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ARTICLE INFO ABSTRACT

Keywords:

This study investigate the effects of temperature on the tribological properties of Titanium-zirconium-

TzM molybdenum (TZM). TZM alloy was subjected to sliding contact against AISI 430 steel counterparts at varying

AISI 430 steel
Wear mechanism
Contact temperature

temperatures. The results shows, the coefficients of friction (COF) at interface were 0.77, 0.75, 0.71, and 0.69, in
the case of 25°C, 300°C, 600 °C, and 900 °C test temperatures. The presence of MoO3 and MogOss phases
suggested the wear resistance and decreasing COF at high temperature. Temperature is a critical factor influ-

encing material transfer between TZM and AISI 430 steel. The primary TZM wear mechanism at 25 °C involved
scratching, surface deformation, and local cracks, while elevated temperatures near 900 °C intensified material
adhesion phenomena with a surface shearing effect on the TZM surface after the trotest.

1. Introduction

In the realm of materials science and engineering, the development
and utilization of advanced materials for industrial applications play a
pivotal role in enhancing manufacturing efficiency, product quality, and
overall economic growth [1]. Molybdenum-titanium-zirconium (TZM)
is one such remarkable material that has garnered considerable atten-
tion due to its exceptional properties and its significance as a forming
tool in various metal forming processes [2]. TZM is a refractory metal
alloy that is renowned for its unique combination of high-temperature
strength, excellent thermal conductivity, and remarkable resistance to
thermal shock [3]. Composed primarily of molybdenum (Mo), titanium
(Ti), and zirconium (Zr), TZM exhibits superior mechanical and thermal
properties, rendering it highly suitable for demanding industrial appli-
cations, particularly in the field of metal forming [4,5]. The incorpora-
tion of titanium and zirconium enhances TZM’s mechanical properties,
resulting in improved tensile strength, hardness, and durability [6,7].
TZM can be machined into various tool geometries for customized
forming processes. Its exceptional properties make it ideal for metal
forming applications such as forging, rolling, extrusion, and stamping
[8,9]. TZM’s high-temperature stability and mechanical robustness
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render it an ideal choice for shaping and transforming metallic materials
under high pressures or high temperatures [10,11]. The operational
temperature indeed has a substantial impact on the tool life of TZM
during metal forming processes. Elevated temperatures can lead to
thermal softening and reduced mechanical strength, affecting the tool’s
ability to withstand deformation and wear [12]. Conversely, operating
at excessively low temperatures might lead to embrittlement and
increased susceptibility to cracking [13]. Therefore, optimizing the
operating temperature within the material’s suitable range is essential to
maximize the tool’s life and performance. Wear analysis of TZM as a
forming tool involves an in-depth examination of its wear mechanisms,
modes, and characteristics during metal forming processes. AISI 430
steel is a ferritic stainless steel known for its versatile properties and
wide-ranging applications. AISI 430 steel is primarily composed of iron,
with notable amounts of chromium, providing it with commendable
corrosion resistance and mechanical strength [14]. In various compo-
nents, AISI 430 steel finds extensive utilization as sheet material due to
its exceptional combination of attributes. These sheets are commonly
employed in industries such as automotive, architecture, and household
appliances, where its robustness, corrosion resistance, and aesthetic
appeal contribute to its efficacy [15]. The deformation of AISI 430 steel
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Table 1
Chemical and mechanical properties of TZM at room temperature.

Chemical Composition (ASTM B387)

Mo (Wt.%) Ti (Wt.%) Zr (Wt.%)

Balance 0.4 %—0.55 % 0.06 %—0.12 %

Mechanical properties

Tensile Yield Elongation =~ Hardness Melting Density

Strength Strength point

>585 MPa >515MPa  >1.5% 220-280 2610°C 10.2g/
HVio cm?®

sheets is a multifaceted process, encompassing room, warm, and hot
forming techniques [16]. In room forming, the sheets can be plastically
deformed at ambient temperatures, enabling intricate shaping and
customization [17]. Warm forming involves deformation at intermedi-
ate temperatures, exploiting the material’s improved ductility while
maintaining a balance between formability and mechanical properties
[181.

Hot forming, conducted at elevated temperatures, leverages the
heightened malleability of AISI 430 steel to achieve complex geometries
that might be unattainable through cold or warm forming. Crucially, the

—
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choice of tool material is paramount in sheet deformation processes. Its
exceptional mechanical strength, high-temperature stability, and supe-
rior wear resistance make it a promising candidate for deforming AISI
430 steel across various temperature ranges. Whether in room, warm, or
hot forming scenarios, the TZM alloy holds the potential to serve as an
effective tool, facilitating precise and efficient sheet deformation. The
TZM tool can be utilized in diverse forming processes spanning from
ambient to elevated temperatures. However, the frictional characteris-
tics and wear mechanisms exhibited by the TZM tool under such con-
ditions have not been previously explored. Consequently, the objective
of this paper is to analyze the friction and wear behaviors of the TZM
tool when interfacing with AISI 430 steel at a range of temperatures,
corresponding to various metal forming conditions. To achieve this, the
TZM tool was positioned at room temperature and coupled with AISI
430 steel, a deformable material subjected to varying temperatures, with
the aim of comprehending the underlying tribological properties.

