of abrasion, since no hard particles 
able to scratch WC (and Co) are present in the system. Instead, the 

Fig. 10. Images of tool surfaces at aMW, after different number of forgings. The 
work material has been moving in the vertical direction. The inset sketch in 
“Ref” shows the position and viewing angle and the scale bar is valid for all 
images. (SEM, 3 kV). 

Fig. 11. Appearance of aMW, after different number of forgings. The depicted 
regions are exactly the same as in Fig. 10, and of the same magnification, here 
using higher acceleration voltage. (SEM, 10 kV). 
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gradual and slow wear of the WC grains indicates that material is 
removed on a very fine scale, which makes the WC grains become 
facetted. The wear does not result in visible deformation of the outer-
most surface, not even at very high SEM magnifications. The absence of 
such deformed layers is also what facilitates the distinct tunneling 
contrast, best seen in micrographs in Figs. 4, 10, and 13. This absence of 
a deformed layer indicates that the wear is most probably of chemical 

nature. Nevertheless, the generation of parallel lines, running through 
several neighboring WC grains, indicates that the direction of movement 
is also important for the wear. The die and the punch never come into 
direct sliding contact, but are always separated by the element metal. 
Hence, the tool wear is caused solely by the contact with the much softer 
CuZn alloy. 

In related studies involving the presently tested materials, but tested 
in a shearing operation [13] and in a crossed cylinder sliding test [14], 
initially rough cemented carbide surfaces were worn smooth, almost as 

Fig. 12. The aMW region of the 25M tool in a) top view and cross section (combination of two images), showing the smoothly worn and levelled surface, and b) 
detail of the area indicated in a), where transferred material is observed between two WC grains. (SEM, 3 kV). 

Fig. 13. Images of tool surfaces at bMW, after different number of forgings. The 
work material has been moving in the vertical direction. The inset sketch in 
“Ref” shows the position and viewing angle and the scale bar is valid for all 
images. (SEM, 3 kV). 

Fig. 14. Appearance of bMW, after different number of forgings. The depicted 
regions are exactly the same as in Fig. 13, and of the same magnification, but 
here using higher acceleration voltage. (SEM, 10 kV). 
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polished, and gradually developed shallow hills and valleys in the 
sliding direction [13,14]. In the present work, the tool surfaces instead 
become rougher during use, although wear still occurs on a very small 
scale. Although the two applications in many respects are similar, there 
are differences in the contact conditions. During the first forging con-
tacts, the die surface is smooth and substantial sliding is expected be-
tween the tool and the work material, which experiences an extreme 
surface expansion when filling the cavity. When the tool surface be-
comes rougher, due to work material scrape-off and wear, it is reason-
able to believe that the amount of sliding is reduced. This would indicate 
the possibility that during each operation, a stagnant layer of work 
material is formed in contact with the tool. Shearing would then pref-
erentially occur in the work material itself. This is similar to the “dead 
metal zone” (DMZ), a zone with stationary work material, often 
observed both experimentally [16,17] in and in simulations [16–19] of 
forging and extrusion processes. The presence (and size) of the DMZ is 
dictated by the friction against the tool walls and tool geometry, where 
higher friction or more complex geometries increase the probability 
(and size) of the DMZ [17,18]. Further, a stagnant layer along the 
container walls, where the work material is restricted to move, has been 
shown by FEA to prevail during direct extrusion of Al [19]. When such a 
stagnant layer has been generated, the increased time in intimate con-
tact increases the possibility for chemical reactions, which would then 
result in a non-directional wear of the tool. In the present operation, 
there will however always be some sliding, even for the roughest sur-
faces, when the forged element is removed from the die cavity. Hence, 
we propose that the wear is based on two mechanisms: 

• The sliding during extreme surface expansion results in the direc-
tional wear, caused by atomic scale material loss into the work ma-
terial, made highly reactive by the stretching and breaking up of the 
thin surface oxide. This mechanism is responsible for the “lines” in 
the tool surface.  

• The generation of a stagnant layer could result in the non-directional 
wear, due to similar atomic scale loss into the stagnant layer. But 
here the lack of relative motion makes wear rate dependent on 
crystalline orientation rather than on the sliding direction, and 
thereby resulting in faceted WC grains and increasing roughness. 

Work material transfer occurs already from the start. It is most 
probably preceded by removal of Co, so that work material acts to fill the 
formed pits, partly by being scraped off. The result is a quite smooth 
surface above MW, where work material has filled all depressions and 
the WC grains are still flat. Further into the die cavity, below the tran-
sition point, the wear is more severe, the surfaces become rough, and 
transferred work material cannot smoothen the surface as effectively. It 
is still commonly present between WC grains, but also larger lumps are 
present, somewhat protected from removal by the surface roughness and 
the presence of a stagnant layer. When mainly being scraped off, the 
composition of the transferred work material is quite close to the work 
material composition. During use, however, when the contact condi-
tions changes, also the chemistry changes and Cu and Zn become at least 
partly separated, and Zn becomes oxidized. 

