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Niobium is a material widely used for particle accelerating facilities, such as cavities. These components are
usually obtained through forming processes, and then to understand the friction behavior of niobium sheets
during the forming process can be very useful. Therefore, in this work the friction behavior of niobium
sheets under conditions similar to the ones faced in forming processes has been studied. Pin-on-disk tests
have been carried out in both dry and lubricated conditions, and different values of contact force in the
range of 2.5 and 20 N have been adopted to observe and understand the tribological behavior of niobium.
The worn surfaces have been observed through a scanning electron microscope and EDX analyses to reveal
the wear mechanisms. The experimental outcomes proved that niobium exhibits very high friction coeffi-
cient with a severe adhesive wear under dry condition, while a lower friction coefficient with a less severe
wear mechanism has been observed when lubricant is adopted.

Keywords friction, forming processes, niobium, pin-on-disk,
wear

1. Introduction

Niobium is a refractory and ductile BCC metal which is
attractive for multiple technological applications due to its
intriguing characteristics: high melting point, moderate density,
good ductility and fabricability, high corrosion resistance,
superconductivity (Ref 1-3). On the other hand, its application
is limited by some problems related to its mechanical and
surface properties (Ref 4).

Sheets of high-purity niobium are used in fabricating
superconducting radiofrequency (SRF) cavities which are
needed for particle acceleration in charged particle accelerators
(Ref 5-7). Usually, the cold section of the accelerators is cooled
down with liquid helium and operated at temperatures below
5K and the cavities are manufactured of Nb which is
superconductive at this operational temperature (Ref 8).
Niobium was introduced as a material for superconducting
accelerating cavities in 1967, replacing the lead-plated copper
cavities. The most common manufacturing technique adopted
to produce Nb cavities was developed at High Energy Physics
Lab (HEPL) in the 1970s and consists in the deep drawing of
sheets to obtain half cells which are electron beam welded to
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one-unit cell and machined afterward (Ref 9). In the last
decades, a lot of attention was paid by the scientific community
for understanding the behavior of Nb when formed, different
research groups investigated the deformation mechanisms,
microstructure evolution and the mechanical properties of
niobium formed parts (Ref 10-13) also comparing them with
those observed for other transition metals like tantalum (Ref 14,
15) and molybdenum (Ref 16).

There are still some issues related to the forming of Nb (Ref
9, 17, 18); one of these is that the forming process during
shaping mechanically damages the surface layer involving
some defects like grinding marks, inclusion in the material
surface, galling phenomenon, orange peeling, tearing, surface
scratches and wrinkling that are detrimental for the perfor-
mance of Nb formed parts, such as Nb cavities used in particle
accelerators (Ref 19, 20). What is more, Nb shows peculiar
surface properties that make difficult to predict the above-
mentioned issues by modeling (Ref 21), and it is even difficult
to find out a value for the friction coefficient to be used in
simulations (Ref 22).

