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ABSTRACT To meet the high-speed and heavy-load service requirements of high-efficiency transmission
gears, Fe-2Ni iron-based powder metallurgy was used as the matrix, and a composite system reinforced
by TiC hard phase and MoSs solid lubricant was designed. The gear composites were prepared by hot
pressing sintering. The effects of reinforcement ratio and sintering parameters on microstructure and
mechanical properties were studied, and the friction and wear behaviors under different loads, sliding
speeds and lubrication conditions were investigated. The results show that the optimal sintering process
is 1150 °C, 60 min and 30 MPa, with a relative density of 98.6% and microhardness of HV 620. The
composite with 10 wt% TiC and 3 wt% MoS, exhibits the best comprehensive performance, with a
friction coefficient as low as 0.08 and a wear rate reduced by 62% compared with the matrix. The wear
mechanism transforms from abrasive wear to oxidative wear and slight delamination wear. The composite
presents excellent friction reduction and wear resistance, which can provide a quantitative reference for
the design of high-performance transmission gears.

INDEX TERMS Transmission gear; Iron-based composite; Friction and wear; Powder metallurgy; Hot

pressing sintering

I. INTRODUCTION

S a key load-bearing component in the power trans-

mission system, transmission gears operate for a long
time under complex conditions including high contact stress,
high sliding speed and periodic impact load. Its friction and
wear performance directly determines the transmission effi-
ciency and service life. Traditional carburized and quenched
steel gears have high surface hardness, but still face prob-
lems such as high friction coefficient and insufficient wear
resistance under extreme working conditions. Introducing
hard reinforcement and solid lubricant to construct metal
matrix composites is an effective way to break through
the performance limitations of existing gear materials. Iron-
based powder metallurgy composites have the advantages of
strong compositional designability and good near-net-shape
forming effect, showing prominent application potential in
gear materials. At present, there is still a lack of quantita-
tive influence of reinforcement ratio on friction and wear
properties, as well as systematic research on the evolution
of wear mechanism under different working conditions.
Therefore, the preparation, characterization and friction-
wear characteristics of TiC/MoSs composite reinforced iron-
based gear materials are of important theoretical value and
engineering significance.
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A. CONSTRUCTION AND COMPOSITION DESIGN OF
GEAR COMPOSITE SYSTEM

Iron-based powder metallurgy materials are the preferred
matrix for transmission gear composites due to their ad-
justable composition and high near-net-shape efficiency.
Three typical iron-based alloy powders, Fe, Fe-2Ni and
Fe-4Ni, were selected for basic performance comparison
[1]. The bending strength, hardness and impact toughness
were measured by universal testing machine, microhardness
tester and impact tester. The results show that Fe-2Ni matrix
achieves the best balance between hardness and toughness:
Vickers hardness HV 312, bending strength 820 MPa,
impact energy 28 J, and its comprehensive performance is
significantly better than pure iron matrix. Although Fe-4Ni
has slightly higher hardness (HV 345), its impact toughness
decreases obviously, leading to the risk of brittle fracture
under periodic impact conditions of transmission gears, so
it is not adopted [2]. Fe-2Ni is selected as the matrix of
the subsequent composite system, which not only ensures
the mechanical strength of the bearing framework, but also
provides sufficient plastic basis for the stable distribution of
the reinforcement phase, See Table 1.
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TABLE 1. Mechanical Properties of Different Iron-Based Matrix Materials

Matrix HV Bending Impact Relative
strength/MPa energy/J density/%
Fe 265 680 35 97.1
Fe-2Ni 312 820 28 98.0
Fe-4Ni 345 875 18 98.3

B. RATIO OPTIMIZATION OF TIC REINFORCEMENT AND
MOS; LUBRICANT

After determining the Fe-2Ni matrix, TiC (particle size
~2 pm) and MoSs (~5 pm) were introduced into the
composite system as hard reinforcement and solid lubricant
respectively. TiC is introduced to improve the hardness
and wear resistance of the matrix, while the low shear
strength of MoSs layered crystal structure enables it to form
a lubricating transfer film on the friction interface, thus
reducing the friction coefficient. The mass fraction of TiC
was designed as 5%, 10% and 15%, and MoS, was fixed
at 3 wt%. The comprehensive friction reduction and wear
resistance of each combination were evaluated by orthog-
onal experiment. When TiC content increases from 5% to
10%, the wear rate decreases from 4.8 x 10~° mm?>/(N-m)
to 1.8 x 107 mm?>/(N-m). When TiC further increases to
15%, obvious agglomeration occurs, the interfacial bonding
strength decreases, and the wear rate rises to 2.6 x 1075
mm?/(N-m). Therefore, the optimal TiC content is 10 wt%
[3]. The theoretical density of the composite system is
calculated according to the mixture rule:

pe=3"Vi pi M
=1

where p. is the theoretical density (g/cm?), V; and p;
are the volume fraction and density of the ¢ component,
respectively.

