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Abstract: In this study, the influence of W, Cr, and Mo on the microstructure and mechanical properties
of the arc-welded interface of TiC cermet and low-carbon steel was investigated. MIG arc welding
was employed to deposit muti-alloyed low-carbon steel flux-cored wire onto the surface of the TiC
cermet to create the arc-welded interface. Analysis of the microstructure, phase composition, and
shear fracture of the interface were conducted by OM (optical microscopy), SEM (scanning electron
microscope), EMPA (Electron Probe X-ray Micro-Analyzer), and XRD (X-ray diffraction) methods.
The results indicate that the order of influence on the performance of the welded interface is perceived
as Cr > W > Mo. The preferred ratio of element content is W at 1.0 wt.%, Cr at 0.5 wt.%, and Mo
at 2.0 wt.%. During the arc-welding process, W and Mo formed a rim structure of TiC particles to
inhibit the dissolution of TiC particles, while Cr formed dispersed carbides in the bonding phase. The
synergistic impact of these components resulted in the simultaneous enhancement of both the TiC
particles and the bonding phase. This led to a significant increase in the shear strength of the TiC
cermet welded interface to 787 MPa, marking an 83% improvement compared to the welded interface
without reinforcement, which exhibited a shear strength of 430 MPa.

Keywords: TiC cermet; arc welding; multi-alloy strengthening; interface; shear strength

1. Introduction

TiC cermet is primarily composed of TiC or Ti(C,N) as the main components, with
elements such as Ni, Mo, and Fe used as the main elements to create the bonding phase.
Compared to WC particles, TiC particles have the characteristics of low density (4.93 g/cm3),
high hardness (3200 HV) [1], and stable properties. The literature shows that the wear
resistance of the matrix reinforced with TiC is increased by 1–2 orders compared to non-
reinforcement [2]. TiC cermet inherits the advantages of both cemented carbide and
steel, combining the high hardness and wear resistance of cemented carbide with the
machinability, heat treatability, and forgeability of steel, demonstrating excellent overall
performance [3–6]. However, the manufacturing cost of TiC cermet is relatively high, the
manufacturing conditions are strict, and there are difficulties in producing large-sized
parts, leading to its limited application range due to its expensive price [7,8]. Therefore, the
majority of successful applications depend on the bond between the TiC cermet and the
metal matrix.

The weldability of TiC cermet was investigated based on previous research achieve-
ments [9]. A Gleeble simulation was employed to occur the heat affect zone of TiC cermet,
and the microstructure and mechanical properties results showed that TiC cermet has a
stable chemical and physical properties during the welding heat-input process; hence, the
TiC cermet has certain weldability. The research conducted focused on identifying the
most suitable weld metal for welding TiC cermet. Various alloyed welding materials were
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used to study the microstructure and mechanical properties of the welded interface in TiC
cermet. The findings revealed that low-carbon alloy steel with ferrite is the most suitable
welding material for arc welding TiC cermet. This suggests that using this specific material
can result in improved weld quality and overall performance of the welded interface [10].
Therefore, the reinforcement of the bond between the TiC cermet and the metal matrix is
being valued. Lee [11] studied a TiC metal ring containing Mo2C and WC, and this specific
microstructure inhibited the diffusion of carbides in the core (TiC) and edge (Ti, Mo, or
W). This phenomenon combines the effects of solid-state diffusion processes (inner edge)
and dissolution–precipitation mechanisms (outer edge). The addition of W to TiC gives it a
smaller lattice constant compared to other elements, resulting in slightly larger lattice vi-
brations [12]. Lin [13] investigated the effects of chromium on TiC cermet; the results show
that with an increase in the chromium content, the porosity of sintered samples increases
and the TRS of the sample gradually decreases, with the hardness firstly increasing and
then decreasing a little.

The literature shows that TiC cermet has certain weldability and that low-carbon alloy
steel is most suitable for arc welding, while W, Cr, and Mo alloy elements can inhibit the
decomposition of TiC particles and improve the strength of sintering test samples in the
liquid sintering process of TiC steel cemented carbide. In this article, the MIG welding
method was employed to obtain weld interfaces between low-carbon steel and TiC cermet.
W, Cr, and Mo were added to the low-carbon steel weld material to enhance the interface.
The analysis of the microstructure and mechanical properties of the joints was conducted
to identify the preferred Cr, W, and Mo content.

2. Materials and Methods
Materials

An orthogonal experimental table of three factors and four levels was adopted to
investigate the effects of W, Cr, and Mo on the TiC cermet welding interface. The low-carbon
steel welding wire and the TiC cermet used in this study were produced by Zhengzhou
Research Institute of Mechanical Engineering Co., Ltd., Zhengzhou, China, and the chemical
and mechanical properties tested following «GB/T 223» [14] «GB/T 40388» [15] and «ASTM
E1269-11» [16] standards, respectively. The results are shown in Table 1.

Table 1. Chemical (wt.%) and mechanical properties of weld metal and TiC cermet.