2. Methodology
2.1. Raw materials

In this study, the TZM alloy was chosen as the tool, and AISI 430 steel
was selected as the deformable body. For this reason, the pin was made

Fig. 1. (a) image of TZM pin with surface topography, (b) image of AISI 430 strip and surface topography.

Table 2
Chemical and mechanical properties of AISI 430 steel.

Chemical Composition (ASTM B387)

C(Wt.%) Cr (Wt.%) Mn (Wt.%) P (Wt.%) S (Wt.%) Si (Wt.%) Fe (Wt.%)
0.08 16-18 1.00 0.04 1.00 Balance
Mechanical properties

Ultimate Tensile Strength Yield Strength Elongation Hardness Melting point
480-600MPa 280MPa 20 % 162HV 1520°C
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Table 3
Testing conditions and sample names.
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Sample Name Applied load Sliding velocity Pin Temperature Strip Temperature Contact Temperature
1 600N 250mm/min 25°C 25°C 25°C

I 600N 250mm/min 25°C 300°C 110°C

I 600N 250mm/min 25°C 600°C 195°C

v 600N 250mm/min 25°C 900°C 300°C

by TZM, and the strip was AISI 430 steel. In this case, the tribological
properties of TZM could be evaluated. The TZM alloy was precisely cut
into a rectangular cube by a milling machine measuring 10 mm x 10
mm x 20 mm, facilitating a standardized platform for experimentation.
The sides of the pin had a 1.5 mm radius fillet, which led toa 7 mm x 10
mm real contact area on the surface of TZM pins. Table 1 comprehen-
sively elucidates the chemical and mechanical properties of the utilized

TZM alloy. Furthermore, a 2 mm diameter aperture has been meticu-
lously drilled on the pin, serving as a receptacle for thermocouples, a
critical element for precise temperature measurements. The thermo-
couple had 0.5 mm distance with top surface of TZM pin. The pin sur-
face, accentuated by its surface roughness, is illustrated in Fig. la,
offering a visual depiction that augments the topographical attributes.
The TZM pins prepared by milling machining and milling direction (MD)
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co 2Fx
Pyrometer

Trailing Edge
Leading Edge
°

_al >

§
Trailing Edge
Leading Edge

S = Sliding Direction
F = Friction Force
F,= Pretension Force
Fy=Normal Load
T=Thermocouple

Fig. 2. (a) Image of hot friction test machine used in this study, (b) schematic view of operation mechanism of hot friction test machine.
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Fig. 3. Optical image of tested strips at various testing temperatures.
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Fig. 4. COF graphs of TZM pin against AISI 430 strip at (a) 25°C, (b) 300 °C, (c) 600 °C, and (d) 900 °C. Sliding distance shows 200 mm in all cases.

are depicted on the pin’s surface topography. The average Sa and Sq of
TZM pin were 1.641 + 0.05 um and 2.448 + 0.04 pm, respectively. AISI
430 steel has been selected as the strip component, taking the form of
strips that were derived from cold-rolled sheets. These strips, measuring
1.5 mm x 20 mm x 1000 mm, were cut perpendicular to the rolling
direction (the 1000 mm length of strip was in rolling direction), ensuring
uniformity and consistent dimensions. Detailed in Table 2, the chemical
and mechanical properties of the chosen AISI 430 steel strip are given.
The average Sa and Sq of the AISI 430 steel strip were 0.512 + 0.02 pm
and 1.001 + 0.06 pm, respectively. The pins and strips surfaced (As-
received) evaluated by Zygo NewView 9000 light optical interferometer.
Fig. 1b indicates the surface of the strip, shedding light on its inherent
surface roughness.

2.2. Friction test equipment and procedure

A hot strip drawing tribometer (Ducom TR 20M-47, India) was
employed to conduct tribological tests, allowing for the manipulation of
sliding velocities, strip temperatures, and applied loads. The tests
involved the interaction between TZM pins and pristine, unworn AISI
430 steel strips. The AISI 430 steel strip was securely positioned and
clamped at both ends using machine grips. To replicate the AISI 430
forming process under different conditions, two applied loads and three
distinct temperatures were chosen, corresponding to room, warm, and
hot environments. Detailed testing conditions are provided in Table 3.

