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Effect of workpiece pre-straining on tribological performance of surface 
coatings in sheet metal forming 
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A B S T R A C T   

The material condition of a workpiece changes as it is formed. Typically, the workpiece hardens and undergoes 
geometrical and topographical changes. In progressive forming, where workpieces are formed in multiple steps, 
this means that the workpiece in subsequent steps is different from the as-received material. In this work, strip 
reduction of an as-received strip and of a pre-strained strip are compared. EN1.4404 stainless steel is pre-strained 
by bending-under-tension. This leads to changes in the material condition and the surface topography of the 
strip. Two different coatings are tested in a strip-reduction test to evaluate the effect of these changes to the 
workpiece state on the tribological performance of the tool coatings. A coating that performed poorly when used 
to reduce the as-received material exhibited an improved performance when used to reduce the pre-strained 
material.   

1. Introduction 

Sheet metal forming of tribologically difficult materials, such as 
stainless steels, typically involves high contact pressures and high tem-
peratures. This leads to tribological loads on sheet metal forming tools 
being severe and galling and tool wear being issues [1]. By customising 
specific parts of the tribo-system, which consists of the tools, the 
workpiece, the lubricant, and environment; it is possible to reduce the 
wear that occurs without resorting to using chlorinated oils [2]. One 
method of doing this is to apply a coating to the tool surface. 

Many different coatings have been developed for specific applica-
tions. In sheet metal forming, these are typically hard coatings aimed at 
reducing friction and/or wear; or coatings designed to minimise pick-up 
when forming metals that are prone to adhesive transfer such as 
aluminium [3] or stainless steel [4]. Bienk et al. [5] compared the effect 
of different coatings on the wear and friction behaviour of D2 tool-steel 
using a pin-on-disc test. They found that applying a coating reduces 
wear and dry friction. Further, by polishing the coating after it is 
applied, the wear behaviour was changed compared to using the coating 
in the as-deposited state as micro asperities that grew during coating 
application are removed. The coatings also exhibited different behav-
iour depending on the properties of the specific coating. Podgornik et al. 
[6] investigated the use of tool coatings that were deposited on forming 
tools with varying surface roughness and surface morphology and the 

correlation between the roughness of the coated tool surface and pro-
pensity for galling when forming stainless steel. They found that the 
surface roughness of hard coatings has a crucial effect on both friction 
and adhesive transfer. Polishing a ground surface prior to coating did 
not improve the friction and wear of the tool as much as post-polishing 
after coating a ground surface, which shows that the post-polishing 
processing of the tool is very important. The surface of the coated 
tools is also important for the wear resistance of the coating, as noted by 
Hogmark et al. [7], with an increase in the surface roughness directly 
correlating with a smaller critical load before the coating is scratched. 

Simulative testing can be used to recreate conditions of a real tribo- 
system in a laboratory setting. This is commonly used to investigate 
friction or wear behaviour in specific tribo-systems and involves 
extracting information about tribological loads from the real tribo- 
system, often through numerical modelling, and then tailoring param-
eters and tool geometries in a suitable simulative test geometry to match 
those tribological loads [8]. Sulaiman et al. [9] applied simulative tests 
that were tailored to match specific processes to evaluate how three 
different DLC coatings; single-layer DLC, DLC/TiAlN, and nano-layer 
DLC; performed compared to a commercial TiAlN coating. They found 
that the DLC/TiAlN coating out-performed the other coatings under 
lubricated and dry conditions, at 20 ◦C and at 80 ◦C initial temperatures, 
in terms of both friction reduction but also workpiece surface roughness. 
They also showed that in a longer-duration simulative test, the principal 
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wear mode of the coating was adhesive pick-up, which eventually led to 
scratching of the workpiece surface or delamination of the coating. 

