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Friction during the hot extrusion of Inconel 625 superalloy tubes causes severe wear of the mold and plays a decisive role in the
quality of the workpieces. In this paper, a ball-to-disk method was utilized to investigate the tribological behavior of Inconel 625
using two different tribological pairs, i.e., GCr15 and Si3N4, at room and elevated temperatures. Friction coefficient, specific wear
rate, and morphology of worn surfaces were systematically characterized. It was found that the friction coefficients for both
tribological pairs generally increased as the testing temperature increased, while the specific wear rate increased firstly and then
decreased with the rise of temperature. Along with the increasing sliding speed, the friction coefficient between Inconel 625 and
Si3N4 decreased monotonically, while the specific wear rate increased firstly and then decreased. Under any given testing
condition, the friction coefficient and specific wear rate of the Inconel 625 for Inconel/Si3N4 pair are less than those of the Inconel/
GCr15 pair.,emain wear mechanisms between GCr15 and Inconel 625 are adhesive and fatigue wear at all testing temperatures.
,e wear mechanisms between Si3N4 and Inconel 625 are adhesive and abrasive wear at room temperature but fatigue wear at
500°C. Our findings indicate that the use of ceramic molds in the hot extrusion of Inconel 625 may significantly improve the
surface qualities of the product and reduce the wear of the mold.

1. Introduction

Inconel 625 superalloy is a solid solution-strengthened nickel-
based wrought superalloy with Mo and Nb as the main
strengthening elements. Inconel 625 superalloy has been used
in aerospace, chemical, nuclear, and other fields operating at
high temperatures due to its excellent corrosion resistance,
thermal stability, fatigue resistance, and oxidation resistance
[1–4]. Currently, Inconel 625 superalloy tubes are mainly
formed by hot extrusion. Due to the complex high-temper-
ature and high-pressure process of hot extrusion, problems of
friction, wear, and lubrication exist during hot extrusion
process [5–10]. ,e friction between the side surface of the
ingot and the wall of the extrusion cylinder during extrusion is
one of the most important factors affecting the flow of the

metal [11–13]. During normal extrusion, the Inconel 625
superalloy slides against the mold, and the friction force
consists of the tearing force, furrowing force, and molecular
adsorption force at the adhesion point of the asperities
[14–20]. ,e friction during extrusion not only has a great
influence on the performance and surface quality of the
workpieces but also accelerates the wear of the mold and
shortens the service life of the mold [21]. Currently, most
research studies on mechanical friction and fretting friction
are insufficient to describe the friction between materials and
molds during extrusion. Jayaseelan et al. [22] determined the
friction coefficients under nonlubricated and lubricated
conditions by comparing the experimental value and simu-
lation value of AA6063 extrusion with hot die steel (H13).
Huang et al. [23] investigated the friction coefficients and
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wear rates of different superalloys (GH605, GH2123, and
GH4169) and Si3N4 pairs at different temperatures. At room
temperature, the wear mechanism of GH605 and GH2132
alloys is adhesive wear, while the wear mechanism of GH4169
alloy is abrasive wear. As the temperature increases to 800°C,
oxidative wear plays a significant role in the wear mechanism
of Si3N4. Zhu et al. [24] reviewed the research progress of tool
wear during nickel-based superalloy processing and analyzed
the influence of various processing parameters on the wear
mechanisms. Birol [25] compared the high-temperature wear
behavior of Inconel 617 and Stellite6 alloys with
X32CrMoV33 thermal tool steel, indicating that the former
shows better wear resistance.

In this paper, the tribological properties of Inconel 625
superalloy during hot extrusion are investigated, and the
friction coefficient and specific wear rate at different tem-
peratures, different friction rates, and for different mold
materials are simulated using ball-disk experiments.
,rough the observations and analyses of the surface wear
phenomenon of Inconel 625 superalloy, the wear mecha-
nisms were discussed and, the contributing factors were
determined. ,ese results will provide guidance for un-
derstanding the wear mechanisms of Inconel 625 superalloy
and the mold during extrusion, improving the micro-
structures and surface qualities of the workpieces, and
extending the life of the mold.

2. Experimental Procedure

An Inconel 625 ingot was extruded with a 55MN horizontal
extruder, which uses GCr15 as the mold material, at Jinchuan
company, China. After extrusion, the surface of the wrought
ingot is shown in Figure 1. Scratches, cracks, and delami-
nations are visible, indicating significant material loss.

Commercially available Inconel 625 disks and balls
(6mm in diameter) of Si3N4 and GCr15 were used in the
ball-disk friction testing. In order to avoid any possible
influence of impurities on the surface of the samples, the
Inconel 625 specimens were polished up to a roughness
better than 0.06 μm. ,en, they were ultrasonically cleaned
in acetone for 10min and dried in hot air.