The heating process utilized resistive heating, emulating diverse heat
cycles. The AISI 430 strip was maintained under positive pre-tension
through a pneumatic cylinder while its temperature was monitored
using a pyrometer. In the case of pins, the belt resistance heaters
increased the temperature of the pins. The pin thermal changes were
controlled by thermocouples that were installed inside the pins. Two
TZM pins were integrated into a movable tool assembly driven by a ball
screw. These pins were pressed against opposing sides of the strip with
the assistance of a pneumatic bellow. The sliding distance was set at 200
mm, and each experimental condition was replicated three times. An
illustration of the utilized hot strip drawing tribometer can be observed
in Fig. 2a. The friction force was measured using a strain gauge force
transducer. Coulomb’s friction law determined the coefficient of friction
in this hot strip drawing tribometer. A diagram depicting the various
components, forces, and movements within the hot strip drawing trib-
ometer is presented in Fig. 2b. Throughout the tests, variations in tem-
perature (at the beginning of test) within the pins were monitored using
thermocouples, and these readings were subsequently documented and
presented as contact temperature in Table 3. The applied load and
sliding velocity were selected as process parameters suitable for high-
temperature metal forming with a high strain rate, such as the teal
piercing process. It is important to note that the contact temperature
values listed in Table 3 may not precisely represent the temperatures at
the interface area. Rather, these values serve as approximations that can
be considered proximate to the actual temperatures experienced.
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Fig. 5. Optical images from AISI 430 strip that tested at (a) 25°C, (b) 300 °C, (c) 600 °C, and (d) 900 °C (The images are taken from middle of strip (100 mm)
after tribotest).
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Fig. 6. Optical and profilometry images from AISI 430 strip that tested at (a) 25 °C, (b) 300°C, (c) 600 °C, and (d) 900 °C.
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Contact with 300°C
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Fig. 7. Optical and profilometry images from TZM pins that tested against AISI 430 strip at (a) 25 °C, (b) 300 °C, (c) 600 °C, and (d) 900 °C.

2.3. Characterization

The surface topography of the pins was assessed using the Keyence
VR 5200 wide-area 3D measurement system (KEYENCE INTERNA-
TIONAL,BELGIUM). The Zygo NewView 9000 light optical interferom-
eter (Zygo, USA) was utilized to examine high-magnification
topography and damage characteristics. A scanning electron microscope
(SEM) (Jeol JSM-IT300, Japan) equipped with energy dispersive spec-
troscopy (EDS) was employed to gain a deeper insight into the friction
and wear mechanisms. EDS (Aztec, Oxford Instruments, UK) was
employed to investigate material transfer between the pin and strip
materials. The acceleration voltage used for SEM surface analysis was set
at 20 kV.

3. Results and discussions
3.1. Analysis of friction coefficient

This friction test procedure involves three distinct stages. The first
stage is the contact point and loading of the pins, where the TZM pins
make initial contact with the AISI 430 steel (strip). At this point, the strip
material and the pin are brought into contact, and the interaction be-
tween them begins. Following the loading of the pins, the loading head
starts moving the TZM pins forward along the AISI 430 steel strip. This

zone can be referred to as the sliding-direction zone. In this stage, the
TZM pins are in motion, and frictional forces between the pin and the
strip material come into play [19]. The change in frictional behavior as
the pins move along the strip can provide valuable insights into how the
materials interact at the specific temperatures. The final stage can be
attributed to the end-point zone when the friction test is completed. This
phase represents the conclusion of the test, and the data collected in this
zone helps in understanding how the frictional behavior stabilizes or
changes as the pins reach the end of the strip. Fig. 3, which depicts the
three zones on the strips tested at different temperatures (25 °C, 300 °C,
600 °C, and 900 °C), offers a visual representation of the strip after the
test. The images clearly show the progression of the test procedure, and
the distinct zones identified are visible in the images. The difference in
the color of the strips corresponding to different temperatures provides a
convenient way to correlate the visual data with temperature variations.

The Coefficient of Friction (COF) results at 25 °C, 300 °C, 600 °C, and
900 °C, are shown in Figs. 4a, 4b, 4c, and 4d. The tribotests were stable
and repeatable for all tested conditions. These graphs exhibit a distinc-
tive pattern. The COF graph has an initial peak, followed by a steady
state phase and a dramatic increase towards the end of the test. This
pattern is consistent across all temperature conditions and can be
attributed to the distinct phases of the friction test. The initial peak
corresponds to the contact point, where the pins first contact the AISI
430 strip and transition from static to dynamic friction.. The steady-state
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Fig. 10. (a) Sa and (b) Sq results of TZM pins after the test.

phase is recorded during the sliding phase (that was 200 mm), where
friction reaches a relatively stable level as the pins move along the Strip.
The dramatic increase at the end reflects the endpoint phase, indicating
that friction increases as the test nears completion. These distinct phases
are a hallmark of the friction testing process. The steady-state phase’s
mean value is recorded as each case’s COF. Due to the obtained results,
the COF of TZM in counter with AISI 430 steel were 0.77, 0.75, 0.71, and
0.69, in the case of 25 °C, 300 °C, 600 °C, and 900 °C test temperatures,
respectively. This observation suggests higher temperatures reduce
friction between TZM and AISI 430 steel [20].

