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A B S T R A C T   

It is well known that the friction level rapidly shifts during the initial sliding between two unlubricated metals. 
Often this change is so rapid that the initial friction level is not even noticed, owing to initial surface contam-
ination or roughening of the contacting surfaces, either due to plastic deformation and wear, or transfer. 

The present work uses a unique experimental set-up – the Uppsala Load Scanner – to generate detailed in-
formation on friction and surface modification in initial sliding contact between pairs of crossed metal cylinders. 
A wide range of loads, each exclusively coupled to a well-defined contact area on both contacting bodies, is 
evaluated in a single test. By performing repeated scans, intertwined with high resolution FEG-SEM studies of the 
contact surfaces, investigations of the couplings between local load, friction, surface modification, topography, 
transfer, etc. is facilitated and the progress of deformation and friction can be followed. The SEM studies also 
include local FIB cross sectioning of selected samples to learn more about the sub-surface modifications. 

The materials selected include a PM tool steel, a case-hardened component steel and an aluminium alloy. All 
tests were conducted in dry contact. 

The roles of the large initial surface roughening or flattening, the following material transfer and other gradual 
surface modifications in determining the friction level, are discussed.   

1. Introduction 

The sliding friction between metals is a complex process, often 
involving several mechanisms that evolve and vary with increasing 
sliding distance, number of passages, etc. In a short-time perspective, the 
friction coefficient will typically fluctuate and shift quite rapidly, often 
in a seemingly random way. In a longer time perspective, it is often 
noted that the average friction level follows various trends, e.g. starting 
from a relatively high value, then slowly falling, followed by a relatively 
stable lower level. 

If starting out from smooth, polished metal surfaces, the unlubricated 
friction coefficient may initially be quite low, let us say in the 0.1–0.2 
region. This is relatively close to typical levels for corresponding 
boundary lubricated contacts. When unlubricated, however, this low 
level typically does not last long. Often it is so short-lived that it is not 
even noticed in a typical friction test [1–5]. Such early variations may 
have several causes. It may be due to initial surface contamination, 
which is rapidly scraped off. Alternatively, it may be due to roughening 
of each or both surfaces caused by plastic deformation or wear. A third 

mechanism is the initial transfer that roughens the “receiving” surface 
[1,6–8]. 

In a previous series of microscale tests, it was noted that the rapid 
increase was associated to transfer of the softer material in the contact to 
the harder. The transferred softer material deteriorates the smooth 
initial surface to a degree that causes ploughing in the soft surface on 
subsequent passages. This ploughing subsequently results in more 
transfer and further roughening of the initially polished hard surface. 
After a number of such events, the rough surface may approach a steady 
state appearance, and the friction level stabilises. These phenomena; the 
high friction and the roughness of the soft material after sliding over the 
roughened hard surface, are the central elements of “galling”, a huge 
problem in many forming processes [9], and effort is put in to find an 
effective method to monitor galling in production [10,11]. 

To avoid galling and other tribological problems of unlubricated 
sliding contact between metals, the obvious answer is of course to add a 
suitable lubricant [12]. However, the problems are still of high practical 
significance. In some situations, lubrication is not even possible, in 
others it cannot be guaranteed to be functional at all times, on all 
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positions or under all loads. Unlubricated metal to metal contact will 
thus occur, and therefore the material behaviour in these local spots, or 
short moments, may be of utmost importance. 

Despite the substantial work and number of publications in the area, 
we are far from a complete understanding of the mechanisms underlying 
the various problems encountered in dry sliding between metals. This is 
especially true for the many forming operations that are hard to lubri-
cate efficiently due to high contact pressures, high temperatures and 
substantial surface enlargement. However, recent development of 
scanning electron microscopes and focused ion beam instruments, offer 
new possibilities to detailed investigations of the deformed surfaces and 
operating mechanisms. The present investigation sets out to add some 
new understanding to this important area, by performing well 
controlled, simplified tribological experiments involving the initial 
sliding contact between a high-performance PM (powder metallurgical) 
tool steel and three very dissimilar counter materials: a soft aluminium, 
a medium hard component steel and the hard PM tool steel itself. Each 
test covers a range of loads and contact pressures relevant for forming 
operations and for mechanical components that are susceptible to 
galling and seizure problems, and the tests are complemented by 
detailed surface analysis and microscopy. 