,e ball-disc dry sliding wear testing was carried out
using a HT-1000 high-temperature wear tester, whose
working principle is schematically shown in Figure 2. ,e
load and friction radius were set as 15N and 5mm, re-
spectively. ,ere different temperatures, i.e., 25°C, 250°C,
and 500°C (with a constant heating rate of 10°C/min), and
three different rotating frequencies of the friction motor, i.e.,
6Hz, 12Hz, and 18Hz (the corresponding sliding speeds are
175mm/s, 350mm/s, and 525mm/s, respectively) were
attempted. In order to ensure the same wear distance for
different friction rates, the friction times were set as 45min,
22.5min, and 15min, respectively.

,e volumetric wear amounts were tested in a MT-500
probe-type wear scar gauge.,emeasuring width was 5mm.
To minimize the error, the wear amounts were measured
every 120 degree on the wear mark, and the average value of
the three measured results was obtained. ,e specific wear
rate (Wer) [26] can be expressed as:

Wer �
W

F · S
, (1)

where W is the volume of the wear amount (mm3), F is the
friction load (N), and S is the length of the friction path (m).
It should be mentioned here that ridges caused by plastic
deformation were not taken into account in the calculation
of W. ,e surfaces of the worn samples were characterized
by scanning electron microscopy (SEM), and energy dis-
persive spectrometer (EDS). ,e wear marks were further
observed by a Zeiss laser confocal microscope (LSM).

3. Results and Discussion

3.1. Friction Coefficients. ,e friction coefficients of GCr15
and Si3N4 balls against Inconel 625 superalloy at 525mm/s
and 250°C are shown in Figure 3. ,e stabilized friction
coefficients of Inconel 625 superalloy on Si3N4 ceramic and
GCr15 are about 0.17 and 0.48, respectively. By comparing
the curves, it is seen that the fluctuation of friction coefficient
between Inconel 625 and Si3N4 is less severe than that be-
tween Inconel 625 and GCr15. ,e comparison of optical
images between Figures 3(a) and 3(b) indicates that the scars
of Inconel 625 worn by GCr15 are rougher. ,ere are many
black pits on the abrasion marks, as shown in Figure 3(a),
and the transition areas between the abrasion marks and
intact surface are irregular.

Figure 4 shows the stabilized friction coefficients of
GCr15 and Si3N4 against the Inconel 625 superalloy at
different temperatures. With the increasing temperature, the
trends of the friction coefficient for the two pairs are

Figure 1: Surface morphology of Inconel 625 superalloy after
extrusion.
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Figure 2: A sketch showing the experimental approach.
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different. ,e friction coefficient between GCr15 and
Inconel 625 increases significantly with increasing tem-
perature, and reaches a maximum value at 250°C, and then
decreases slowly. Since Inconel 625 superalloy and GCr15
are both metallic materials, and have similar chemical bond,
they show very high adhesive work, which makes them
prone to sticking, resulting in large fluctuations of the
friction coefficients. ,e situations for metal-ceramic pairs,
however, are different. Murakami et al. [27] also found the
same phenomenon the for aluminum alloy.

When Si3N4 is used to grind Inconel 625 superalloy, the
effect of sliding speeds (175mm/s, 350mm/s, and 525mm/s)
on the friction coefficient is shown in Figure 5. For three
different testing temperatures, the curves exhibit similar
trends. ,e results show that at any temperature, the friction
coefficient decreases with increasing sliding speed. ,ese
experimental results are consistent with a previous research
[28]. For a general elastoplastic contact friction pair, with the
increasing sliding speed, the friction force firstly increases to
a maximum value and then decreases. Huang et al. [23]
studied the change of the frictional force of Si3N4 on

superalloys with the sliding speed. When the sliding speed is
relatively low, the frictional force increases as the sliding
speed increases.When the sliding speed is relatively high, the
frictional force decreases as the sliding speed increases.
Accordingly, there should be a sliding speed which corre-
sponds to the peak value of the frictional force. As men-
tioned by many scholars [23, 29], the influence of sliding
velocity on friction coefficient is closely related to the surface
temperature. Sliding friction causes heating and increases
the local surface temperature, thus changing the properties
and failure conditions of the interacting surfaces. When the
speed reaches a certain value, the surface will be heated to a
flash temperature (Tf ), at which the surface will be signifi-
cantly softened. In this case, the shear stress will decrease,
and the friction coefficient will be significantly reduced.
However, when the sliding speed is 525mm/s, the coefficient
of friction of Si3N4 against Inconel 625 at 500°C is greater
than those at 25°C and 250°C. ,is may be because the
temperature is too high to generate oxides at the surface and
much of the material is deposited on the worn surface to
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Figure 3: Evolution of friction coefficients between Inconel 625 disk and Si3N4 or GCr15 balls at a temperature of 250°C and a sliding rate of
525mm/s. ,e macroscopic morphology of the wear mark by (a) GCr15 grinding and (b) Si3N4 grinding.