The increased temperature may result in the materials becoming
more ductile, or the surfaces of the materials may undergo changes in
their mechanical properties or microstructure at elevated temperatures,
affecting the interaction between them [21]. The mean values of the
COF are collected based on results during the steady-state phase for each
temperature condition. The COF decreases as the temperature of the test
strip rises. These results suggest that higher temperatures significantly
influence the frictional behavior of TZM in contact with AISI 430 steel.
The results show that the steady-state phase in all samples was uneven.
At 25°, the presence of debris affects the friction graph, causing fluc-
tuations. The COF graphs have fluctuations and a wavy form. These
fluctuations may be indicative of variations in friction as the pins move
along the Strip, possibly due to local surface irregularities or variations
in material properties [22]. The steady-state phase of COF is smothered
in the higher temperature of the AISI 430 strip. The COF graphs at 25 °C
temperature have more fluctuation compared to other cases.

3.2. AISI 430 steel surface analysis

The images of the Strip surfaces at 25 °C, 300 °C, 600 °C, and 900 °C
conditions, as shown in Fig. 5a-d, respectively. The test surface at 25 °C
shows uniform scratches, indicating abrasion and debris formation at
the beginning and during of the tribotest.

The fluctuation profile on the strip surfaces suggests that the contact
between the pins and the strip is not uniform. This non-uniform contact
can lead to variations in friction and may be responsible for the fluc-
tuations observed in the COF graphs. The "jumping" phenomenon seen
on the strips’ surface is shown by ‘5. This phenomenon could indicate
intermittent contact between the TZM pin and the AISI 430 strip surface.
Interestingly, the non-contact area decreases as the strip temperature
increases, suggesting that higher temperatures may improve the contact
between the TZM pin and the AISI 430 trip. The thickest § is recorded in
the 300 °C strip case, and the thinner case is seen in 900 °C. The jumping

behavior of TZM against AISI 430 steel is considered before, but not fully
understood. It seems the starting contact point can affect this surface
pattern on AISI 430 steel strips. The start points of TZM pins at Samples
I, II, III and IV are presented in Fig. 6a—d, respectively.

In general, different materials exhibit varying mechanical and ther-
mal properties. As the temperature increases, the material properties of
both the TZM pin and the AISI 430 strip may change [23,24]. For
example, there could be alterations in hardness, elastic modulus, or
thermal expansion coefficients at higher temperatures. The obtained
results indicated that the first contact significantly impacts the surface of
the AISI 430 steel strip during sliding movements. As can be seen in
Fig. 6, with increasing the strip temperature, the deformation in the AISI
430 steel side rises. On the other hand, the contact temperature between
TZM and AISI 430 is increased as well. In this case, the TZM pin will be
more softened [25], and this phenomenon increases the possibility of
abrasive wear at room temperature and adhesive wear and wear debris
generation during sliding movement from 300°C and higher
temperature.

3.3. TZM pin surface analysis

Following the completion of the test, a comprehensive surface
analysis was conducted on the TZM pins. The obtained results are
depicted in Fig. 7a-d, showcasing the surface alterations of TZM pins
subjected to strip temperatures of 25 °C, 300 °C, 600 °C, and 900 °C,
respectively. Observable modifications were identified across all TZM
pins, with a distinct focus on the leading edge, extending towards the
trailing edge, albeit more prominently at the leading edge. These find-
ings suggested the occurrence of lumb transfer phenomena at the fore-
front of the pins. This phenomenon was likely attributed to the pins’
leading edge penetrating the AISI 430 steel strip, intensifying contact
pressure in that region. It has been shown that an uneven pressure dis-
tribution near the leading edge (In this tribo-system) led to the accu-
mulation of wear particles at the center of the pin’s leading edge after a
certain sliding distance [26]. The tribo-system became increasingly
unstable once the transferred material at the leading edge reached a
critical level.

The results obtained from the 3D profilometry images of the TZM
pins subjected to various strip temperatures (25 °C, 300 °C, 600 °C, and
900 °C) provide insights into the TZM interactions and wear charac-
teristics. As depicted in Fig. 8a, b, c, and d, these images reveal infor-
mation regarding the pin’s surface features and wear patterns. Firstly,
the 3D profilometry images confirmed that the features observed on the
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Fig. 12. SEM image from middle of (a) Sample I, (b) Sample II, (c) Sample III and (d) Sample IV pins.

right side of the pins, which correspond to the leading edge, were pri-
marily the result of material galling and removal. This observation is
evident in the images, where the undamaged TZM surface (as received)
is characterized by lower topography, represented by shades of green
(Oum), and a relatively flat surface. At a strip temperature of 25 °C,
corresponding to room temperature, it is noteworthy that a smaller area
of material removal occurred on the leading edge of TZM pin (as
mentioned before).