2. Method 

Three materials were tested; a PM cold work tool steel, with ≈1 μm 
carbonitride particles in a martensitic matrix, a case hardened compo-
nent steel (C45E) and an aluminium alloyed with Mg and Si (6082). 
Three combinations were used, with the PM tool steel being part of all 
and run against itself, the case hardened steel and the aluminium. Their 
hardness was measured with a Vickers indenter using a load of 200 g. A 
total of 10 repeated indentations were made randomly over cut cross 
sections of the PM tool steel and the aluminium cylinders. For the case- 
hardened steel, 10 indentations were made both within the hardened 
layer (outermost mm) and centrally on the cut cross section, to get the 
core hardness, see Table 1. From published nanoindentation data (50 nm 
deep indents) on a similar PM tool steel, the hardness of the carbonitride 
particles is around 2200 HV and the matrix around 800 H V [13]. 

The tribological experiments were carried out using the Uppsala 
Load Scanner. The key feature of the set-up is its ability to scan a wide 
range of loads in a single test. Each load is exclusively coupled to a well- 
defined contact area on both contacting bodies. The local sliding dis-
tance per passage typically is in the range 0.1–1.5 mm, depending on 
how much the cylinders are flattened by the plastic deformation for the 
respective load. The Load Scanner is further described in Refs. [14,15]. 
In the Load scanner, two cylinders with a diameter of 10 mm are posi-
tioned perpendicular to each other. As the lower specimen holder is 
translated, the contact point moves from one end to the other, as illus-
trated in Fig. 1. The moving specimen holder is attached to a spring, 
which acts to pull down the lever holding the upper specimen. This 
results in a direct coupling between the position along the stroke and the 
normal load, i.e. each point along the sliding point will experience one 
unique load, and meet one unique position on the contacting cylinder. In 
the present investigation, the normal load range was set to increase from 
approximately 10 N–1600 N, along the sliding path. The sliding speed 

Table 1 
Vickers hardness of the included materials (HV0.2). Average of 10 
measurements.  

Materials HV0.2 

PM tool steel 912 
case hardened steel (C45E) hardened layer 753 
case hardened steel (C45E) core 272 
aluminium (6082) 113  

Fig. 1. Top: A simplified sketch of the load scanner design. Bottom: Top view of the sample cylinder configuration, where the lower sample travels (held in the 
moving specimen holder) linearly between two predetermined positions. The load is continually increasing along the sliding path, resulting in increasing plastic 
deformation and sliding distance, to pass across the widening track. The rate of increase is determined by the selection of loading spring. 
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was set to 13 mm/s and the distance to 120 mm, resulting in an 85 mm 
long sliding path (track) on the specimens. 

This equipment is typically run in a reciprocating fashion, but in the 
present investigation only the forward stroke was run. Then the load was 
released, the cylinders were separated, and then returned to their 
starting position without contact. This was repeated 5 times. 

Before test and after the first, the second and the last stroke, the 
surface appearance of the exact same position of the PM tool steel was 
studied using high resolution scanning electron microscopy (SEM; Zeiss 
Merlin). The 5 selected positions correspond to normal loads of; 100, 
300, 500, 1000 and 1500 N. This strategy allows the progression of the 
materials interaction to be followed at high magnification. In all photos 
and micrographs, the sliding direction of the countersurface has been 
from upper left to lower right. 

After the full test, selected areas were also studied in cross section, 
prepared by focused ion beam (FIB; FEI Strata DB235) and imaged in the 
SEM. The shape and topography modifications of the cylinders were also 
characterised using a Coherence Scanning Interferometric profiler (CSI; 
Zygo Nexview NX2) after strokes 1, 2 and 5. After testing, the specimens 
were imaged using a digital optical microscope (Leica DVM6). 

Note that the sliding distance per passage is low, as determined by 
the deformation of the two cylinders. Without plastic deformation it is 
limited to the width of the elastic contact area between the two cylin-
ders, and can be calculated based on the dimensions and the elastic 
constants of the contacting cylinders, according to Hertz equation. For 
situations where one or both cylinders also deform plastically, the 
sliding length per passage will increase. For each cylinder it will be 
determined by the width (in the 45◦ sliding direction) of the deformed 
track on the mating cylinder. 