GCr15
Si3N4

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Fr
ic

tio
n 

co
ef

fic
ie

nt

100 200 300 400 500 6000
Temperature (°C)

Figure 4: Effect of temperature on the friction coefficients of two
different friction pairs at a sliding speed 525mm/s.
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Figure 5: Effects of sliding speeds on the friction coefficient of
Si3N4 against Inconel 625 under a load of 15N at different
temperatures.
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form a new friction layer. Previous literature studies [23, 30]
have highlighted the effect of the thickness of the friction
layer on the friction coefficient.

3.2. Specific Wear Rate. Figure 6 shows the specific wear
rates of the two friction pairs at different temperatures. ,e
results show that the specific wear rate of Inconel 625 worn
by Si3N4 is lower than that by GCr15 at all temperatures, and
the trends for the two friction pairs are similar. With the
increasing temperature, the specific wear rate of Inconel 625
against two kinds of friction balls firstly increases and then
decreases. At 250°C, a maximum specific wear rate is ob-
served.,is is because the material softens and can be peeled
easily, leading to fast wear. However, when the temperature
exceeds 250°C, the specific wear rate decreases, whichmay be
caused by the oxidation of the material surface, and the
oxidation film plays a role in lubrication.

In order to deeply understand the differences in specific
wear rate between the two friction pairs, the depth and width
of the wear scar after wear were observed, as shown in
Figure 7. It is found that materials are extruded on both sides
of the wear marks generated by the GCr15 and Si3N4 balls,
and the depths of the wear marks are roughly the same.
However, the widths of the wear marks after GCr15 ball
friction are relatively wider, and the two-dimensional pro-
files of the wear marks after GCr15 ball friction are uneven,
with very narrow grooves at the bottom. On the contrary, the
wear marks worn by Si3N4 are relatively smooth and show a
U shape. ,is is also supported by microscopic observation
of the worn surfaces of Inconel 625, as shown in Figure 8.
,ere are large steps on the surface of the wear mark in
Figure 8(a) but very slight exfoliations in Figure 8(b). ,is
might be the reason why the friction coefficient between
Inconel 625 and GCr15 is higher than between Inconel 625
and Si3N4. Generally, the specific wear rate has a direct
relationship with the hardness of the ball, and harder balls
usually generate more significant wear [31]. However, in this
study, the specific wear rate of Inconel 625 by Si3N is smaller,
which can support the development of a ceramic mold.

,e sliding speed has a significant influence on the
specific wear rate of Inconel 625 superalloy, as shown in
Figure 9. In general, at any temperature except 250°C, the
specific wear rate firstly increases and then decreases with
the increasing sliding speed. At a sliding speed of 350mm/s,
the specific wear rate of Inconel 625 by Si3N4 at 250°C
reaches a lowest value, indicating this may be a critical speed.
,ree-dimensional contour of the worn surfaces were ob-
served, as shown in Figure 10. When the temperature is
500°C and the sliding speed is 525mm/s, the surface has
large plastic deformation, as two large ridges are observed on
the sides of the wear scar. ,ere are many scratches on the
surfaces of the wear scars. ,is is because the surface
temperature at the contacting points rises sharply at high
sliding speeds, and the material softens or even partially
melts. When the sliding speed is 350mm/s, the ridges along
with the wear mark are negligible, and the surfaces at the
bottom of the wear marks are seriously scratched.,is result
is consistent with Figure 6. When the sliding speeding is

175mm/s, the depth of the wear marks become shallow, and
the wear marks are relatively smooth.

3.3. Wear Mechanism. SEM images of Inconel 625 after
grinding with GCr15 balls are shown in Figure 11. In
Figure 11(a), there are many layers, and the shedding
fragments are relatively large. ,is is because adhesive wear
takes place between GCr15 and Inconel 625 under the
combination of compressive and shear stress, and the ad-
hesive stress is higher than the shear strength of the base
metal, thus making the surface of Inconel 625 torn.,ere are
two different morphologies in Figure 11(c), and numerous
pits are observed in the enlarged image (Figure 11(d)). As a
result of the high temperature, the material is easily to
deform and flake off.,e small debris contacts the bottom of
the wear scar repetitively under the load, thus producing
fatigue and causing pits with different depths and sizes.
Combined with the previous analyses, it can be found that
there are two different wear mechanisms at different tem-
peratures, i.e., the adhesive wear mechanism when the
temperature is low and the adhesive wear and fatigue wear
mechanisms when the temperature is high.