C. INTERFACIAL BONDING MECHANISM AND DESIGN
PRINCIPLE

The interfacial bonding quality between TiC reinforcement
and Fe-2Ni matrix directly determines the comprehensive
mechanical properties of composites. SEM and EDS anal-
ysis show that TiC particles form a metallurgical bonding
interface with the matrix after hot pressing sintering, without
obvious pores or cracks [4]. Ti and Fe interdiffuse at the
interface with a diffusion layer thickness of about 0.3-
0.5 pm, which effectively enhances the interfacial bonding
strength. MoS, has relatively low thermal stability and will
partially decompose into MoOg during sintering. To control
its decomposition, the sintering temperature must be strictly
controlled below 1150 °C. The stress transfer efficiency
of the reinforcement phase under load is estimated by the
modified Shear-Lag model:

oc=0m(1=Vs)+o0,-Vi-m, 2)

where o, is the bearing stress of the composite, o, and
o, are the stresses of the matrix and reinforcement phase
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FIGURE 1. Schematic diagram of composition and interfacial bonding
structure of TiC/MoSz/Fe-2Ni composite

TABLE 2. Variable Definition

Temperature/ Time/ Pressure/ Relative Micro-
°cC min MPa density/% hardness/HV
1050 60 30 93.8 542
1100 60 30 96.4 578
1150 60 30 98.6 620
1200 60 30 97.9 598
1150 30 30 97.1 601
1150 90 30 98.4 615

respectively, and 7 is the interfacial load transfer efficiency
factor, See Figure 1.

Il. PREPARATION, MICROSTRUCTURE AND
PROPERTIES OF COMPOSITES

A. HOT PRESSING SINTERING PROCESS

Hot pressing sintering (HPS) promotes diffusion and den-
sification between powder particles through the synergy
of temperature and pressure [5]. Orthogonal experiments
were carried out with sintering temperature (1050-1200 °C),
holding time (30-90 min) and sintering pressure (20—40
MPa) as variables, and relative density and microhardness
as response indexes. The results show that when the sin-
tering temperature is 1150 °C, holding time 60 min and
pressure 30 MPa, the relative density reaches 98.6% and
microhardness HV 620. When the temperature exceeds
1180 °C, MoS, decomposes seriously [6], reducing the
effective lubricant content. The heating rate is controlled at
10 °C/min, and high-purity Ar gas is introduced to prevent
oxidation. See Table 2.

B. QUANTITATIVE CHARACTERIZATION OF THE
DENSITY, HARDNESS, AND MICROSTRUCTURE OF
COMPOSITE MATERIALS

The actual density of the sintered composite was determined
using the Archimedes displacement method, and the theo-
retical density calculated from Equation (1) was employed
to assess the relative density. The results were consistent
with the process optimization data presented in Section
2.1. Microstructural analysis was performed using a Zeiss
SIGMA 300 field emission scanning electron microscope,
employing back-scattered electron imaging (BSE) mode
to quantitatively evaluate the uniformity of TiC particle
distribution. The results demonstrated that TiC particles
were uniformly dispersed within the Fe-2Ni matrix, with
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an average particle spacing of 8.6 ym and an agglomerate
particle proportion below 5%. XRD analysis revealed that
the primary diffraction peaks corresponded to a-Fe, TiC,
and trace amounts of FesC phases, with no significant
TiOy or MoOgs peaks detected, confirming the chemical
stability of the reinforcing phase under the specified condi-
tions. Microhardness measurements were taken at 0.1 mm
intervals along the cross-section, yielding values ranging
from HV 610 to HV 635 with a standard deviation of
412 HV. Compared to the 96.54% relative density reported
by Dong Hulin et al. [7] for the 40% TiC/Fe system,
this system achieved a relative density of 98.6% at lower
sintering temperatures (1150 °C) and pressures (30 MPa),
highlighting the densification advantage attributable to the
excellent metallurgical compatibility between the fine TiC
powder and the Fe-2Ni matrix. Hardness measurements
were taken at intervals of 0.1 mm along the cross-section,
with fluctuations ranging from HV 610 to HV 635 and a
standard deviation of £12 HV. The uniformity meets the
service requirements of the gear material, demonstrating
that the hot-press sintering process exhibits excellent process
control over microstructural homogeneity.