This phenomenon can be attributed to several factors. One key factor
is the lower reactivity of TZM and AISI 430 at room temperature [27].
This reduced reactivity results in decreased adhesion between the pin
and the strip, coupled with the higher strength of the both pin and strip
at room temperatures, which offers better resistance to wear [28].
However, as the AISI 430 steel strip temperature increases, there is a
clear shift in the wear characteristics. Abrasive phenomena on the pin’s
surface become more pronounced and material adhesion at TZM pin
increases. This is particularly evident in the 3D profilometry images,
where the pin’s surface exhibits a more significant adhesion, indicative
of Galling. The most notable finding is the correlation between the strip
temperature and the severity of adhesive wear.

As the strip temperature escalates to 900 °C, the 3D profilometry
images clearly reveal a substantial increase in adhesive and abrasive
wear on the TZM surface. This demonstrates that higher strip tempera-
tures lead to more severe adhesive wear, emphasizing the importance of
temperature in this frictional interaction. The roughness profiles of TZM
samples with strips at 25 °C (Sample I) and 900 °C (Sample IV) are
presented in Fig. 9a and b, respectively. The acquired results offer a
detailed insight into the surface characteristics, revealing the presence
of distinct wavy peaks in the roughness profiles that exhibit periodicity.
In the case of Sample I, the roughness profiles display three prominent
peaks, indicating a material transfer from AISI 430 steel to the TZM plug
at 25 °C. As the strip temperature escalates, there is a noticeable
directional shift in material transfer, with the transfer now occurring

10

from the pin to the strip. The periodic peaks in Sample IV are more
pronounced, showcasing a clear evolution in the material transfer dy-
namics. The adhesion periodic patterns, whether three at 25 °C or six at
900 °C, become increasingly conspicuous at higher temperatures, as
depicted in Fig. 9a and b.

Despite variations in surface preparation patterning among samples,
there is a consistent microscale trend in behavior across the tested pins.
Both quantitative and qualitative insights emerge from the analysis,
shedding light on the periodic deformation flow. Interestingly, the
abrasive and adhesive wear on the TZM pin occurs in periodic cycles.
Illustrated schematically in Fig. 9c, this flow outlines the formation of a
jumping pattern (8) on the surfaces of the AISI 430 strip and TZM pin
after high-temperature testing. The emergence of this pattern appears to
correlate with temperature-induced alterations in material transfer and
adhesion patterns between the TZM pin and AISI 430 strip surfaces.

The average Sa and Sq of surfaces are collected and presented in
Fig. 10a and b, respectively. The average Sa for Sample I, II, III, and IV
were 2.2 ym, 3.1 pm, 3.8 pm and 4 .3um. The results revealed the
average Sq for Sample I, II, III, and IV were 4.6 um, 5.7 pm, 6.5 pm and
7.6 um, respectively. The Sa values for all samples are notably higher
than those of the raw pin. This indicates that the surface of the TZM pins
experienced increased roughness after the friction tests. The increase in
Sa suggests material removal and adhesive wear during the tests, which
is consistent with the observations from the 3D profilometry images
discussed earlier.

As the strip temperature increases, there is a consistent trend of
increased Sa values, with Sample IV (tested at 900 °C) having the highest
Sa. This increase in Sa suggests that the more adhesive wear on the pin’s
surface becomes more severe at higher temperatures. The Sa values
follow a decreasing trend, indicating that surface wear is less prominent
at lower strip temperatures, presumably due to material reactivity and
strength differences. Similar to Sa, the Sq values for all samples are
higher than that of the raw pin, reinforcing the notion of increased
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Fig. 13. EDS element maps of Sample II.

roughness due to the friction tests. The Sq values also exhibit an
increasing trend with increasing strip temperature. Sample IV (900 °C)
shows the highest Sq, indicating a rougher surface than the other sam-
ples. The decreasing Sq values suggest that while the overall roughness
is reduced at lower strip temperatures, the wear pattern remains
consistent with the Sa results. The percentage change in Sa and Sq values
provides a clearer perspective on the extent of surface roughness alter-
ation due to the friction tests. Sample IV (900 °C) experienced the most
significant percentage increase in both Sa and Sq, with Sa increasing by
approximately 168.75 % and Sq increasing by around 216.67 %
(Compared to raw TZM). As the AISI 430 strip temperature decreased,
the percentage change in both Sa and Sq decreased, indicating a
reduction in abrasive wear.