Tribological loads depend on the materials that all members of the 
tribo-system are made from. A harder workpiece material is likely to 
accelerate wear of the tools compared to a softer material, at least in the 
way that adhesive wear becomes less likely and abrasive wear may start 
to occur depending on the relative hardness of the workpiece compared 
to the tool surface [10]. It is therefore important that any simulation of a 
tribo-system includes material in a state that is similar to the 
tribo-system that is being simulated, as work hardening induces a 
considerable change in the hardness of the workpiece. Simulating a 
progressive forming process is complicated. This is because each step of 
the process chain will affect each following step. A deep drawing step 
will affect the subsequent ironing step, as the state of the material has 
been changed. Changes occur to the hardness, flow stress, surface 
topography and the internal stress state of the workpiece material. Any 
simulation of a specific process step therefore needs to account for these 
changes if the simulation is to remain of a high fidelity. This is true for 
both computer simulation and physical simulation through simulative 
testing of tribo-systems in a laboratory setting [11]. 

In this work, strip reduction tests are performed on as-delivered coil 
material using tool-pins that have two different coatings. This test was 
set up to simulate an industrial ironing process. The strip is pre-strained 
through bending-under-tension to simulate a workpiece being deep 
drawn along a straight side, which is then followed by strip reduction 
testing to simulate the subsequent ironing as it were to occur in a pro-
gressive forming process sequence. Various properties of the pre- 
strained material are evaluated to study their effect on the tribological 
performance of the coated tool-pins. The tribological limits of the two 
coatings are also compared by applying increasingly severe conditions in 
the strip-reduction test. 

2. Experimental methods 

Test parameters applied in this work were chosen to reflect condi-
tions found in an existing industrial process where 1.4404 stainless steel 
is formed in a progressive tool. To simplify conditions for application in 
the lab, only two steps are considered here. 

2.1. Bending-under-tension 

Bending-under-tension (BUT) can be tailored to match tribological 
conditions found on the die radius in deep drawing along straight sides 
or where the curvature is large compared to the sheet thickness. An 
alternative testing method representing deep drawing of round cups or 
in corners of rectangular cups is the bending with tangential compres-
sion as discussed by [12]. It involves a strip being drawn over a tool-pin 
under back-tension, as shown in Fig. 1, implying relatively mild loads, 
medium to high normal pressures and small sliding lengths [12]. In this 
work BUT was applied to impose conditions similar to deep drawing to 

Fig. 1. : BUT set-up shown by (a) overview of tribo-tester, (b) close-up of test working area, and (c) tool-pin geometry which imposes increased contact pressure in 
the BUT compared to using a cylindrical tool-pin [13]. 

Table 1 
Test parameters used in BUT.  

Parameter Average 
drawing 
speed in 
each stroke 

Drawing 
length / 
stroke 

Idle time 
between 
each stroke 

Number 
of strokes 

Back- 
tension 

Value 50 mm/s 200 mm 5 s  50 150 
MPa  
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the strip before SRT to evaluate how the change of the strip material 
affected the coating performance during SRT. The strip material after 
BUT will from here-on be referred to as ‘pre-strained’. The BUT leads to 
one of the surfaces being in contact with a tool-pin, while the other is 
free. The surface that was in contact with the BUT tool was then used as 
the lower surface in the SRT. The test parameters used for the 
bending-under-tension testing performed in this work are listed in 
Table 1. These testing conditions are chosen to have relatively few marks 

from the start and end of strokes, while still imposing idle time to reduce 
heat build-up in the strip. Rhenus 200, a deep-drawing oil from Rhenus, 
was applied abundantly using a foam roller before the strip entered the 
testing machine. 

2.2. Strip-reduction testing 

Strip-reduction testing (SRT) is a simulative test that can be tailored 
to represent tribological conditions found in industrial ironing, where 
surface expansion and high normal pressures occur [12]. The principle 
of the test applied in this work is shown in Fig. 2. A strip having an initial 
thickness of t0 = 1 mm is drawn through two, fixed, non-rotating 
tool-pins that are separated by a gap of width t1. The force required to 
draw the strip between the two tool-pins, Fd, is measured by a 
strain-gauge based force transducer and is a direct indicator of the state 
of the tool surfaces. With negligible geometrical change of the tool-pins, 
any increase in the force will be the result of increasing friction, which is 
an indicator of tool wear. Therefore, the main indicator of coating per-
formance was the peak force as a function of the number of strokes. The 
severity of the applied conditions can be controlled by changing the 
reduction, where a smaller t1 means a more severe process in terms of 
contact pressure and temperature development. The test parameters that 
were applied in this work are shown in Table 2. Each test was repeated 
three times to evaluate reproducibility. Lubricant was applied abun-
dantly by a foam roller onto both strip surfaces before the strip reached 
the tool-pins. The test was lubricated using a Rhenus SU 500 heavy duty 