C. EXPERIMENTAL DETERMINATION OF BENDING
STRENGTH AND CONTACT FATIGUE PERFORMANCE
The bending strength experiment was conducted in ac-
cordance with the GB/T 6569-2006 standard, employing
a three-point bending loading method with a span of 20
mm and a loading rate of 0.5 mm/min. The average bend-
ing strength of the optimal composite material was 1120
MPa, representing an improvement of approximately 36.6%
compared to the Fe-2Ni matrix (820 MPa), quantitatively
validating the reinforcement effect of TiC on the matrix’s
load-bearing capacity. Analysis of the fracture morphol-
ogy revealed that the fracture mode was predominantly
transgranular, with TiC particles being cut off rather than
experiencing interfacial delamination. This fracture pattern
differs from the shear fracture observed by Dong Hulin et al.
in the 40% TiC/Fe system (shear angle approximately 45°,
fracture strain 6.1%): the latter exhibited higher TiC content
and weaker matrix support for the reinforcement phase
[8], resulting in a brittle-plastic hybrid fracture behavior;
whereas the current system, with a lower TiC content (10
wt%) and superior interfacial bonding quality, demonstrated
dominant transgranular fracture and a more stable bending
fracture mode, consistent with the conclusion that the in-
terfacial bonding strength exceeds the strength of the TiC
particles themselves.

lll. EXPERIMENTAL DESIGN FOR FRICTION AND WEAR

TESTS AND DETERMINATION OF CHARACTERISTIC
PARAMETERS
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A. CONFIGURATION OF THE FRICTION AND WEAR
TESTING APPARATUS AND SETTINGS FOR OPERATING
CONDITIONS

The friction and wear experiments were conducted on the
UMT-3 multifunctional friction and wear testing machine
[9], employing a pin-on-disc contact configuration. The up-
per specimen was a composite material pin with a diameter
of 6 mm, while the lower specimen was a GCrl5 steel
disc (hardness HRC 62). The operating parameters were
determined based on the gear pitch circle linear velocity
range (0.5-3.0 m/s) and contact load range (50-250 N). The
experimental protocol specified load gradients of 50 N, 100
N, 150 N, and 200 N, sliding speed gradients of 0.5 m/s,
1.0 m/s, 1.5 m/s, and 2.0 m/s, with a uniform total sliding
distance of 1000 pum. The normal force was collected in
real-time by a high-precision force sensor (accuracy +0.1
N), and the friction force signal was continuously recorded
at a frequency of 1 Hz by the data acquisition system.
Wear measurement was performed using a balance with a
precision of 1/10,000 (accuracy 0.1 mg); each experiment
was repeated three times, and the average value was taken
to control measurement error [10]. The friction coefficient
was calculated according to Equation (3):

Fy
Py’

where FY is friction force and Fv is normal load.

= 3)

B. THE QUANTITATIVE RELATIONSHIP BETWEEN LOAD
AND SLIDING SPEED ON THE FRICTION COEFFICIENT
Under dry friction conditions, the quantitative effects of
load and sliding speed on the friction coefficient of the TiC
(10 wt%)/MoSsy (3 wt%)/Fe-2Ni composite material were
investigated. As the load increased from 50 N to 150 N,
the friction coefficient gradually decreased from 0.132 to
0.082, consistent with the mechanism described by Bowden-
Tabor, where an increased actual contact area leads to a
relative reduction in interfacial shear stress. When the load
further increased to 200 N, the friction coefficient slightly
rose to 0.091, attributable to greater abrasive embedding
depth under high loads, which elevated the contribution of
plowing effects to the friction force. An increase in sliding
speed from 0.5 m/s to 1.5 m/s elevated the friction interface
temperature, promoting the spreading and densification of
the MoS, transfer film and resulting in a continuous de-
crease in the friction coefficient. When the sliding speed
exceeded 2.0 m/s, the stability of the lubricating transfer
film declined, leading to minor fluctuations in the friction
coefficient, indicating a critical stable speed for the MoS,
transfer film [11]. The distribution data of the friction
coefficient under the coupled effects of load and speed are
presented in Table 3.
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TABLE 3. Steady-State Friction Coefficient Under Different Loads and Sliding
Speed Conditions

Load/Speed 0.5 m/s 1.0 m/s 1.5 m/s 2.0 m/s
50 N 0.132 0.121 0.108 0.112
100 N 0.109 0.097 0.088 0.093
150 N 0.088 0.082 0.078 0.084
200 N 0.096 0.089 0.085 0.091