3. Results – deformation, transfer, wear and resulting friction 

The three tested material combinations displayed distinctly different 
friction behaviour. All combinations showed interesting trends both 
with respect to increasing load (i.e. along the sliding path) and with 
respect to number of passages. 

3.1. PM tool steel vs aluminium 

The friction of the PM tool steel against aluminium stands out from 
the other material combinations by exhibiting the by far highest levels 
during the first passage (μ mostly 0.75–0.85), and then already at the 
second passage dropping towards a level mostly below 0.5, see Fig. 2. 
The aluminium material also shows most deformation and the strongest 

tendency to transfer to the PM tool steel. The gradual wear, deformation 
and transfer of the mating cylinders are illustrated in Figs. 3 and 4. Here, 
the flattening is due to scraping off and transfer to the steel cylinder. 
Already after the first passage, a large part of the PM tool steel surface 
has become covered, as shown by the SEM micrographs in Fig. 4. On the 
following passes, more and more aluminium becomes scraped off by the 
PM tool steel cylinder, which widens the flattened sliding path on the 
aluminium cylinder. This flattening and widening also increases with 
increasing load, as illustrated in Fig. 2. 

In higher detail, Fig. 5, it becomes clear that the PM tool steel surface 
shows only very minor changes in the small parts that have not become 
covered after 1 pass (cp. the low magnification micrograph in Figs. 4 and 
1 pass). In these “open areas”, many of the small scattered transfer 
particles are located on the carbonitride particles. Obviously, the tran-
sition to the much larger scale, covering transfer takes place almost 
instantly. (In the first pass over the shown 100 N position, the sliding 
distance of the steel cylinder is only about 1 mm). Hence, it is only in the 
first pass that we have some contact between the PM tool steel and the 
aluminium cylinder. From the 2nd pass, all sliding contact is taking 

Fig. 2. Friction behaviour as function of load and 
number of passages for the PM tool steel against the 
aluminium alloy, and the corresponding contacting 
cylinders after all 5 passages. The flattened track on 
the aluminium cylinder was formed by 5 passages of 
the PM tool steel cylinder, from upper left to lower 
right. Analogously, aluminium has become trans-
ferred to the PM tool steel during the five passages 
from upper left to lower right. The contact load in-
creases from 10 to 1600 N along the 85 mm long 
track. The position of the surface profile at 100 N 
shown in Figs. 3 and 4 is indicated by the white line 
in the optical microscopy images.   

Fig. 3. Comparison of gradual surface modifications (shown in cross-section) 
due to scrape off and transfer. PM tool steel run against the aluminium, pro-
filed at the position corresponding to 100 N load. Surface profiles measured on 
the two mating cylinders after 1st, 2nd and 5th passage. Original circular cross- 
section profile indicated in grey. Note the >10-fold difference in magnification 
between height and width. The top of the aluminium cylinder is actually quite 
wide and flat, as are the transferred patches on the PM tool steel cylinder. 
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Fig. 4. Surface profiles and SEM pictures of the PM tool steel cylinder after 1, 2 and 5 passes of the aluminium cylinder at the 100 N position (corresponding to 
Fig. 3). Note the almost full coverage already after the first passage, and the growing width and thickness due to the following passes. Sliding direction of the 
aluminium cylinder from upper left to lower right in the SEM images. 

Fig. 5. Appearance of exactly the same area on the 
PM tool steel after a) 0, b) 1, c) 2 and d) 5 passages 
over the aluminium alloy at 100 N load (Details of the 
micrographs in Fig. 4.). Before first contact, the darker 
carbonitrides are clearly seen in the softer steel ma-
trix. The surface gets covered to a large part already at 
the first passage (b), and is then fully covered, leading 
to pure aluminium against aluminium contact. The 
small-scale transfer in (b) is often situated on or in 
front of the carbonitrides, and less on the steel matrix. 
SEM 3 kV.   