Figure 12 shows the SEM images of worn surfaces
Inconel 625 by Si3N4 grinding. For the 250°C specimen,
delamination is seen (Figure 12(a)). Shear damage occurs in
the subsurface of the metal, causing strain on the surface
material. ,e damages are attributable to the adhesive wear
and abrasive wear. At a high temperature of 500°C, the worn
surface shows peeling and steps (Figure 12(c)). ,e mag-
nified image (Figure 12(d)) shows cracks on the worn
surface. ,e cracks may be caused by fatigue at high tem-
peratures: the cracks initiate at physical and chemical defects
and then propagate under cyclic sliding.

Figure 13 shows the SEM images of Inconel 625 worn by
Si3N4 at different sliding speeds at 500°C. ,e surface after
175mm/s grinding shows patches (Figure 13(a)), and a large
amount of abrasive particles and deep holes were found in the
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Figure 6: Effects of testing temperature on the specific wear rate of
Inconel 625 superalloy at a sliding rate of 525mm/s.
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magnified image (Figure 13(b)). In the 350mm/s sample,
several peel offs are observed on the flat wear surface, as shown
in Figure 13(d). It is supposed that the abrasive debris was not
taken away from the sliding track timely when the sliding speed
is low, thus resulting in abrasive wear. ,e deep holes may be
caused by the internal structural changes and defects of the
material induced by high temperatures. In the 350mm/s
specimen, the bulges in the wear scar may be caused by the
oxidation of the material, thus leading to an oxidative wear.

,e SEM images of the surfaces of Inconel 625 worn at
different sliding speeds at room temperature are shown in
Figure 14. It can be seen that, at a speed of 175mm/s, the
surface of the material creates furrows along the sliding
direction (Figures 14(a) and 14(b)). At a speed of 350mm/s,
there are many hollows on the worn surface (Figure 14(c)).
In the magnified image (Figure 14(d)), it is found that there
are many pits in the hollows (Figure 14(d)). It has been
found that at room temperature, when the speed is 175mm/s,

the material on the surface of the metal is ploughed to form a
groove. ,is is because the strength of the abrasive grains
formed at a low sliding speed at a low temperature is high, and
the furrow wear is formed. When the speed is 350mm/s, the
surfaces may be subjected to complex stress forms and even
stress concentration, resulting in damages such as peeling off
and fatigue wear.

By comparing the SEM images of the wear surface of
Inconel 625 superalloy with GCr15 and Si3N4 balls, it is
found that the wear behavior of the Inconel 625 under all
studied conditions is different, and the mechanisms of the
wear are rather complex. When GCr15 is used to grind
Inconel 625 superalloy, the wear mechanism is induced by
adhesive wear. When Si3N4 is used to grind Inconel 625
superalloy, the subsurface of thematerial is prone to damage,
resulting in wear. EDS analyses and cross-section corrosion
studies were performed on the worn surface, as shown in
Figures 15 and 16. In spectrum 2, the distribution of main
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Figure 7: Two-dimensional contour of the wear scar of Inconel 625 superalloy by (a) GCr15 and (b) Si3N4, at a sliding speed of 525mm/s
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Figure 10: ,ree-dimensional morphologies of the wear surfaces of Inconel 625 by Si3N4 at different sliding speeds at a temperature of
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images corresponding to (a) and (c), respectively.
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elements is similar to that of Inconel 625. However, in
spectrum 1, the contents of Fe and Cr are higher than those
in Inconel 625. Both the elements react with oxygen in the
surrounding environment during wear. It can be seen from
the cross-sectional SEM images that the wear surface friction
layer and the substrate are separated by obvious boundary
lines (Figure 16(a)). When the cross-section was polished
and corroded, it is found that the grain boundaries are less
corrosion-resistant (Figures 16(b) and 16(c)), which may be
caused by damages caused by grinding. ,ese results may
lead to accelerated wear and new wear mechanisms.

4. Conclusions

(1) When Si3N4 and GCr15 balls slide against Inconel
625 superalloy, the friction coefficient increases with
an increase in temperature and decreases with the
increase in sliding speed. Moreover, the friction
coefficient and specific wear rate of the Si3N4 ball in
grinding the Inconel 625 superalloy are less than that
of the GCr15 ball.

(2) ,e wear mechanisms of Inconel 625 superalloy are
primarily adhesive wear and abrasive wear when the
temperature and speed are low, and fatigue plays a
key role at high temperature and high speed.

(3) Our study indicates that the use of ceramic molds for
hot extrusion of Inconel 625 can significantly im-
prove the surface quality of the product and reduce
the wear of the mold.
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