The first data related to the niobium tribological behavior
were released in 1996 by Wang et al. (Ref 23); they
investigated the friction behavior of Nb samples, mechanically
polished and then electropolished, through ball-on-disk tests
using a hardened GCrl5 steel ball. They reported that the
friction coefficient has an unstable trend (with a peak close to
1.4) at the beginning of the sliding and later on reaches a steady
value of about 0.95. They also showed the results of SEM
analysis of the worn surfaces highlighting the occurring of
plastic deformation and material transfer from the substrate to
the steel ball. Moreover, some debris was also observed. On
these premises the authors suggested that the prevalent wear
mechanism is the adhesion between the sliding surfaces, and
they also suggested that with the increase in the sliding number
a lot of wear debris was produced and then severe abrasive
wear occurred. They only adopted one value for the contact
load, i.e., 300 g, and for the sliding speed, i.e., 1.5 mm/s, so
they did not present any consideration concerning the influence
of sliding conditions on the wear behavior. The ductile nature
of the niobium surface was highlighted by Brunatto et al. in
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2012 (Ref 24); they investigated the cavitation erosion behavior
of niobium and observed that the failure mechanism can be
divided into a sequence of events comprising the work
hardening of the surface resulting in the formation of debris.
Quintero et al. (Ref 4) released some information concerning
the influence of PEO (plasma electrolytic oxidation) process on
the wear behavior of niobium. They carried out ball-on-disk
tests by adopting a load of 2 N and a sliding speed of 60 rpm,
and the samples they tested were mechanically polished up to
1200 grit SiC paper. They reported a friction coefficient of 0.5,
which is much lower than the one observed by (Ref 23), but
they also suggested the occurrence of adhesive wear confirmed
by both SEM observations and EDX analysis. In accordance
with the previous work, they also observed the formation of a
lot of debris and the occurring of material removal due to
plastic deformation. As an interesting outcome, they also
observed an increased friction coefficient for the treated
samples, suggesting that the nature of the oxide layer would
strongly affect the surface properties. A systematic study
investigating the tribological properties of Nb was released in
2014 by Khun et al. (Ref 19); in particular, they investigated the
effect of normal load (in a range between 1 N and 4 N), sliding
speed (in a range between 10 mm/s and 120 mm/s) and surface
roughness with an R, values equal to 0.179-0.283-0.376
(samples mechanically polished up to the following grits: grit
400, grit 800 and grit 1200). They found a friction coefficient
ranging from 0.66 to 0.91 depending on the testing conditions;
in detail, they pointed out that the friction coefficient decreases
with the increase in the Ry. They explained this trend, also
referring to previous studies (Ref 25), assessing that due to the
lower mechanical properties of the Nb sheet with respect to the
steel ball their contact gives rise to a high effective interfacial
shear strength between them. What is more, adhesion between
two clean and smooth surfaces can induce a high interfacial
shear strength between them, as demonstrated by previous
studies (Ref 26, 27). They also highlighted that the prevalent
wear mechanism is the adhesion with a high rate of material
removal, it was also observed that under certain condition a
noticeable formation of debris occurs resulting in an abrasive
type wear mechanism with lower friction coefficient. Moreover,
they also carried out the same tests by using water as a lubricant
and observed different phenomena with different friction
coefficients, highlighting once again the complex wear behav-
ior of Nb.

Aiming to understand the friction behavior of niobium
sheets in forming processes and referring to the above-
mentioned literature, some points can be highlighted: (1) a
first thought that can be drawn considering the above-discussed
literature is that the wear behavior of Nb is strongly depending
on the surface conditions, all the above-reported results were
obtained by using polished samples, whereas in forming
processes the sheets to be formed are in as-rolled conditions,
so it is not clear if the results presented in the available papers
can be used to predict the wear behavior of sheets during the
forming process. (2) In addition, the range of normal load
adopted in the cited research was between 1 N and 4-5 N,
which can involve nominal pressure higher or lower than the
pressure that arises in the forming process, which are values
much lower than the ones arising between the sheets to be
formed and the mold/punch in forming processes, resulting,
once again, in an unclear extension of the results available to
the phenomena occurring during forming. One of the aims of
the present work is to investigate a wider range of normal load
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to apply, in order to obtain a better and more complete idea of
the results. (3) The tests reported in the literature were carried
out either in dry conditions or by adopting water as a lubricant;
none of the cited papers shares any insight concerning the use
of grease as a lubricant, which can be an interesting point in
metal forming to reduce the friction between the sheets to be
formed and the mold/punch.

The scope of this paper is to overcome these issues/
discrepancies and provide some insights useful to understand
the friction behavior of niobium sheets during forming
processes. To this aim, a detailed experimental campaign,
carrying out pin-on-disk tests, was realized in both dry and
lubricated conditions. Different values of normal force were
adopted with the purpose to reproduce the conditions faced by
the material during the forming. In the authors’ view, the
obtained results will be useful to better simulate the process (for
instance, by using the proper friction conditions in modeling)
and to better choose the processing conditions.

2. Experimental

Pure niobium rolled sheets of 3 mm thick were used as base
material, and both chemical composition and mechanical
properties of Nb are available in the literature and not here
reported for the sake of brevity (Ref 9). Specimens for
tribological tests, disks with a diameter of 60 mm, were cut
through EDM (electro-discharge machining) and then etched to
obtain the surface finishing we typically have on the niobium
surface before forming. The same disks are used in previous
authors’ work (Ref 28) to perform the deep drawing forming
process of interest. The etching process is called buffered
chemical polishing (BCP), the specimens are dipped in a bath
containing hydrofluoric acid, nitric acid and sulfuric acid, and
all the details are given in (Ref 29). The pins are made in
stainless steel; such a decision is because this material is the
one commonly used for the fabrication of the molds used in the
forming process of Nb. For what concerns the dimensions of
the pins used in the experimental campaign, the total length is
25 mm, while the radius of the extremity of the pins is 5 mm.