Fig. 6. Top view and FIB cross-section along the sliding direction of a PM tool steel sample here covered by a continuous several μm thick layer of transferred 
aluminium. Studied after 5 passes against aluminium, at a position experiencing a normal load of 1000 N. The position of the cross section is indicated by a white line 
in the SEM micrograph to the left. 
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place between aluminium and transferred aluminium, and the small 
changes of the friction level between consecutive passes is probably 
coupled to small changes in the topography of this new interface. From 
the cross section, it becomes clear that the PM tool steel surface stays 
seemingly intact underneath the relatively thick and quite smooth 
aluminium transfer layer, Fig. 6. 

3.2. PM tool steel vs case hardened steel 

For the lowest loads, the friction between the PM tool steel and the 

case-hardened steel is stable between the passes and quite low, only 
slightly above 0.2, see Fig. 7. However, just above 200 N load this 
changes. Above this load the material combination shows a stepwise 
friction coefficient increase with each pass. The top level is close to μ =
0.6, but the load interval of this stable level is quite narrow. At higher 
loads, the friction curves are more erratic and slightly lower. Another 
characteristic of this material combination is that in the first passage, the 
friction coefficient escalates over the entire load scan. 

The surface profiling instrument could not detect any shape changes 
of the PM tool cylinder in the region exposed to the low loads, 

Fig. 7. Friction behaviour as function of load and number of passages for the PM tool steel against the case-hardened steel, and the corresponding contacting 
cylinders after all 5 passages. The deformed tracks are relatively similar between the two steels. The contact load increases from 10 to 1600 N along the 85 mm long 
track. The positions of the surface profiles at 500 N and 1000 N, as in Figs. 10 and 13, are indicated by lines. Optical microscopy. 

Fig. 8. Appearance of exactly the same area on the PM tool steel after a) 0, b) 1, c) 2 and d) 5 passages over the case-hardened steel at 100 N load. Before first 
contact, several smaller and a larger polishing marks are seen. These are only partly removed by the 5 passages. However, after the 5th passage, small transferred 
steel fragments are visible in front of the carbonitride particles. SEM 3 kV. 
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corresponding to the low friction region. Further, SEM investigations 
show that its surface is almost intact over all the 5 passages in this low 
load region, as exemplified in Fig. 8. Some light wear has removed su-
perficial scratches left after the polishing process, and some minute 
particles from the case-hardened steel has become transferred. The 
transferred steel is mostly scraped off against the front edge of the car-
bonitrides, see Fig. 8d. 

At a higher normal load (500 N, see Fig. 9), the initial grinding 
scratches on the PM tool steel are rubbed out already on the 1st passage, 
and some deformation in the sliding direction become obvious. After 5 
passages, the PM tool steel is clearly scratched (Figs. 7 and 9) and car-
bonitride particles have been displaced in the matrix. There is also a clear 
tendency towards the carbonitride particles becoming deeper embedded. 
This could be due to embedment into the PM tool steel matrix, alterna-
tively to partwise or total covering by transferred case hardened steel. 
These changes from the first passage resulted in a friction increase from 
0.3 to 0.4, and visible modifications of the surface profile, Fig. 10. 

At 1000 N normal load and higher, the PM tool steel shows substantial 
transfer from the case-hardened steel already after the first passage, with 
thick lumps locally covering the surface and substantial local wear 
forming shallow recesses, see Figs. 11 and 12b. These mechanisms 
correspond to a friction coefficient of just above 0.4. The transferred layer 
becomes severely transformed on the subsequent passages, as evident 
from the surface profiles in Fig. 13 and the micrographs in Fig. 12. 

After 2 and 5 passages (Fig. 12c and d) scattered carbonitride par-
ticles are visible in the surface that after the first passage (12 b) was fully 
covered by the transferred, carbonitride free, case hardened steel. The 
processes of deformation and transfer are obviously quite complex for 
this material combination. The shallow recesses formed were typically 
coupled to positions where PM tool steel material was worn off and 
transferred to the case hardened steel cylinder during the previous 
passage. The FIB cross section in Fig. 14 shows that the carbonitride 
particles are only present within a thin layer on top of carbonitride free 
steel. Particularly, the relatively large, apparently “smeared out” 

Fig. 9. Appearance of exactly the same area on the PM tool steel after a) 0, b) 1, c) 2 and d) 5 passages over the case-hardened steel at 500 N load. Over the 5 passes, 
the degree of plastic deformation, displacement of carbonitride particles, and possibly amount of transferred case hardened steel increases. SEM 3 kV. 