Fig. 2. : Strip-reduction test (SRT) shown by (a) overview of testing machine, (b) principle of the test with tool-pins having a diameter of D = Ø15 mm and (c) close- 
up of active area of machine. 

Table 2 
Test parameters used in the SRT.  

Parameter Average drawing 
speed in each 
stroke 

Drawing 
length / 
stroke 

Idle time 
between 
strokes 

Target 
number of 
strokes 

Value 40 mm/s 9 mm 0.9 s 1000  

Table 3 
Information on tool coatings used in this work.  

Coating A B 

Microhardness (HV 0.05) 3200 3500 ± 500 
Max service temperature 1100 ◦C 800 ◦C 
Coating thickness from data sheets Unknown 4 – 6 µm 
Measured coating thickness 5.5 – 6.0 µm 5.1 – 5.5 µm  
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forming oil from Rhenus. 
The limiting reduction, which was used here as a marker of coating 

performance, for each coating was evaluated in terms of the maximum 
reduction possible without strip fracture within the first 1000 strokes. 
Different wear on the two coatings lead to differences in the resulting 
friction and hence in the limiting reduction. 

2.3. Tool coatings 

Two tool coatings were tested in this work, hereafter referred to as 
Coating A and Coating B. Coating A is a commercial single layer coating 
made from AlCrN that was applied by arc spraying. Coating B is a 
commercial multilayer coating that is made from layers of TiAlCN that 

are applied by physical vapour deposition to a total thickness of 4 µm – 
6 µm. Table 3 shows selected properties of the two coatings from data-
sheets from the suppliers. The coating thickness was measured by 
sectioning a tool-pin, and utilising light-optical microscopy to determine 
the thickness of the sectioned coating. 

2.4. Materials 

The strip material used in this work was 30 mm wide and 1.0 mm 
thick and was made from annealed EN1.4404 stainless steel with a 
surface finish 2B. Tool-pins used in SRT and BUT are made from Vanadis 
6 and Vanadis 4 Extra, respectively. Both materials are powder- 
metallurgical tool-steels produced by Uddeholm. All tool-pins were 

Fig. 3. : (a) Acquisition strategy for surface characterisation of formed strips. (b) Principle of hardness measuring strategy.  

Fig. 4. : Surface of as-received strip shown by (a) overview captured by 2.5x magnification of a 20 mm × 20 mm area and (b) captured by 20x magnification. The x- 
axis is along the drawing direction. 
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hardened to 64 HRC and subsequently ground and polished to Ra 
= 0.06 µm before coating. BUT tool-pins were all coated by Coating B, 
while both coating A and B were tested in SRT. Tool-pins were used in 
as-received conditions from the coating supplier. 

2.5. Optical methods 

Two optical methods were used to evaluate the deformed strip sur-
faces and the tool-pin surfaces. A standard Keyence light-optical mi-
croscope was used to get a broad overview of the formed surfaces and 

the active tool-pin surfaces. An Alicona InfiniteFocus laser confocal 
microscope was used to gather more detailed information on the surface 
characteristics. The acquisition strategy employed for capturing images 
of strip surfaces in the Alicona is outlined in Fig. 3(a). The centre along 
the width of the formed strip was captured in an area of 
20 mm × 20 mm with a 2.5x magnification for an overview. Higher 
magnification acquisition was performed to capture more details in an 
area of 2 mm × 2 mm. Any pictures or illustrations of strip surfaces will 
have the same coordinate axes as shown in in Fig. 3(a), i.e. with the x- 
axis along the drawing direction and the z-axis along the strip width. The 

Fig. 5. : Strip surface after BUT shown from the side contacting the tool. (a) 20 mm × 20 mm overview of surface taken by 2.5x magnification and (b) detailed 
picture taken by 20x magnification. The x-axis is along the drawing direction. 