C Ni Mn TiC Mo Fe
Shear

Strength
(MPa)

ZDZC60 0.53 1.78 6.21 39.50 1.31 etc. 469
LCS 0.051 - 0.78 - etc. 430

The alloys’ content levels were set at 0.5 wt.%, 1.0 wt.%, 1.5 wt.%, and 2.0 wt.%. Since
the original low-carbon alloy steel contains 0.5 wt.% of Mo, the Mo content was set at
1.0 wt.%, 1.5 wt.%, 2.0 wt.%, and 2.5 wt.%. Table 2 shows the specific experimental ar-
rangement of the orthogonal experimental table with three factors and four levels. The
composition of the welded metal and TiC cermet is shown in Table 2. The welding param-
eters were set as follows: welding current of 270 A, voltage of 27 V, and welding speed
of 0.8 cm/s. The microhardness gradients of the joints were obtained by measuring at
intervals of 0.1 mm perpendicular to the interface. The morphology of the samples was
analyzed by Phoneme XL1 scanning electron microscope (SEM) and EPMA. The phase
patent was analyzed by D8 type X-ray diffraction (XRD).



Coatings 2024, 14, 558 3 of 10

Table 2. Element design.

W Cr Mo

1# 0.5 0.5 1.0
2# 0.5 1.0 1.5
3# 0.5 1.5 2.0
4# 0.5 2.0 2.5
5# 1.0 0.5 1.5
6# 1.0 1.0 1.0
7# 1.0 1.5 2.5
8# 1.0 2.0 2.0
9# 1.5 0.5 2.0

10# 1.5 1.0 2.5
11# 1.5 1.5 1.0
12# 1.5 2.0 1.5
13# 2.0 0.5 2.5
14# 2.0 1.0 2.0
15# 2.0 1.5 1.5
16# 2.0 2.0 1.0

3. Results

The orthogonal experimental analysis was conducted on the samples of low-carbon
alloy steel welded with TiC steel cemented carbide, and the analysis of the shear strength
data of the low-carbon alloy steel welded with TiC cermet arc welding in the orthogonal
experiment is shown in Table 3.

Table 3. Data analysis of shear strength (MPa) of TiC cermet arc-welding interface.

W Cr Mo Shear Strength
(MPa)

1# 0.5 0.5 1.0 746
2# 0.5 1.0 1.5 712
3# 0.5 1.5 2.0 698
4# 0.5 2.0 2.5 765
5# 1.0 0.5 1.5 752
6# 1.0 1.0 1.0 711
7# 1.0 1.5 2.5 773
8# 1.0 2.0 2.0 767
9# 1.5 0.5 2.0 782

10# 1.5 1.0 2.5 646
11# 1.5 1.5 1.0 761
12# 1.5 2.0 1.5 747
13# 2.0 0.5 2.5 751
14# 2.0 1.0 2.0 727
15# 2.0 1.5 1.5 755
16# 2.0 2.0 1.0 714

mean value 1 730.25 757.75 733.00
mean value 2 750.75 699.00 741.50
mean value 3 734.00 746.75 743.50
mean value 4 736.75 748.25 733.75

MAX 750.75 757.75 743.50
MIN 730.25 699.00 733.00
range 20.50 58.75 10.50

A comparison of the effects of each alloying element on the shear strength of the
welded TiC cermet interface reveals that the element Cr has the most significant impact,
with a range of 58.75. The maximum mean value is 757.75, corresponding to the level of
0.5 wt.%. The element W has the second most significant impact, with a range of 20.50.
Its maximum value is 750.75, corresponding to the level of 1.0 wt.%. The impact of the
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element Mo is the least significant, with a range of 10.50. Its maximum value is 743.50,
corresponding to the level of 2.0 wt.%. In terms of the shear strength performance, the
optimal alloy composition should involve W content of 1.0 wt.%, Cr content of 0.5 wt.%,
and Mo content of 2.0 wt.%.

For verification purposes, a welding wire with the optimal alloy composition was
prepared. The composition of the weld metal is shown in Table 4.

Table 4. Composition of weld metal (wt.%).

C W Mn Cr Mo Fe

LCS 0.051 0.95 0.78 0.55 1.94 etc.

The low-carbon alloy steel welding wire, with W, Cr, and Mo alloy element strength-
ening ratios of 1.0 wt.%, 0.5 wt.%, and 2.0 wt.%, respectively, was used to arc weld the
interface of TiC cermet, and the microstructure was observed using SEM. Figure 1 illus-
trates the microstructure results of the weld interface between the TiC cermet and the
welding materials. Remarkably, the interface exhibited successful metallurgical bonding
with TiC cermet.
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Figure 1. SEM microstructure at the interface.