Fig. 10. Surface profiles of the case-hardened steel/PM tool steel pair, original circular shape and after 1, 2 and 5 passages at 500 N load. The numbered lines 
indicate the successive profile modifications, chiefly due to plastic deformation, transfer and back transfer between the cylinders. 
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carbonitride zones present on the surface in Fig. 12d are found to be very 
thin. From their shapes, they appear to have been formed by strong 
shear deformation of more roundish particles. The fact that there are no 
visible separating cracks or pores between the matrix and the deformed 
particles, proves a remarkable degree of plasticity of the composite and 
strong adhesion between its phases. 

3.3. PM tool steel vs PM tool steel 

The PM tool steel sliding against itself is the only combination that 
shows a relatively low coefficient of friction over the full load interval 
during the first passage. At loads up to about 600 N, μ was well below 0.2 
and quite stable. At higher loads it increased somewhat and become a 

little less stable. On the following 4 passages, the low level was only kept 
up to about 400–500 N load, see Fig. 15. 

In the load interval around 700–1200 N, the friction increases step-
wise from passage to passage. First with long steps, then from passage 4 to 
5 it appears that the friction has reached a steady, load independent level 
close to 0.5. When passing to loads above 1200 N, the friction coefficient 
shows a tendency towards slightly lower and more erratic behaviour. 

The low friction region at the lower loads (up to ≈ 500 N) corre-
sponds to very limited transfer and limited deformation of the contact 
surfaces, with only minimal displacements of carbonitrides in the ma-
trix, as illustrated in Fig. 16. The SEM reveals that initial fine polishing 
scratches become partly or fully worn off, but that the sliding causes 
only very weak traces of deformation in the sliding direction. As in the 

Fig. 11. Appearance of exactly the same area on the PM tool steel after a) 1, b) 2, and c) 5 passages over the case hardened steel at 1000 N load. Large scale transfer 
of case hardened steel occurred during the first passage. Subsequently, the transferred material caused deformation of the PM tool steel and was thinned down in the 
sliding contact. SEM 3 kV. 

Fig. 12. Appearance of exactly the same area on the PM tool steel after a) 0, b) 1, c) 2 and d) 5 passages over the case hardened steel at 1000 N load. In this particular 
area, most case hardened steel was transferred on the first pass. Material is then removed or thinned down, and becomes covered by carbonitride particles (many of 
which have become crushed or strongly deformed). The line in d) indicates the position for the subsequent FIB section, Fig. 14. SEM 3 kV. 
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Fig. 13. Surface profiles of the case-hardened steel/PM tool steel pair, original circular shape and after 1, 2 and 5 passages at 1000 N load. The numbered lines 
indicate the successive profile modifications due to plastic deformation, transfer and back transfer between the cylinders, etc. 

Fig. 14. A thin layer of carbonitride particles in various degrees of deformation, on top of a carbonitride free region of case-hardened steel transferred to the PM tool 
steel. FIB cross section of the PM tool steel from the position indicated in Fig. 12d, i.e. after run 5 times against the case hardened steel, at a position corresponding to 
1000 N load. Sliding direction of the case hardened steel from left to right. 

Fig. 15. Friction behaviour as function of load and number of passages for the PM tool steel mated against itself.  
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PM tools steel/case hardened steel case, there is no noticeable change of 
the cylinder shape, visible from the surface profile. 