Fig. 6. : Strip surface after BUT shown from the side not contacting the tool. (a) 20 mm × 20 mm overview of surface taken using 2.5x magnification and (b) detailed 
picture taken by 10x magnification. The x-axis is along the drawing direction. 
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y-axis is through the strip thickness. 

2.6. Hardness measurements 

The hardness of the strips was evaluated using a Wolpert mechanical 
hardness tester. These testers have a built-in optical system which allows 
concurrent hardness indentation and measuring of indentation width. A 
Vickers-type pyramid indenter was used with a load of 20 kg. Only one 
of the sides of the strip is in contact with the BUT tool-pin and the stress 
state was different on the inside and outside of the bending and un-
bending. Therefore, the hardness of both surfaces was evaluated. Fig. 3 
(b) shows the locations of the hardness measurements, which involves 9 
indentations across the width of the surface, each being separated by at 
least 2.5 mm to minimise their interactions. The indentations were also 
spaced lengthwise so that when the hardness of the opposite surface was 
evaluated, the indentations would not be in the same location as pre-
vious indentations on the first surface. 

3. Results 

3.1. Changes imposed on strip through bending-under-tension 

3.1.1. Changes of strip thickness 
Part of the strain induced during BUT is in the thickness direction, 

implying a reduction in the thickness of the strip, which was 10% in this 
case. This means that the strip had a thickness of 0.9 mm prior to SRT. 
During the BUT test, the start/end points of strokes on the formed strip 
had a local thickness reduction to below 0.9 mm. This occurred at reg-
ular intervals with a spacing of the drawing length used in the BUT. This 
was caused by the application of back tension in the tribo-tester lagging 
slightly behind the drawing. This results in slightly smaller drawing 
force during SRT at these local regions of the strip but does not affect the 
overall evaluation of the tool coatings evaluated by SRT because the 
drawing length of each BUT stroke was much longer than the SRT 
drawing length. 

3.1.2. Changes of strip surface 
The surface of the strip also underwent changes, both from being in 

tool contact in the BUT and from strain-induced roughening. The surface 

of an as-received strip is shown in Fig. 4, along with a magnified section. 
It has a clear texture along the rolling direction, which coincides with 
the drawing direction in the simulative tests. Fig. 5 and Fig. 6 show the 
surface that was in tool contact and the free surface, respectively, of a 
strip after BUT. 

The BUT resulted in a periodic pattern in the surface of the strip. The 
surface that was in contact with the tool showed a pattern having a 
wavelength of 0.5 – 1.0 mm and an amplitude of 2.0 µm – 2.5 µm, while 
the pattern on the free surface had a wavelength of 2.0 mm – 2.5 mm 
and an amplitude of about 2 µm. Any evidence of the as-received strip 
texture was removed to the point that it could not be detected by the 
applied optical method. 

The surface roughness changed from Ra = 0.25 µm ± 0.05 µm 
before BUT to Ra = 0.75 µm ± 0.14 µm after BUT in the drawing di-
rection and from Ra = 0.28 µm ± 0.04 µm to Ra = 0.76 ± 0.14 µm 
across the strip. It should be noted that the roughness after BUT is at a 
smaller scale than the waviness itself. 

3.1.3. Changes of strip hardness 
Hardness testing showed that the hardness of the strip increased by 

almost a factor of two, as shown in Fig. 7. The effect of tool contact was 
not detected from the hardness measurements as the two sides hardened 
by the same amount. Prior to BUT, the hardness of the strip was in the 
range of 130 HV – 160 HV, whereas after BUT the hardness had 
increased to between 250 HV and 280 HV. The hardness on the edges of 
the strip was slightly higher due to strain incurred when the strip was slit 
from its mother coil. 