For Sample I (25 °C), Sa and Sq increased by only about 37.5 % and
91.67 %, respectively, indicating the least abrasive wear among the
tested samples. The data analysis reveals important insights into the
impact of strip temperature on the wear characteristics of TZM pins. As
the temperature increases from 25 °C to 900 °C, a consistent trend of
increased surface roughness (Sa and Sq) observed. This suggests that
higher strip temperatures lead to more severe abrasive and adhesive
wear on the TZM pins (As seen in surface topography). One plausible
explanation for this phenomenon is the influence of temperature on
material reactivity and adhesion. The adhesion between the TZM pins
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and the AISI 430 strip is stronger at higher temperatures, resulting in
more significant material removal and higher surface roughness. How-
ever, at lower strip temperatures, the reactivity between the materials
decreases, reducing adhesion and, subsequently, more abrasive wear.
This interpretation aligns with the earlier findings from the 3D profil-
ometry images, which indicated that adhesive wear became more severe
as the strip temperature increased. The Sa and Sq values provide
quantitative support for these visual observations. They confirm that the
TZM pins’ surfaces are subject to increasing wear and roughening as the
strip temperature rises. Comparing the results of the samples with the
raw pin data further underscores the impact of the friction tests. Both Sa
and Sq values for the raw pin are significantly lower than those for the
tested samples, emphasizing the substantial material removal and sur-
face roughening due to the tests.

3.4. XRD results

The XRD results for Sample II and Sample IV are presented in
Fig. 11a, while detailed phase plots for Sample III and Sample V are
shown in Figs. 11b and c, respectively. The XRD results for Sample I
predominantly show the components of the parent materials. In
contrast, the XRD analysis of Sample II reveals the presence of Mo, Fe,
MoOs, and MosO2s phases on its surface. As expected, the TZM alloy’s
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Fig. 14. SEM image from wear of (a) Sample I, (b) Sample II, (c) Sample III and (d) Sample IV pins.

primary constituent, molybdenum, is observed. However, the detection
of Fe, which is absent in the TZM composition, likely originates from the
AISI 430 steel strip material, suggesting surface transfer to the pin after
testing. The oxide phases present are likely derived from the steel strip,
which was preheated to 300 °C before testing, increasing the likelihood
of oxide formation on its surface. The tribometer setup may have
contributed to the initial oxide presence on the TZM pin, as the pressure
applied during testing could promote oxide adhesion. Additionally,
during pin sliding, debris formation may have resulted in further
bonding on the TZM surface. MoOs contains molybdenum in a + 6
oxidation state combined with oxygen, while MosOzs has a more com-
plex stoichiometry with mixed oxidation states, typically a combination
of +6 and lower states. This compound also features a more intricate
crystal structure, often composed of both MoOs octahedra and MoOa
tetrahedra, creating a complex arrangement [29]. The detection of these
oxides suggests substantial interaction at the contact interface between
the TZM alloy and the steel during tribotesting. Elevated temperatures
and friction likely facilitate the oxidation of molybdenum on Sample II.
The presence of MoOs and MosO2s phases could enhance the oxidation
and wear resistance of both the TZM alloy and the steel counterface by
reducing direct contact and mitigating severe wear. The XRD results for
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Sample IV indicate the presence of Mo, Fe, M0oO2, Mo0sO2s, TiO2, and
Fe-Cr phases on the surface. During the high-temperature tribotest (900
°C on the steel strip), heat transfer between the pin and strip likely led to
increased local temperatures and potentially limited oxygen availability,
favoring the formation of molybdenum in lower oxidation states, such as
MoOz, which has a + 4 oxidation state. MoO2 forms under more reducing
conditions than MoOs, suggesting areas within the contact interface
experience localized oxygen depletion and high temperatures. The
presence of TiO: indicates oxidation of the titanium component within
the TZM alloy, contributing to the overall oxide layer on the surface.
Under normal loading, sliding velocity, and high temperatures,
complex, non-stoichiometric molybdenum oxides like MosO2s can form
due to varying oxidation environments and localized temperature gra-
dients. MosOzs, containing molybdenum in mixed oxidation states,
suggests the presence of both reducing and oxidizing conditions at the
interface during testing. The detection of Fe-Cr phases indicates sub-
stantial interaction between the steel counterface and the TZM alloy,
likely forming a mixed layer or tribofilm incorporating elements from
both materials. The increased softening of the steel counterface at 900
°C promotes material transfer to the TZM surface, leading to Fe-Cr
deposition and the formation of a tribofilm that integrates components
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Fig. 17. SEM image from surface of AISI 430 steel strip that tested with Sample I and Sample IV.

from both the steel and TZM alloy.