The roughness of the specimens was measured by using a
confocal microscope (Leica DCM 3D), as roughness index was
used S, calculated according to the standard ISO25178 (Ref
30). The cited microscope was also used to observe the worn
surfaces after the wear tests.

Aiming to better understand the phenomena occurring
during the sliding, as pointed out by the cited literature the
condition of the superficial layer is one of the key factor ruling
the friction behavior of Nb, the surface of the specimens was
observed by means of scanning electron microscope and the
above-cited Leica DCM3D confocal microscope was also used
to measure the roughness.

Wear tests, according to the ASTM G99-17 standard, were
carried out by using a pin-on-disk apparatus (Ducom TR20-LE)
at room temperature. The apparatus consists of a rotating disk, a
pin holder, a loading rig and a measuring equipment for friction
force and wear. During the test, the pin was pressed against the
rotating specimen being tested under a fixed normal force. The
friction force and the wear were continuously measured during
the sliding time (Ref 31). These tests were carried out under
different conditions, in terms of contact load, aiming to
simulate what happens during the forming. Moreover, the tests
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were carried out under two different lubrication conditions: (1)
dry conditions; (2) by using a lubricant supplied by CERN,
Reactolab industrial grease. The duration of the tests was kept
very short, with a sliding time of 30 s, such a choice to focus
the attention on the phenomena happening during the first stage
of the sliding that is the one of interest for forming processes
where the sliding time and sliding length are very short. The
sliding speed was also kept constant for all the tests, and a value
of 20 mm/s was adopted. Such a decision is because several
previous papers (Ref 19) showed that within a wide range of
velocities the sliding speed has a very small influence on the
friction coefficient. Pin-on-disk tests using applied normal
loads of 2.5, 5, 10 and 20 N were carried, out and for each test
conditions, three specimens were tested.

In this work, it was preferred to take into account the applied
normal load as load testing conditions instead of the normal
pressure. This because even though the normal pressure can be
evaluated by using Hertzian formulas, the Hertzian contact
condition is true only in the initial time of the pin-on-disk test.
Indeed, when the sliding time increases due to the occurring of
plastic deformation and adhesive wear phenomenon, three-
body contact conditions occur. In these conditions, the Hertzian
equations cannot be adopted and then to report the values of
pressure could be wrong.

In Fig. 1 a picture of the experimental setup is shown.

After the tests, the worn surfaces were analyzed through a
scanning electron microscope (Hitachi TM3000) equipped with
a National Instruments EDX microprobe to better understand
the wear mechanism occurring.

3. Results

The surface of niobium samples, observed through SEM at
different magnifications, is shown in Fig. 2. It is possible to
observe an irregular surface with some swellings, highlighted
by the white arrows, that probably are due to the rolling process
experienced by the sheets. Niobium, as well as titanium, has a
high spring back when formed (Ref 32) that can lead to the
formation of the observed swellings.

The 3D images of the surfaces of both pin and disk are
reported in Fig. 3, Leica DCM3D was used to acquire the
surface, and the software Leicamap was adopted to calculate

the roughness parameters according to the standard ISO (Ref
30). The attention was focused on the area parameters, and in
particular, a mean S, value of 0.69 microns was measured for
the steel pins, while the disks showed a mean value of 0.45
microns, and the S, value measured for the disk was 0.56
microns. Furthermore, the niobium disks showed the above-
discussed swellings.

Regarding the pin-on-disk tests, each test was conducted
three times under the same testing conditions on three different
samples and the data reported in Fig. 5, 6 and 7 represent their
mean values. The error value was always lower than 8% in
dried conditions and lower than 4% in lubricated conditions. In
detail, the results of pin-on-disk tests carried out without grease,
in terms of the mean value of the friction coefficient evolution
during the time, are given in Fig. 4.