3.1.4. Strip curvature 
Besides thickness changes, the strip also changed its curvature during 

the BUT as it attempts to coil lengthwise in the same direction as it was 
bent. During contact with the tool-pin, a non-uniform pressure distri-
bution occurred across the width of the surface with the highest pressure 
at the centre of the strip. This led to a minor curvature across the width 
of the strip, such that the strip had a small double-curvature after BUT. 
This may lead to altered conditions in the subsequent SRT as compared 
to the conditions for as-received strip material, but the conditions will be 
the same when comparing SRT across pre-strained strips, so it did not 
affect comparison of coating performance. 

3.2. Strip reduction testing 

Table 4 shows the force profiles measured across strip reduction tests 
using the different test parameters. Coating A exhibited massive increase 
in the measured force for the as-received strips used in SRT, but not for 
the pre-strained strip. Coating B showed a stable drawing force across all 
parameters. In most cases, all three repetitions lay on top of one another, 
which indicated that the reproducibility of the tests was good. An 
average drawn for each set of tests to facilitate comparison is shown in 
Fig. 8. The selection of reductions was based on an existing industrial 
process, where the total reduction from as-received to formed workpiece 
was 22%. The 13% thickness reduction was tested both on as-received 
strip material and on pre-strained strip material, in the latter case 
resulting in a total strip reduction of 22% from BUT and SRT. 

The drawing force naturally increased with higher thickness reduc-
tion in the SRT. The two curves in Fig. 8 representing Coating A with the 
as-received strip stick out from the others by a steep increase in force 
from the beginning. All curves from Coating B remain stable throughout 
the entire test, which turns out to be the same for Coating A when the 

Fig. 7. : Results of hardness testing of as-received material and strip material 
pre-strained by bending-under-tension. 
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strip has undergone BUT prior to the SRT. Purely based on these results, 
Coating B seems to have a better performance than Coating A. 

3.2.1. Characterisation of deformed strips 
Images of the surfaces of the reduced strips were acquired and are 

shown in Table 5. The strips reduced using Coating A for either reduc-
tion without pre-strain showed a similar surface development. Some 
amount of workpiece material was transferred to the middle of the tool 
from the strip and is then smeared across the surface in consecutive 
strokes. This leads to the bulge shown near the end of the strip for tests 

using Coating A performed on an as-received strip. This was similar to 
what Filali et al. [14] found through experiments and simulation of 
galling when forming aluminium. Assuming that the bulge effect in-
dicates galling, Coating A was more vulnerable to galling than Coating 
B, which is in agreement with discussion in Section 3.2. There was no 
evidence of the bulging effect for any test using Coating B, or for tests 
using Coating A for the pre-strained strip. 

The first two rows in Table 5 further show that the surface devel-
opment stabilises, indicating a steady state being reached, as the surface 
of the formed strip did not change much between 1000 and 5000 

Table 4 
Force profiles from all SRTs.  
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strokes. 
Fig. 9 shows a typical surface of a strip that has been subjected to 

both BUT and SRT. Any evidence of the pattern obtained by the BUT was 
removed by the SRT, with some small scratches from the SRT having 
formed. 

3.2.2. Characterisation of tool-pins 
Images of surfaces from the tool-pins were captured. The form of the 

surfaces was removed from the images, and four profiles were drawn 
both horizontally and vertically as shown in Fig. 10. A total of 24 images 
were taken, 12 of tool-pins with Coating A and 12 with Coating B. The 
surface roughness, in terms of the Ra value from profile measurements 
along the lines shown in Fig. 10, is shown for both coatings in Fig. 11. 
Coating B has a surface roughness with a mean value less than half of 
that of Coating A, which may explain the better performance. Coating A, 
with the higher roughness, will be much more prone to adhesive pick-up 
of workpiece material compared to Coating B. 

Pictures were taken of the wear scars on the tool-pins used under the 
various conditions. The surfaces of tool-pins coated with Coating A are 
shown in Table 6, while those coated with Coating B are shown in 
Table 7. Comparing the upper and lower tool-pins for both shows that 
there was very little difference in the wear development between tool- 
pins used in the same test. There is slightly more wear close to where 
the edges of the strip contacted the upper tool-pins, but that is likely due 
to the presence of a burr along the coil length resulting from slitting of a 
larger coil in to the 30 mm wide coil used here. 