3.5. Wear mechanism

The SEM image analysis was carried out from the middle of the pins
after tests with low magnifications. The SEM analysis from the middle of
the pins at low magnifications provides a macroscopic perspective,
shedding light on the overall wear behavior. Fig. 12a, b, ¢, and d present
the results of Samples I, II, III, and IV, respectively. The results show on
the surface of Sample I small pieces of AISI 430 steel (black dots) staked
on the surface of pin without significant damage suggests a relatively
mild wear mechanism. In this case, temperature does not significantly
affect material transfer between TZM pin and steel strip. Significant
damage was not detected on the pin surface, and it shows the pin had
enough strength during the sliding encounter of the strip. The lack of
substantial damage on the pin surface indicates that the pin possesses
sufficient strength to withstand the sliding encounters with the strip at
these lower temperatures. This point can be expected because the
hardness and tensile strength of TZM are more than AISI 430 steel at
room temperature (as mentioned in Tables 1 and 2).

As the AISI 430 steel strip temperature increases, the emergence of
dark zones on the pin surface becomes apparent, indicating a shift in the
wear mechanism. The dark zones are identified as steel strip material
bonded to the pin surface, implying a more significant role of
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temperature in the wear process. This transition could be attributed to
changes in the material properties at elevated temperatures, leading to
enhanced adhesion or other wear mechanisms. As an example, an EDS
map from sample II is presented in Fig. 13. The EDS map further sup-
ports this observation by revealing that the dark zones consist of ele-
ments from the AISI 430 strip material. The temperature-dependent
adhesive wear mechanism elucidated in these results emphasizes the
importance of considering thermal effects in understanding and miti-
gating wear in these tribotests.

The high magnification SEM images from the surface of Samples I, II,
III, and IV are presented in Figs. 14a, b, c and d, respectively. The results
show that at room temperature (Fig. 14a), scratch and flattening are the
predominant wear mechanisms observed. The low material transfer and
absence of surface damage suggest that the contact conditions at inter-
face was are not severe comparing to heated strip condition. The hard-
ness of the pin (220HV) is higher than that of the strip (162HV),
indicating that the pin is harder and less prone to wear. The relatively
low-test temperature further supports abrasive wear, as the mechanical
properties of both materials are not significantly affected [30]. At an
elevated temperature of 300 °C (Fig. 14b), the wear mechanism remains
scratchy and flattening, but there is a slight increase in material transfer
locally. The higher temperature likely induces thermal softening in the
TZM pin and AISI 430 strip materials [27]. This softening could facilitate
material transfer between the pin and strip, leading to the observed local
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Fig. 18. SEM image from surface of AISI 430 steel strip that tested with Sample I with DES point analysis results.

adhesive wear. The extent of wear is still relatively low due to the
moderate temperature. At 600 °C (Fig. 14c), the wear mechanism con-
tinues to be scratch and flattening, but additional observations include
agglomerated wear debris and surface shearing. The elevated tempera-
ture has a more pronounced effect on material properties, potentially
causing increased plastic deformation and more adhesion between the
TZM pin and the AISI 430 strip. The agglomerated wear debris and
surface shearing suggest more severe wear conditions and enhanced
interaction between the pin and strip materials.

At 900 °C (Sample IV), the wear mechanism significantly changes
comparing to other cases. The SEM image from surface of Sample IV is
present in Fig. 14d. There is a high material transfer between the TZM
pin and AISI 430 strip, increased shearing bonds, and agglomerated
wear debris. The elevated temperature has likely led to significant
softening of both materials, promoting more intense adhesion and ma-
terial transfer. The observed shearing bonds and agglomerated wear
debris indicate a more severe wear condition. These results support the
jumping pattern idea presented in Fig. 9. The temperature notably im-
pacts the wear mechanisms observed in the tribometer tests. As the
temperature increases, the TZM becomes more susceptible to wear due
to thermal softening, which promotes adhesion and material transfer.
The progression from scratch and flattening to agglomerated wear
debris and increased shearing bonds reflects the temperature-induced
changes in the mechanical properties of the TZM pin and AISI 430
steel strip materials.

The cross-sectional SEM image of different areas of Sample II is
presented in Fig. 15. This image reveals internal defects in the TZM pin
at the surface level. Points (1), (2), (3), and (4) correspond to the
leading, middle, and back sides of the TZM pin. The results show visible
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adhesion of steel at the pin’s tip. Additionally, a deformation layer (DL)
has formed just below the surface, a result of the thermo-mechanical
interaction between the pin and the strip during the tribotest. The DL
is thicker at the tip of the pin compared to the middle region. Small
cracks are also observed on the surface of the TZM pin after tribo test.
The cross-sectional SEM image further reveals that some surface defects
are deeper than what is visible in the surface-level SEM image.

As the contact temperature increases (with the strip reaching 900
°C), both the pin and strip soften, leading to an increase in the thickness
of the deformation layer (DL). Additionally, surface cracking on the pin
intensifies, as shown in Fig. 16. The thicker DL layer is formed in all
areas (from point (1) to point (4)). In this case, a mechanically mixed
layer can be detected at center of TZM pin. A big crack separated DL and
mixture layer from TZM matrix.