Looking at the diagram presented in Fig. 4, it is possible to
appreciate a similar trend for all the tests: at the beginning of
the sliding, the friction coefficient starting from zero rises very
sharply (this rise occurs in roughly 3 s), then a kind of steady
stage with a quite constant friction coefficient is observed. It is
worth to note that the test carried out with the lower value
(2.5 N) of the contact force showed a higher friction coefficient,
while the other three tests reached more or less the same value
of friction coefficient. An interesting point is also that the test
carried out with a load of 2.5 N and the one carried out by
imposing a load of 20 N showed a sudden drop followed by a
re-rise of the friction coefficient.

The measured values of the friction coefficient are quite
high, ranging from 1.2 to almost 2, for all the tests.

The same experimental outcomes, regarding the pin-on-disk
tests carried out in lubricated condition, are given in Fig. 5.

Firstly, it is possible to assess that the lubricant reduced the
friction coefficient, the measured values in lubricated condi-
tions were well lower than the ones measured during the tests
carried out without lubricant. The trend observed was pretty
much the same for all the tests, except for the 2.5 N test: also in
this case the test carried out with the lower contact force was
the one showing the higher friction coefficient. Regarding the
general trend, the tests carried out at 5-10-20 N showed an
initial stage with an unclear trend followed by a sharp increase
in the friction coefficient up to the steady-state value. Con-
versely, the test carried out with 2.5 N showed a different trend:
after the initial stage, the friction coefficient continues to
increase up to a value of 0.8 and then a decrease is observed.

Fig. 1 Photograph of the experimental setup: (a) pin-on-disk apparatus; (b) detail of the pin; (c) detail of the Nb disk during the test
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Fig. 2 SEM micrographs, taken at different magnifications, of the surface of the niobium specimens. White arrows highlight some

imperfections and surface defects

Fig. 3 3D images of the surfaces of both pin and disk acquired by means of Leica DCM3D and used for the roughness measurements
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Fig. 4 Friction coefficients plotted against the sliding time during
the tests carried out in dry conditions

Aiming to better highlight the influence of the lubricant on
the friction coefficient, the same data previously presented are
also reported, in a rearranged manner, in the diagrams given in
Fig. 6.

Looking at the diagrams reported in Fig. 6, it is clear that the
lubricant significantly reduced the friction coefficient in all the
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Fig. 5 Measured friction coefficients plotted against the sliding
time during the tests carried out by using grease as lubricant

tested conditions; what is more, the lubricant also makes more
stable the friction coefficient during the sliding time.

In Fig. 7 is reported a diagram showing the mean values,
measured during the steady-state stage of the test, for all the
tests carried out. It is possible to notice that the tests carried out
with 2.5 N showed the highest values of the friction coefficient,
while all the other tests showed roughly the same values of the
friction coefficient.
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Fig. 7 Values of the friction coefficient, measured during the
steady-state stage of the test, for all the different testing conditions
investigated
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As done in previous studies (Ref 33), both the worn
surfaces and the pins were analyzed through SEM, to
understand the wear mechanisms; firstly, the results regarding
the pins are presented and then the worn surfaces are
discussed. In Fig. 8 are reported different images relative to
the adopted pin in the test carried out without grease and
imposing a load of 10 N, but these results can be extended
also to the tests carried out with 5 and 20 N, while the results
concerning the test carried out with a contact force of 2.5 N
deserve a separate analysis whose outcomes are reported in
Fig. 9. In Fig. 10 are reported images depicting a pin used in
a test under lubricated conditions.

In Fig. 8(a) and (b), it is possible to see, at different
magnifications, the tip of the pin used during the test carried out
without any grease and with a contact load of 10 N. It is
possible to appreciate, highlighted by white arrows in Fig. 8(b),
some marks representative of two different wear typologies. In
particular, darker marks, produced by the abrasion between
niobium and steel, and white Nb particles stuck on the pin due
to adhesive wear phenomenon. The presence of Nb on the pin
tip is also confirmed by the EDX analysis, whose diagram is
reported in Fig. 8(d) and it is relative to a white particle
highlighted by a black arrow in Fig. 8(c). Based on these
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Fig. 8 SEM images at different magnifications (a, b, ¢) and EDX spectrum (d) of the pin used during the test carried out without lubricant and
with a load of 10 N. The spectrum reported in Fig. 9d it was obtained by a point measurement highlighted in Fig. 9¢

images, it is possible to suppose a mixed adhesive-abrasive
wear with the occurrence of material transfer from the disk to
the pin during the test.