Comparing tool-pins used for the reduction of as-received material 
and pre-strained material shows that the wear was more severe when 
reducing the as-received material by 22% compared to pre-strained 
material using tool-pins with Coating A. The wear for those conditions 
seemed to be mainly pick-up. For the pre-strained material, there is very 
little evidence of localised pick-up, most of the wear likely being small- 
scale pick-up across the whole contact. The tool-pins coated with 
Coating B exhibit more severe wear when reducing the pre-strained 
material compared to the as-received material. Coating B is less rough, 
and therefore likely more resistant to pick-up, but at the same time, the 
harder strip has more tendency of making marks on the smoother sur-
face of Coating B. 

While reducing the as-received strip, Coating A immediately started 
to experience pick-up of workpiece material due to the relatively high 

roughness and surface morphology of the tool-pin coating. The pick-up 
then led to more adhesion between the tool-pin and fresh strip, 
increasing friction. At some point, a critical point of pick-up was 
reached, after which more pick-up was made difficult. This led to the 
force profile stabilising. This may also have been caused by the surface 
becoming smoother, and therefore less prone to more pick-up, or even 
by previously adhering material coming loose and separating the sur-
faces or acting as rolling elements as Yang et al. [15] theorised might 
lead to a decrease in friction when forming aluminium. 

In comparison, Coating B was much smoother and therefore less 
prone to pick-up. Across the 1000 strokes performed in repeated tests, 
and 5000 in a single test, no evidence of large-scale localised pick-up 
was found, and hence little to no increase in the force profile. The 
chief wear mode of Coating B was therefore likely abrasive, although 
little wear was found at all. The difference between the surface rough-
ness of the two coatings may explain this difference in behaviour. 
Straffelini et al. [16] found that an increase in tool roughness led to a 
direct increase in friction and loss of material of a counter-body when 
using a pin-on-disc configuration. The loss of material is likely to end up 
on the surface of the disc as adhesive pick-up. 

After pre-straining the strip, wear of the Coating B tool-pins became 
more severe. This was because of the increased hardness of the strip, 
which promoted abrasive wear of the coated tool-pins. At the same time, 
the harder material was less prone to adhering to the surface of the 
Coating A tool-pins, leading to less pick-up and therefore little to no 
increase in friction across the tests performed here. The change in the 
surface morphology of the strip during the BUT also contributed, as the 
periodic pattern that lies perpendicular to the drawing direction facili-
tated the carrying of lubricant into the contact interface. This further 
decreased the pick-up that would occur. 

3.2.3. Wear resistance of coatings as function of process severity 
The wear resistance performance of the two coatings was evaluated 

by SRT, applying increasing reduction to simulate more severe pro-
cessing. Tests continued for up to 1000 strokes or until the strip frac-
tured. Fig. 12 shows the force profiles derived from tests applying 
reductions up to 50%. Coating A led to fracture after 380 strokes for the 
31% reduction, and after only 6 strokes for the 40% reduction. Coating B 
did not lead to fracture until a reduction of 50% was attempted, during 
which it fractured after 29 strokes. 

The increased force at consecutive strokes necessary to draw the strip 
was a result of increased friction in the contact interface, which is an 
indication of tool wear. The surfaces of some of the tools were thus 
investigated to determine what sort of wear occurred. Fig. 13 shows the 
surface of a tool-pin with Coating A that was used in a test with a 
reduction of 22%. The appearance of wear scars on all different tool-pins 
is very similar to this. Profiles, also shown drawn on the surface in 
Fig. 13, were extracted from the surface to determine how the surface 
topography changes with wear. These profiles are shown in Fig. 14 with 
offsets along the y-axis to make all curves visible. Along with the profiles 
an ideal circle of the same diameter as the tool was drawn to represent 
the original surface of the tool. The extracted profiles lay either on the 
ideal circle, or slightly outside of it. This indicated that the wear was 
mainly adhesive pick-up from the workpiece to the tool surface. This 
was consistent with the force profile increasing and eventually stabil-
ising (if not fracturing) as the critical thickness of pick-up is reached. 