At the higher loads (≈1000–1500 N), the deformation during the 
first passage is still very limited, as is the transfer. Only very thin layers 
are found on top of the carbonitride particles. The friction is still low, 
with μ fluctuating around 0.2. Repeated contact cause much more sub-
stantial deformation, as exemplified in Figs. 17 and 18. The hard car-
bonitrides become strongly displaced in the matrix. The friction against 
the counter body drives the carbonitrides in the sliding direction, but at 
slightly shifting rates, which lead to shifts and slight twists in their 
relative positions, see marked examples in Fig. 18. Further, fragmenta-
tion, deformation and agglomeration of the carbonitride particles, can 
be noted and the particles also tend to become grouped. There is also a 
trend towards the hard particles becoming “smeared over” by the matrix 
at the highest loads. Hence, after 5 passes a much smaller surface frac-
tion is covered by the carbonitrides and a larger by the matrix steel. After 
this process, even crushing and what appears to be smearing of the 
carbonitrides could be noted, Fig. 19. (Likely due to hard contact against 
the carbonitrides in the counter surface.) These processes also result in 
clear shape changes of the sliding tracks, as exemplified in Fig. 20. The 
microstructural and topographical changes correspond to the coefficient 
of friction becoming more than doubled. 

4. Discussion 

The present investigation has illuminated the complexity of 

unlubricated sliding between metals, and presented interesting exam-
ples of the many possible mechanisms involved in determining the 
friction levels, the material transfer and the roughening of the surfaces. 

4.1. High friction – cause or consequence? 

One fundamentally interesting questing raised by the present 
investigation is whether the high friction cause the transfer and wear, or 
if it is the other way around, i.e., if the transfer and wear cause the high 
friction. Let us examine the question. 

4.2. PM tool steel against aluminium 

We start with the aluminium against PM tool steel case, which stands 
out by not showing any low friction region. Already from the lowest loads 
in the first passage, the friction reaches a high level that then continues to 
escalate all the way to the maximum load. This results in the by far highest 
friction of the investigation, see Fig. 21. Note that each point along the 
cylinder only slides in the range of a millimetre to cross the sliding path on 
the counter body (see Fig. 1). This means that the friction rise is almost 
instant and is caused by the apparently instant transfer of a substantial 
aluminium layer to the tool steel. Hence, already in the first passage the 
sliding contact is dominated by aluminium on aluminium. 

So, with the “room and time resolution” of the present test, the high 
friction and the transfer appear simultaneous. In the published literature, 
a number of smaller scale tests provide clues to that the transfer may come 

Fig. 16. Appearance of the exact same area on the PM tool steel after a) 0, b) 2 and c) 5 passages over itself at 300 N load. Slight removal of polishing scratches, but 
minimal deformation in the sliding direction. Sliding direction of the mating PM steel cylinder from upper left to lower right. SEM 3 kV. 

Fig. 17. Appearance of the exact same area on the PM tool steel after a) 0, b) 2 and c) 5 passages over itself at 1000 N load. Sliding direction of the mating PM tool 
steel cylinder from upper left to lower right. SEM 3 kV. 
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first and the high friction follows [2,16]. The small-scale tests [2], involve 
a needle-like aluminium pin sliding over a polished tool steel, similar to 
the PM steel used here. In those tests, the very first sliding contact (cor-
responding to roughly 100 μm sliding) gave low friction (μ≈0.2), but 
resulted in some minute transfer. This transfer was preferably situated on 
the carbonitride particles [2–5], in similarity to the small-scale transfer 
observed in an “open area” in the present test. Already at the next passage 
by the needle, over the now somewhat modified surface, the friction was 
noticeably higher, and more transfer was found at the tool surface. The 
irregularities in the tool surface, caused by surface defects (such as 
scratches and general surface roughness, but also slightly protruding hard 
phase particles) and previously transferred metal, accelerate the transfer 
events [17]. After 10 passages by the needle (in total involving only some 
1 mm sliding contact), the tool steel surface was quite covered by trans-
ferred aluminium and the coefficient of friction had stabilized at about 

0.45. In analogy, the present high-friction behaviour could be due to 
practically instantaneous transfer (i.e. after some 0.1 mm sliding). Here, 
the sliding distance across the sliding path is about 0.7 mm at the starting 
end and some 4 mm in the high load end. As noted in the micro scale tests, 
that is more than enough to form a transferred layer on the tool steel 
cylinder. An initial 0.1 mm transfer-free friction would not be possible to 
detect here. 

The micrographs in Fig. 4 show that the very rough aluminium layer 
established during the first passage becomes smoothened by the subse-
quent passages, which likely result in the observed gradual lowering of 
the friction level. 