The SE and BSE images of strips for tribotest I and IV are presented in
Fig. 17. The results obtained show that at the low temperature of 25 °C,
scratching, ploughing, and cutting phenomena align with expectations.
This AISI 430 steel behavior at 25 °C indicates that the TZM pin’s higher
hardness and superior mechanical properties enable it to deform the
AISI 430 steel strip easily. This is a typical response in such tests, where a
more robust tool material interacts with a deformable body. The pres-
ence of small points of pin material on the surface of the 25 °C strip
suggests that the interaction between the TZM pin and the AISI 430 steel
strip was minimal at this temperature, likely due to the relatively lower
deformation forces exerted by the pin on the steel.

As the strip temperature increased to 900 °C, the SEM image analysis
indicated a shift in the deformation behavior. With the reduction in
mechanical properties of both the AISI 430 steel strip and the TZM pin at
higher temperatures, there is an observed increase in strip deformation,
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Fig. 19. EDS elements map from transferred layer area at Sample IV.

characterized by flattening and scratching. This aligns with the expected
trend, as elevated temperatures generally lead to decreased material
strength and increased ductility. Interestingly, the transformed layer of
TZM material on the AISI 430 steel strip becomes more apparent at
higher temperatures, reflecting the changing nature of the interaction
between the pin and the strip. The enhanced deformation and the visible
transformation layer underscore the intricate relationship between
temperature, material properties, and the resulting deformation pro-
cesses. The high-magnification SEM image from Sample I is depicted in
Fig. 18. The EDS point analysis was carried out with the point on the
surface of the strip. The EDS results exposed that these points are from
pin material.

The EDS map analysis from the transferred layer on Sample IV is
presented in Fig. 19. The EDS map analysis specifically focused on the
transformed layer, revealing the distribution of TZM material on the
surface of the AISI 430 steel strip. As can be seen, the EDS element

detected the distribution of both TZM and AISI 430 steel materials in the
analyzed area.

The results show the non-uniform distribution of TZM on the surface
of the strip because the concentration of TZM elements (Mo, Ti, and Zn)
was higher at some points. The non-uniform distribution may indicate
localized variations in temperature, pressure, or other dynamic param-
eters during the friction test. The presence of TZM elements on the AISI
430 steel strip surface and the observed thin thickness of the remaining
TZM pin material indicates that a significant transformation or transfer
of material occurred during the 900 °C strip temperature. As can be seen,
the TZM elements are detected on the AISI 430 strip surface with various
concentrations (based on the EDS map of Mo, Zn, and Ti), suggesting
that material transfer or adhesion occurred. Still, it was not uniform
across the entire surface. This phenomenon may be attributed to local-
ized variations in contact pressure or temperature gradients during the
friction test.
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4. Conclusions

This investigation delves into the influence of AISI 430 steel strip
temperature on the friction and wear mechanisms of TZM. Varied strip
temperatures, spanning 25 °C, 300 °C, 600 °C, and 900 °C, corre-
spondingly led to contact temperatures of 25 °C, 110 °C, 195 °C, and 300
°C. The following key conclusions emerge from our findings:

1. The coefficient of friction (COF) between TZM and AISI 430 dem-
onstrates a consistent decrease with rising contact temperatures.
Specifically, the COF reduced by 11.5 %, transitioning from 0.77 at
25 °C to 0.69 at 900 °C for both pin and strip interfaces.

2. An intriguing jumping pattern manifested on the strip’s surface as
the test temperature exceeded room temperature. The distance of
this pattern decreased proportionally with the elevated testing
temperature, suggesting a concurrent interplay of adhesion and
deformation between TZM and AISI 430 steel, with the deformation
serving as the root cause.

3. The TZM pin, subjected to a 900 °C strip, exhibited a noteworthy
percentage increase in both Sa (168.75 %) and Sq (216.67 %),
compared to the raw TZM. This surge indicates heightened abrasive
wear at elevated temperatures, attributed to strengthened adhesion
and substantial material removal between TZM pins and the AISI 430
strip.

4. At 25 °C contact temperature, scratch and flattening emerged as
predominant wear mechanisms, signifying less severe contact con-
ditions. Conversely, as the strip temperature escalated to 900 °C
(resulting in a 300 °C contact temperature), the wear mechanism
shifted to shearing, accompanied by increased material transfer from
AISI 430 steel to TZM. Notably, TZM particles adhered to the AISI
430 steel surface, transforming into a discernible TZM layer with
temperature elevation. These nuanced observations contribute to a
comprehensive understanding of the intricate dynamics governing
TZM behavior under varying temperature conditions.
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