Fig. 15 shows the surface of a tool-pin with Coating A after 391 
strokes when the strip fractured after 31% reduction. The figure also 
shows where profiles are extracted. The profiles are shown in Fig. 16 
with offsets along the y-axis to make all curves visible. As was the case 
for the 22% reduction, profiles lie either on the ideal circle or slightly 

Fig. 8. : Mean force profiles for each test series. Repetition 1 with Coating B for 
the pre-strained strip is omitted from the average due to a measurement error at 
around 180 strokes. 
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Table 5 
Overview of surfaces of deformed strips.  
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outside of it, indicating that no peeling or abrasive wear of the coating 
occurred. 

In all cases, Coating B showed a better performance than Coating A. 
Coating B could withstand higher reduction before massive wear led to 
strip fracture, but also did not show much wear across 1000 strokes as 
Coating A did. 

4. Conclusions 

From the results discussed in this work, it is found that Coating B (the 
commercial multilayer coating made from layers of TiAlCN applied by 
physical vapour deposition) showed better performance than Coating A 
(the commercial single layer coating made from AlCrN applied by arc 
spraying) in terms of wear resistance. Additionally, the following gen-
eral conclusions are drawn: 

Fig. 9. : Surface of a strip after BUT and SRT shown by (a) overview captured by 2.5x magnification of a 20 mm × 20 mm area and (b) details captured by 20x 
magnification. 

Fig. 10. Surface characterisation of tool-pins coated with (a) Coating A and (b) Coating B. Surfaces have not been used, although the surface of Coating B shows some 
marks from polishing. Overlaid lines show where profiles for roughness characterisation are extracted. 

Fig. 11. Results of surface roughness evaluation for both coatings.  
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Table 6 
Comparison of wear scars on Coating A tool-pins used to reduce as-received material and pre-strained material.  

Table 7 
Comparison of wear scars on Coating B tool-pins used to reduce as-received material and pre-strained material.  

Fig. 12. : Force profiles from SRT at various reductions for both coatings shown by (a) the entire profiles and (b) a close-up of the interval where some reductions 
lead to fracture of the strip. Strip fracture is denoted by the black cross that is attached to some of the profiles. 

Fig. 13. : Surface of tool-pin with Coating A after applying a 22% reduction for 1000 strokes. The image is captured by 20x magnification in the Olympus LEXT.  
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1. A coated surface with high roughness is prone to pick-up, which 
leads to increased friction and eventually premature tool failure or 
defects in formed parts.  

2. Prior BUT (representing deep drawing) implies changes to the 
workpiece, which affect subsequent SRT (representing ironing).  

3. The changes to the workpiece in BUT include pre-straining, increased 
hardness and changes to the surface morphology.  

4. The changes made to the workpiece in BUT have a large effect on the 
tribological performance of coated tool surfaces. The hardness of the 
workpiece is important as it will influence the level of pick-up that 
occurs, and the potential abrasive wear of the tool surface. The 
surface morphology is important as it will affect the ability of the 
surface to carry lubricant and will change how the real contact area 
behaves as contact pressure is increased.  

5. When simulating a progressive forming process, it is important that 
the workpiece represents its actual state in production. This is diffi-
cult to ensure due to the number of variables that needs to be 
accounted for. Lack of account for the workpiece state may lead to 
testing of a different tribo-system with inevitably wrong conclusions 
as a result. 
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Fig. 14. : Profiles extracted from surface image shown in Fig. 13. (a) Overview image and (b) close-up of wear-scar. Profiles have been offset to facilitate comparison. 
Ideal line is a circle of the right nominal diameter (Ø15 mm). 

Fig. 15. : Surface of tool-pin with Coating A after applying 31% reduction for 391 strokes. The image is captured by 20x magnification in the Olympus LEXT.  

Fig. 16. Profiles extracted from surface image shown in Fig. 15. (a) Overview image and (b) close-up of wear-scar. Profiles have been offset to facilitate comparison. 
Ideal line is a circle of the right nominal diameter (Ø15 mm). 
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