It is interesting to note that the PM tool steel performs a substantial 
deformation of the aluminium cylinder during the first passage, forming 
the wide flat track, almost to its final width, see Fig. 2. The total volume 
of deformed material is thus many times larger in the first passage, than 

Fig. 18. Appearance of the exact same area on the PM tool steel after a) 0, b) 1, c) 2 and d) 5 passages over itself at 1500 N load. The first pass has removed initial 
polishing marks and added some smooth wavy pattern in the sliding direction. The second pass has caused deeper deformation, involving substantial translation of 
the carbonitrides (some examples marked by rings). After 5 passes, the deformation is substantial and the matrix steel shows a tendency to move up to the sliding 
surface thus covering or partly covering the carbonitride particles. Sliding direction of the mating PM tool steel cylinder from upper left to lower right. The line in d) 
indicates the position of the subsequent FIB section, Fig. 19. SEM 3 kV. 

Fig. 19. FIB cross section of the PM tool steel run 5 times against itself, cut along the sliding direction at a position corresponding to 1500 N. Sliding direction of the 
countersurface from left to right. 
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in the following. However, perhaps counterintuitively, this large volume 
deformation is not the cause of the high friction during the first passage. 
This has been demonstrated by similar tests using lubricated contact. In 
those, the substantial flattening of the track again occurs during the first 
passage, but no transfer occurs, and the friction is not higher than in the 
following passes [18,19]. Hence, the high friction must be due to the 
transfer and severe roughening that occur during the first passage in 
unlubricated contact. 

4.3. PM tool steel against case hardened steel 

For the PM tool steel against the case-hardened steel, not much is 
altered at the lowest loads during the test. Relatively thin transfer layers 
are scraped off by the carbonitride particles, which show very limited 
effect on the friction. At 300 N, numerous thin transfer layers (1 to a few 
μm wide and 10 μm long or more), have been shaved off against car-
bonitride particles. Additionally, some much longer shallow scratches 
(reaching over a substantial part of the track width), more or less filled 
with transferred steel, have formed. These mechanisms correspond to the 
steep friction rise up to 0.6, the maximum level measured. Interestingly, 
this maximum coefficient of friction corresponds to a region were the 
surface still looks very smooth, and the transfer is mostly very thin. 

At even higher loads, 500 N, more shallow scratches are formed 
across the track. Transferred thinned-down lumps from the counter-
surface cover large areas, but still a major part of the surface shows 
carbonitride particles. At 1000 N, more scraped off material is present 
along the track. We can also note more crushing, and agglomeration of 
large layers of fine particles. The 1500 N position is similar to 1000 N, 
but the track is smoother and shows a smaller area fraction of carboni-
tride particles. 

It is interesting to note that despite that these regions display a much 

rougher appearance than the region from about 250 to 450 N (e.g. 
Figs. 7 and 11), the coefficient of friction is clearly lower. 

The fact that carbonitride particles were commonly found on top of 
the originally carbide free transferred steel (as discussed and shown in 
Fig. 12c and d and Fig. 14) at first seems quite counterintuitive. A 
plausible mechanism for this, based on 3 steps of transfer and back 
transfer, is described in Fig. 22. Step I is the typical first transfer of a 
lump of case-hardened steel. The next time this protruding lump passes 
the case-hardened steel cylinder, the contact geometry is strongly 
altered from that of two undamaged cylinders. This is clearly indicated 
by the two profiles no 1, in Fig. 13. The modified shapes lead to a new, 
more uneven pressure distribution. On the second passage, Step II in 
Fig. 22, a large part of the initial transfer becomes scaped off, back to the 
case-hardened cylinder (see profiles no 2 in Fig. 13). Along with this, 
also a thin layer PM steel becomes scraped off and transferred. During 
the following passages, Step III, this PM layer is partly back transferred 
to the PM cylinder. Note that these steps involve the severe sliding 
contact with carbonitrides on both surfaces, as in the case of self-mated 
PM tool steel. The cylinders, along with the transferred material, be-
comes further plastically deformed, which flattens and widens the 
tracks. This process also includes filling of recessions, as shown by the 
subsequent profiles in Fig. 13. 