Similarly to what was observed for the results presented in
Fig. 8, looking at Fig. 9 it is possible to observe the occurrence
of both adhesive and abrasive wear. In this case, the amount of
niobium stuck on the pin surface is higher, and a kind of built-
up edge can be observed on the tip of the pin, as pointed by the
white arrow in Fig. 9. This higher amount of material
transferred from the disk to the pin can explain why the tests
carried out with a contact force of 2.5 N showed higher values
of the friction coefficient with respect to the tests carried out
with higher loads.

Looking at Fig. 10(a) and (b), it is possible to appreciate
that the representative marks of the abrasive wear are many
more than the ones representative of adhesion, few Nb
particles are visible in Fig. 10(b), and their presence is
confirmed by the EDX analysis whose results, in terms of
distribution maps of iron and niobium, are given in Fig. 10(c),
(d), and (e). It is worth to remember that this pin was used in
a test carried out by using grease as a lubricant and the
friction coefficient measured was well lower than the ones
measured during the tests carried out in dry conditions. By
using lubricant, the main wear mechanism seems to be
abrasion, a very small amount of material transfer is observed,
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so it is possible to figure out that adhesive wear occurred with
a very slow rate.

As declared before, the wear tracks were also observed
through SEM; for the sake of conciseness, only the results of
the tests carried out by adopting a normal load of 10 N in both
dry and lubricated conditions are shown, and these outcomes
are representative for all the tests carried out.

Looking at Fig. 11, it is possible to appreciate a peculiar
worn track; it seems that the pin “kneaded” the material of the
disk during the sliding. This kind of wear suggests that
adhesion was the predominant mechanism and also that the
superficial layer of the disk experienced a noticeable amount of
plastic deformation during the sliding. This particular mor-
phology is peculiar of the niobium and is also compatible with
the surface damages observed on formed niobium sheets (Ref
18). Some high-magnification images are reported in
Fig. 11(b), (c) and (d) to better highlight the “kneading” of
material and to evidence the transition between the worn track
and the base material.

Looking at Fig. 12, it is possible to appreciate a wear track
representative for all the tests carried out by using grease as a
lubricant. The worn surface is completely different with respect
to the one depicted in Fig. 11; in this case, typical abrasive
wear can be observed. Traces of grease, the darker areas in the
images, are still visible on the wear track.

Journal of Materials Engineering and Performance
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Fig. 9 SEM images at different magnifications of the pin used in the test carried out by imposing a load of 2.5 N without lubricant

4. Discussion

4.1 Influence of Surface Finishing

Considering some relevant papers cited in the introduction
section (Ref 19, 25-27), it is possible to assert that their main
conclusion is that increased surface roughness of Nb leads to
decreased friction coefficient because the higher surface
roughness gives rise to a smaller real contact area during the
sliding resulting in lower interfacial shear strength between
them.

However, in our experiments, we tested Nb disks showing
an Sy value of 0.56 microns, well higher than the ones
investigated by Khun et al. (Ref 19). The question that arises
now is if the discussion provided by (Ref 19) can be extended
also to higher values of surface roughness or if different
phenomena occur at these higher values. In our experiments, as
shown in the previous section, we measured a friction
coefficient of 1.8 for the test carried out under a contact load
of 2.5 N, whereas Khun et al. adopted a normal force of 1 N,
and values close to 1.4 for the tests carried out with higher
contact force. This outcome deserves a detailed discussion.
Several authors (Ref 34-39) stated that a rougher surface,
generally, results in higher friction due to the mechanical
interlocking between the asperities on the two sliding surfaces.
Khun et al. (Ref 19) declared, on the basis of their outcomes,
that this mechanism is not significant for Niobium. Probably
when the R value is high enough, as in the case of the present
experimentation, this interlocking mechanism cannot be
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neglected anymore and it needs to be considered. The
occurrence of this interlocking would explain the higher values
of the friction coefficient measured in our experiments. As a
confirmation of this theory, it is possible to appreciate the
material kneading shown in Fig. 11; such a plastic flow of the
material can be promoted by the surface asperities and will
result in the high values of the friction coefficient measured.