C. THE MECHANISM OF LUBRICATION CONDITIONS
ON WEAR RATE AND MATERIAL REMOVAL BEHAVIOR
Lubrication conditions are a key external variable influenc-
ing the wear rate of composite materials. The experiment
compared the wear rates under three operating conditions:
dry friction, boundary lubrication (oil film thickness approx-
imately 0.5 pm), and full-film lubrication (oil film thickness
approximately 2.0 ym). Under standard conditions of a load
of 150 N and a speed of 1.0 m/s, the dry friction wear rate
was 1.8 x 10~° mm3/(N-m); under boundary lubrication, it
decreased to 5.6 x 1075 mm?3/(N-m); and under full-film
lubrication, it further dropped to 1.2 x 10~% mm3/(N-m),
representing a reduction of approximately 93%. Regarding
material removal behavior, dry friction primarily involved
abrasive cutting and plowing, generating substantial sheet-
like abrasive debris; under boundary lubrication, the syner-
gistic effect of the lubricating oil film and the MoS, transfer
film significantly reduced plowing depth, transforming the
abrasive debris into fine granular particles; under full-film
lubrication, the friction pair was almost completely sepa-
rated by the oil film, and material removal was dominated
by fatigue spalling. Regarding dry friction wear behavior,
Dong Hulin et al. also found in pin-disc two-body abrasive
wear experiments that as the load increased from 0.5 kg to
2.5 kg, the volumetric wear of the 40% TiC/Fe composite
increased from 0.0025 cm?® to 0.0054 cm?®, with relative
wear resistance reaching a peak of 2.67 at a load of 1.5 kg.
This pattern aligns physically with the phenomenon of the
wear rate growth rate slowing down near a 150 N load in this
system: under moderate loads, the hard TiC reinforcement
phase maintains full contact with the abrasive and resists
wear; excessive loads cause the reinforcement phase to lose
matrix support and detach entirely, leading to a renewed
increase in the wear rate. Both systems demonstrate that
the TiC reinforcement phase exhibits a load-sensitive wear-
resistant window, and the service load of the composite
material must be controlled within this range to achieve
optimal friction reduction [12]. The wear volume (m?) is
expressed according to Archard’s wear law as given in
Equation (4):

Fyn-L 4

T (

where K is the dimensionless wear coefficient, L is the
sliding distance (m), H is the material hardness (Pa).

V=K

IV. WEAR SURFACE ANALYSIS AND EVALUATION OF
COMPOSITE DESIGN EFFICIENCY
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A. MICROSCOPIC ANALYSIS OF WEAR SURFACE
MORPHOLOGY AND CHIP COMPOSITION

After completing the wear experiment, the wear surfaces
of the pin specimens were systematically observed using
SEM, while quantitative analysis of chip composition was
performed using EDS spectroscopy [13]. Under dry fric-
tion conditions with a load of 150 N, the wear surfaces
exhibited distinct ploughing grooves features with groove
depths ranging from 2.5 to 4.0 ym, accompanied by minor
material accumulation at the groove edges, indicating that
abrasive wear was the dominant failure mechanism. At a
sliding velocity of 1.5 m/s, temperature rise at the friction
interface induced surface oxidation; EDS measurements
revealed an iron oxide content of approximately 12.4 at%
on the wear surfaces, confirming that the oxidative wear
mechanism concurrently participated in material removal—
a finding consistent with the lubrication analysis conclusions
presented in Section 3.3. Chip morphology analysis revealed
that under dry friction conditions, chips predominantly ex-
hibited elongated sheet-like shapes with an average length
of 65 pm, indicating a dominant cutting removal mode.
Under boundary lubrication conditions, chips transformed
into nearly spherical fine particles measuring 5-15 pm in
diameter, closely correlating with the uniform distribution
of shear stress at the friction interface. Quantitative EDS
analysis demonstrated that the Ti content in chips (approxi-
mately 8.3 at%) was lower than the theoretical TiC content
in the composite material, suggesting that TiC particles
were preferentially retained within the matrix during wear,
providing sustained support for wear resistance. This re-
tention mechanism aligns with the phenomenon observed
by Dong Hulin et al. in SEM wear morphology analysis
[14]: when the TiC reinforcement content falls within the
optimal range, the wear surface exhibits shallow plough
grooves and fewer spalling pits, with the reinforcement
phase effectively resisting abrasive cutting. Only when the
TiC content is excessively high (50 wt%), insufficient matrix
support leads to extensive reinforcement spalling, resulting
in deep, wide plough grooves and dense spalling pits on
the wear surface—a mechanism that closely matches the
observed intensified interfacial delamination under the 15
wt% TiC condition in this system.