The low friction region up to 600 N is corresponded by very little 

Fig. 20. Surface profiles of the PM tool steel/PM tool steel pair, original and after 1, 2 and 5 passages at 1500 N load. After 2 passages, the displacement in the 
direction of sliding is minute, but noticeable. After all 5 passages, severe plastic deformation, transfer to and varying degree of loss from the surfaces, is noted. 

Fig. 21. Simplified overview of the friction behaviour of all three tested ma-
terial combinations. Runs 2–4 excluded for clarity. 

Fig. 22. Suggested sequence of events resulting in a thin layer of PM tool steel 
on top of transferred case-hardened steel on the PM tool steel cylinder. I: Large 
scale transfer of case-hardened steel to the PM tool steel cylinder. II: Back 
transfer of case-hardened steel, along with transfer of PM tool steel, to the case- 
hardened steel cylinder. III: Back transfer of PM tool steel on top of the previ-
ously transferred case-hardened steel. 
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transfer, and only minor changes to the topography. Increasing the 
normal loads to 1000 N, the matrix shows much more shear deforma-
tion. This heavily deformed surface, with a high surface fraction of 
exposed carbides, corresponds to a friction level of μ≈0.5. At 1500 N the 
carbonitrides have been more or less covered by strongly deformed, but 
relatively smooth matrix steel (may possibly also be transferred from the 
countersurface), totally dominating the sliding surface. This surface 
corresponds to friction level of μ≈0.4. 

So, despite the 600–1200 N region looking smoother in low magni-
fication and with the optical microscope, in the microscale (Fig. 17c) it is 
more aggressive than the rougher surfaces formed at the higher loads 
(Fig. 18c), which explains the higher coefficient of friction. 

Plastic deformation of carbonitride particles deep inside the PM tool 
steel matrix, when mated against itself. Is it even possible? 

Heavily deformed and fractured carbonitride particles were frequent 
at the surface, presumably deformed by direct rubbing against the as- 
hard particles in the countersurface. Similar severe shear deformation 
of the hard phase particles was also found in the outermost surface of a 
similar PM tool steel, after being hard milled by a PCBN tool [20]. More 
surprising is the finding of deformed particles deeply embedded in the 
matrix below the surface (Fig. 19). Is such severe shear deformation of a 
hard particle even possible, inside of the “soft matrix cushion”? It could 
be noted that several of the most deformed particles had other particles 
as close neighbours, which of course could act to concentrate the 
stresses, as has been discussed for the deformation of WC grains in 
cemented carbides [21]. Note also that single particles even appear to be 
“wrapped” around, or squeezed between, neighbouring particles. 

Another, more likely possibility here is that the ceramic particles 
actually were deformed at the very surface, in direct contact with the 
corresponding particles in the countersurface, and then embedded. This 
would then be directly coupled to the embedment shown in Fig. 18d, 
and likely caused by transfer and back transfer of matrix steel, between 
the contacting cylinders. 

5. Conclusions 

Based on the findings in the present investigation of highly loaded, 
unlubricated sliding of three selected material combinations, (PM tool 
steel/aluminium, PM tool steel/case hardened steel and PM tool steel/ 
PM tool steel), the following conclusions can be drawn:  

• All material combinations and loads that result in material transfer 
(within the 5 passages) tend to approach a common μ level around 
0.5. 

• Material combinations and loads that only result in marginal mate-
rial transfer show a common μ level around 0.2.  

• The low level of friction corresponded to a low to negligible surface 
deformation of the PM tool steel (the harder partner of the 
combinations).  

• Also transfer on a very microscopic level, with seemingly very 
smooth surfaces, can result in a high coefficient of friction. The 
surfaces may still appear shiny, relatively smooth and unharmed. In 
such cases, the SEM reveals a severe surface deformation in the 
micrometer scale.  

• The hard carbonitrides in the PM tool steel were fractured and 
severely plastically deformed, when the PM steel was run against 
itself. This was also found when run against the case-hardened steel 
although this does not include any sufficiently hard phases. This was 
explained by a mechanism involving transfer (and back transfer) of 
carbonitrides to the case-hardened steel, leading to sliding contact 
between carbonitrides on both surfaces. 
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