Summarising it can be highlighted that when the R, value is
high enough, the interlocking mechanism cannot be neglected
and the friction coefficient increases with the increase in the
surface roughness, as normally happens (Ref 34-39); on the
other hand, a different trend can be observed for lower values of
the R, coefficient (Ref 19).

4.2 Influence of Contact Load

Phenomena that take place between the workpiece and the
die surfaces are influenced by the generated friction by relative
motion and normal loads (Ref 40).

In our experimentation, as depicted in Fig. 7, it was
observed that the tests carried out with a normal load of
2.5 N showed the higher friction coefficient while the tests
carried out by adopting a load of 5-10-20 N showed a lower
value of the friction coefficient. It is worth to remember that the
main wear mechanism is the adhesion and its prevalence is due
to the occurrence of the galling phenomenon. This phenomenon
manifests its effects very quickly and from the first seconds of
testing, independent from the applied load. As the test starts,
the galling occurs and involves in the formation of a kind of
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Fig. 10 SEM images of the tip of the pin used during the test carried out with a normal load of 10 N under lubricated conditions (a, b).
Results of the EDX analysis (c, d, ) proving the presence of Nb particles on the tip of the pin

built-up edge on the tip of the pin, with a consequent increase
in the coefficient of friction. In particular, in the specific case of
2.5 N test (the lowest applied load), the force is not higher
enough to have a rapid occurrence of the abrasive wear
mechanism with the formation of debris and the consequent
reduction in the friction coefficient. Indeed, the procedure of
the test leads to a material transfer from the disk to the pin
material; this claim is also confirmed by the SEM observations
of the pin where a huge amount of niobium removed from the
disk and stuck on the pin can be found. The pin used for the test
at 2.5 N showed the greatest amount of stuck niobium, a kind
of well-pronounced built-up edge was detected, and as
consequence for the same applied force and so for the same
pressure ratio, the real contact area increases during the test
and, therefore, there is also a rise in the force needed to move
the pin (friction force). Consequently, coupling this observation
with the very high value of the friction coefficient measured, it
is immediate to correlate the friction coefficient with the
amount of material removed, i.e., with the severity of the
adhesion phenomena. In addition, this material pile-up has a
great influence in terms of contact phenomena consisting of a
Nb-Nb contact for almost all the duration of the test and so it
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leads to a higher coefficient of friction. These outcomes can
help to extend the discussion provided by a study (Ref 19) also
to higher values of the contact force.

Khun et al. (Ref 19) declared that the increase in the normal
load (they carried out their experiments varying the normal
force from 1 to 4 N) noticeably decreases the friction
coefficient; they explained this outcome stating that increasing
the normal force is promoted the roughening of the surface and
the formation of debris, and these two occurrences lead to a
reduction in the friction coefficient. As demonstrated by a study
(Ref 25), the formation of debris via surface wear can result in
lower friction because the debris can freely roll under a lateral
force as well as lessen the direct contact between the sliding
surfaces. So, increasing the normal load will lead to an increase
in the wear but to a decrease in the friction coefficient.

In our case, a quite constant friction coefficient was
observed from 5 to 20 N, while a sharp drop from 2.5 to 5 N
it was observed. Other authors (Ref 41) assessed that the
increase in the normal load would result in an increase in the
friction coefficient because the higher load can result in a
breakage of the oxide layer and allow direct contact between
the rubbing surfaces. Khun et al. (Ref 19) commented that, on
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Fig. 11 SEM images at different magnifications of the wear track of the test carried out with a normal load of 10 N without lubricant

the basis of the trend they observed, the effect of the native
oxide layer on the friction behavior of niobium can be
neglected because normal load higher than 1 N is enough to
generate significant wear to create the effects of roughening and
production of wear debris discussed in the previous paragraph.
What is more, by increasing the contact load the asperities of
the surface are flattened leading to a reduction in the R, if the
Ry is reduced enough, our samples will achieve a roughness
similar to one of the samples tested in (Ref 19), resulting in a
change of the wear mechanism because the interlocking,
described in the previous section, will become negligible as
discussed in the literature (Ref 19).

Summarising probably what happens at the high values of
normal force, higher than 5 N, is that the above-cited mech-
anisms coexist leading to a stable friction coefficient, explain-
ing the quite constant value of the friction coefficient observed
in this experimentation in Fig. 7 for the tests carried out with a
normal load higher than 5 N.