The forged element inherits the roughness of the tool down to sub- 
micron level, hence the more irregular the tool, the more irregular the 
element. The roughness of the worn tool surface also generates parallel 
tracks on the element surface, in the corresponding area. The tracks 
seem to be generated during lift-out of the element, rather than during 
the actual forging, according to the direction of the plastic deformation, 
compare upper and lower row in Fig. 19. 

In cross section, Fig. 18, it was observed that these tracks consisted of 
thin layers, “tongues”, of work material. These tongues showed apparent 
signs of severe plastic deformation; elongation in the direction of 
movement and grain refinement. The grain refinement was not 
restricted to these tongues, but also present in the intermediate surface 
and at a slightly larger depth. This superficial plastic flow, and corre-
sponding grain refinement, was not observed in the position on the 

Fig. 15. The bMW region of the 25M tool in a) top view and cross section (combination of two images), showing the roughness of the worn surface, and b) detail of 
the area indicated in a), where an individual WC grain shows significant topography, but there are no signs of cracking, all edges are smooth. (SEM, 3 kV). 

Fig. 16. Appearance of elements formed after different number of forgings, depicted at the same magnification. a) Reference (less than 20 forged elements), b) 0.5M 
and c) 25M tools. The sketch in d) shows the viewing angle. (SEM, 3 kV). 
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Fig. 17. Surface appearance of elements 
formed by tools run for different number of 
forgings. Left column: Reference (after less 
than 20 forged elements), middle: 0.5M and 
right: 25M. The bottom three rows show high 
magnification details (all depicted at the same 
magnification) of the areas indicated in the 
top row micrographs. These areas correspond 
to aMW (2nd row), MW (3rd row) and bMW 
(4th row) on the respective tools. The black 
lines in the 25M images indicate the position 
of the cross sections in Fig. 18. The bottom 
part of each image is deeper into the die cav-
ity. (SEM, 3 kV).   
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Fig. 18. FIB cross sections, parallel to the direction of movement, on an element formed by the 25M tool. The positions of the cross sections are indicated in Fig. 17 
and correspond to aMW (left column), MW (middle column) and bMW (right column) on the tool. The top row shows the overview and the successive rows show high 
magnification details (all depicted at the same magnification) of the areas indicated in the top row micrograph. (SEM, 3 kV). 

Fig. 19. Appearance of the worn tools in MW (upper row) and corresponding area of the elements formed by the corresponding tool (lower row). The bottom part of 
images corresponds to a position deeper into the die cavity. The number of forgings are indicated in the top row. All tool and element surfaces are depicted at the 
same magnification. (SEM, top row 10 kV, bottom row 3 kV). 

J. Heinrichs et al.                                                                                                                                                                                                                               



Wear 492-493 (2022) 204216

12

element formed by smooth part of the tool counter surface (aMW). The 
larger grains observed here instead reveal the direction of the material 
flow during the filling of the cavity, opposite to the surface flow. These 
observations implies that the superficial work material deformation is 
more severe in MW and bMW than in aMW. As previously noted, MW 
coincide with the constriction of space for the work material, and it is 
reasonable to believe that this constriction initially causes higher degree 
of plastic deformation of the element. As the tool gets rougher, with a 
wear rate related to the severity of the work material deformation 
(including greater surface expansion and native, more reactive work 
material in contact with the tool), additional tongues are generated on 
the element. 

5. Conclusions 

The successive wear of forging dies used in actual zipper production 
has been studied on a set of dies, representing different stages of tool life. 
The worn surfaces show similarities to other cemented carbide tools that 
have been used in sliding contact with the same work material, but also 
show distinct differences including faceted WC grains. The worn sur-
faces thus develop an increased surface roughness, which leaves 
distinctive traces on the formed zipper elements. Careful surface anal-
ysis of the tools leads to the following conclusions;  

• The Co binder in the tool surface is partially worn away, leaving pits 
that become filled by transferred work material. During the 
continuing forging work, the transferred Cu alloy material becomes 
(partly) separated into Cu and Zn, and O is associated to presence of 
Zn.  

• The WC grains are slowly and gradually worn, resulting in faceted 
grains and in “lines” in the sliding direction, the latter running 
through WC grains, regions with Co and transferred material. This 
surface roughness of the tool increases with the number of forgings. 

• The number of cracks in WC grains shows an opposite trend, van-
ishing as the die is worn, which indicates that the cracks are a result 
from the manufacturing of the tool.  

• The element shape is to a large extent a replica of the die cavity 
geometry. It both mirrors the overall wear of the die and reflects the 
worn tool surface at a microscopic scale. The surface of the elements 
thus become very smooth when formed with a new smooth tool, and 
as the tool surface become rougher, this is reflected in rougher 
elements.  

• The element surface is characterized by parallel tracks, consisting of 
10–20 μm long severely deformed tongues of work material, elon-
gated in the direction of movement. The width of the tracks is in the 
same order as the WC grain size. 

Although the wear mechanisms are still not fully understood, the 
addition of new details and observations of the active wear mechanisms 
contribute an important step towards future actions to delay the tool 
wear and improve the quality of the zipper elements. 
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