B. DETERMINATION OF THE DOMINANT WEAR
MECHANISM AND THE TRANSFORMATION PATTERNS
INDUCED BY OPERATING CONDITIONS

The determination of wear mechanisms is based comprehen-
sively on the surface morphology characteristics of the worn
surface, the morphology of wear particles, and the wear rate-
load relationship curve. Under low loads (< 100 N) and
low speeds (< 1.0 m/s), the worn surface primarily exhibits
parallel furrows without a distinct oxide layer, indicating
mild abrasive wear. When the load increases to 150 N or
the speed rises to 1.5 m/s, the thickness of the surface oxide
layer increases, the friction coefficient stabilizes, and the
rate of wear increase significantly slows down, with the
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mechanism shifting to oxidation-dominated wear—a pattern
consistent with the lowest friction coefficient observed in
this range as described in Section 3.2. Under high-load
(200 N) and high-speed (2.0 m/s) combined conditions,
extensive sheet-like pitting defects with depths of 8-12
pm appear on the worn surface, indicating a composite
wear mode involving both adhesive wear and delamination
wear. The fundamental shift in wear mechanisms results
from the synergistic interaction between frictional interface
temperature rise and contact stress, as noted by Dong Hulin
et al. [15]. The relationship between material hardness H,
plow groove depth h., and normal load Fyy is given by:

Fy-L
4
T )

where ¢ is the shear angle between the abrasive and the
sample surface. This relationship indicates that, with the
normal load constant, Fy is inversely proportional to H—
the higher the material hardness, the shallower the ploughing
grooves and the better the wear resistance. This finding
fully aligns with experimental observations that the TiC-
reinforced phase effectively enhances surface hardness (HV
620) under high-speed, heavy-load conditions, thereby sup-
pressing ploughing grooves deepening. Furthermore, when
the contact stress exceeds the critical ratio of the material’s
yield stress, additional effects occur (Gcontact/Tyietd > 0.6).
The thickness of the sub surface plastic deformation layer
exceeds the critical value, leading to delamination failure,
as shown in Figure 2.
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FIGURE 2. Schematic diagram of composition and interfacial bonding
structure of TiC/MoS2/Fe-2Ni composite

C. COMPREHENSIVE EVALUATION OF WEAR
RESISTANCE PERFORMANCE AND COMPOSITION
OPTIMIZATION DIRECTIONS FOR COMPOSITE
MATERIALS

The product of the specific wear rate and friction coef-
ficient serves as the comprehensive evaluation metric for
wear resistance. Under standard operating conditions of
150 N and 1.0 m/s, the TiC (10 wt%)/MoSy (3 wt%)/Fe-
2Ni composite exhibited a comprehensive wear index of
4.6 x 10~7 mm?/(N-m), representing a reduction of approxi-
mately 62% compared to the pure Fe-2Ni matrix (1.2x 1076
mm?>/(N-m)). Compared with similar TiC-based single-
component reinforced iron composites reported in the litera-
ture (wear index approximately 7.0 x 107 mm3/(N-m)), the
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synergistic incorporation of the MoS, lubricating compo-
nent further enhanced friction-reduction efficiency by about
34%, demonstrating the superiority of dual-component syn-
ergistic design over single-reinforcement systems. For future
composition optimization, two key approaches should be
prioritized: first, modifying the surface of TiC particles
through Ti(C,N) coating to establish a core-shell structure,
thereby enhancing interfacial bonding strength and reduc-
ing reinforcement phase detachment probability; second,
exploring hybrid solid lubrication systems that partially
replace MoS, with WS, to improve the thermal stability
of the lubricating film under high-temperature conditions
(> 400°C), thereby extending the service performance
range of the composite to higher speeds and temperatures,
meeting the engineering requirements of next-generation
high-performance transmissions.

V. CONCLUSION

TiC/MoS, composite reinforced Fe-2Ni iron-based powder
metallurgy composites were prepared and systematically
studied. The optimal sintering process is 1150 °C, 30 MPa,
60 min, with a relative density of 98.6% and microhardness
HV 620. The composite with 10 wt% TiC and 3 wt% MoS,
shows the best synergistic effect, with friction coefficient of
0.08-0.10 and wear rate reduced by 62%. Under load-speed
coupling, the wear mechanism transforms from abrasive
wear to oxidative wear and slight delamination wear. The
stable MoS, transfer film is the key to friction reduction.
This composite is suitable for high-speed and heavy-load
transmission gears and can provide experimental support for
the design and engineering application of gear composites.
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