4.3 Influence of the Lubricant on the Friction Behavior

It is well known that the presence of a lubricant will reduce
the friction between rubbing surfaces and affect the wear
mechanism. In this experimentation, it was confirmed that the
use of lubricant dramatically reduces the friction coefficient,
and the values measured in the tests carried out under lubricated
conditions range from 0.2 to 0.6. Moreover, the diagrams
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depicting the evolution of the friction coefficient during the
sliding are quite stable, while the curves relative to the dry tests
showed some sudden drops followed by sharp increases in the
friction coefficient. These differences can be easily understood
by assuming that the wear mechanism in lubricated tests is
different with respect to the one in dry tests.

Under dry conditions, the predominant wear mechanism is
the adhesion, as a transition metal like the niobium is prone to
galling (Ref 42) which is a severe wear mechanism based on
adhesion between the two rubbing surfaces that results also in
material removal. The adhesion is confirmed by the analysis
carried out through the SEM, and traces of niobium can be
appreciated on all the pins used for the dry tests. At the same
time, some traces suggesting abrasive wear are also appreciable
on these pins, so it is possible to say that both the wear
mechanisms occur during the sliding, but the adhesion is the
predominant one. The adhesion can also explain the fluctua-
tions of the friction coefficient highlighted in this paragraph:
when an area of the pin is covered by the niobium taken from
the disk in this area, the contact is not steel-niobium anymore
but is niobium—niobium, leading to an increase in the friction
coefficient; on the other hand, under these conditions also the
shear stress between the rubbing surfaces increases and when it
reaches a value higher than the adhesive strength between the
steel surface and the stuck niobium, this niobium is suddenly
detached from the steel pin and the contact is again steel—
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Fig. 12 SEM images at different magnifications of the wear track of the test carried out with a normal load of 10 N and by using grease as a

lubricant

niobium; as a result, a sudden drop of the friction coefficient is
observed; such behavior was also observed for other transition
metals such as titanium (Ref 43). The succession of these
events, during the sliding, is the reason why of the observed
fluctuations of the friction coefficient.

When grease is used as a lubricant, the main wear
mechanism is abrasion; by observing the surfaces of the pins
used in the test, it is possible to see a noticeable number of
marks typical of abrasive wear. On the other hand, few particles
of niobium are still evident, so also under lubricated conditions
it is possible to affirm that both adhesion and abrasion occur,
but the abrasion is the dominant mechanism. The observation
of the worn track also confirms the abrasive wear, and the worn
tracks observed after the lubricated tests are completely
different with respect to the ones observed for the dry ones.

Looking at the diagram reported in Fig. 7, it is possible to
observe that the friction coefficient is maximum for the test
carried out at 2.5 N; this suggests that to obtain a good
lubrication condition a minimum value of the contact load is
required, coherently which was studied by Anno et al. (Ref 44).

5. CGonclusions

On the basis of the experimental outcomes presented and
discussed and referring to the aims declared in the introduction,
the following conclusions can be drawn:

3064—Volume 29(5) May 2020

In the tests carried out without any lubricant, a severe
adhesive wear was observed, with a noticeably material
transfer from the niobium disks to the steel pins. This
adhesive wear led to very high friction coefficients, higher
than 1;

The higher value of the friction coefficient was observed
for the lowest value of the contact force, while in the
range between 5 and 20 N the friction coefficient was
quite constant. Such a result is due to the complex phe-
nomena occurring at higher values of the contact load.
The presence of lubricant dramatically reduces the friction
coefficient and also changes the wear mechanism. Under
dry conditions, the prevalent wear mechanism is the adhe-
sion while under lubricated conditions the abrasion is pre-
dominant;

Under lubricated conditions, lower friction coefficients
ranging from 0.2 to 0.6 were measured; once again the
maximum value of the friction coefficient was achieved in
the test carried out with the lowest value of the contact
force;

When simulating the forming process of niobium sheets,
the values reported in this paper can be used as reference
values for the friction coefficient between the sheets to be
formed and the steel molds; taking into account the lubri-
cation conditions (e.g., dry, die film or lubricant) and the
expected normal load between the sheets and the fixtures,
the proper friction value can be chosen among the ones
reported in this paper for the different testing conditions.
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