The arc-welded interface maintains the heat-affected zone (HAZ)–partially melted
zone (PMZ)–unmelted zone (UZ)–weld metal (WM) microstructure. The arc-welding
interface is observed by SEM, as shown in Figure 1. The TiC cermet and the metal exhibited
good metallurgical bonding at the interface, and no microcracks or defects were found
at the weld interface compared to the interface welded with γ-Fe or γ-Ni weld metal in
previous research [10], indicating good metallurgical bonding between the weld metal
and the TiC cermet. A comparison with the analysis of non-alloy-strengthened welding
interfaces in [10] reveals that multi-alloy strengthening inhibited the decomposition of TiC
particles, resulting in only a small amount of in-situ carbides being formed in the UZ. At
the same time, multi-alloy strengthening promotes inter-diffusion between the overlay
metal and the TiC cermet, enlarging the PMZ, with a PMZ width of 74 µm, more wild than
the width of 20 µm with none strength weld interface [10].

Figure 2 compared the EPMA results of the PMZ between the multi-alloy-strengthened
and non-strengthened samples. The microstructure of the PMZ is shown in Figure 2a,b,
with the black TiC particle diffusion distributed in the light gray bonding phase. An
obvious dark black inner core surrounded by a lighter black rim structure was observed in
the TiC particles. While a clear rim distribution of W on the outer layer of the TiC particles
was detected in the multi-alloy-strengthened PMZ, the TiC core was similarly surrounded
by a W-rich solid-solution carbide phase of Ti-W-C. In contrast, little W was detected in
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the non-strengthened PMZ, as shown in Figure 2c,e. During the melting process, the TiC
particles dissolved into a solid–liquid phase, in which the mass transport of the carbides
are driven by W and Mo, as both W and Mo are strong carbide-forming elements. The
formation of the ‘core-rim’ structure is able to increase the wetting of TiC by the bonding
phase in order to improve the bonding strength between TiC particles and the bonding
phase. There was no obvious clustering of Cr in either sample; as shown in Figure 2d,f,
the Cr element is dispersed throughout the bonding phase, and no Cr-rich solid-solution
carbide rim structure was observed. It can be observed in Figure 2g,i that in both samples
there is a noticeable accumulation of Mo on the outer layer of the TiC particles. During
the cooling process, a ‘core-rim’ structure of Mo-rich solid-solution carbide formed the
Ti-Mo-C phase as the outer layer rim surrounding the TiC core. This structure is similar to
that of TiC particles in sintered TiC cermet [17].
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Figure 2. Element distribution in PMZ. (a) Multi-alloy strengthened microstructure; (b) non-
strengthened microstructure; (c) W distribution in (a); (d) Cr distribution in (a); (e) W distribution
in (b); (f) Cr distribution in (b); (g) Mo distribution in (a); (h) Ti distribution in (a); (i) Mo distribution
in (b); (j) Ti distribution in (b).

Arc welding is a rapid heating and cooling metallurgical reaction process. During
the welding process, TiC particles decompose to release C and Ti. In this experiment, due
to insufficient time for the C to diffuse into the bonding phase, a metallurgical reaction
occurred on the surface of the TiC particles, leading to the formation of a ‘core-rim’ struc-
ture, with the TiC core surrounded by a Ti-(Mo,W)-C phase. While there was no Cr rim
structure in Figure 2d, as Mo and W are stronger carbide-forming elements than Cr, the
characterization reveals the formation of a compound primarily composed of Mo, W, C,
and Ti on the surface of TiC particles, which effectively inhibits the melting decomposition
of internal TiC particles [18]. Consequently, after the formation of the ‘core-rim’ structure
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primarily composed of Mo, W, C, and Ti, the short amount of C in the bonding phase led
to the partial formation of Cr carbide particles and solid-solution strengthening dispersed
throughout the bonding phase. XRD analysis of the interface results is shown in Figure 3.
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Figure 3. XRD test of the welded interface.

Based on the results shown in Figure 3, the optimal-ratio arc-welded TiC cermet
interface contains peaks of TiC, γ-Fe, and α-Fe phases, which is consistent with the phase
analysis results of the interface between low-carbon steel and TiC cermet [10]. With the
addition of Mo and W, there are peaks of phases containing Ti(Mo,W)C in the interface XRD
scan results. Combined with the analysis in Figure 2c,g, a composite carbide of ‘core-rim’
structure is formed by the Ti(Mo,W)C phase surrounding the TiC particles in the PMZ. The
presence of peaks corresponding to Cr-Fe-C, along with the absence of peaks of phases
containing Ti-Cr-C, reveals that Cr did not play a role in the formation of the rim structure.
Instead, Cr contributed to the formation of carbides with a diffusion distribution in the
bonding phase alone with solid-dissolution strengthening.

The shear strength of the interface of the multi-alloy-strengthened low-carbon alloy
steel and TiC cermet was tested, and the result was compared with the interface of the TiC
cermet arc welded with low-carbon alloy steel welding wire, the non-strengthened arc-
welded interface, sintered TiC cermet, and TiC cermet after 6.2 kJ/cm heat input simulation,
as shown in Table 5.

Table 5. Verification of the shear strength of TiC cermet interface [9,10].

Shear Strength (MPa)

Multi-alloy-strengthened 787
Non-strengthened 430

Sintered TiC cermet 469
TiC cermet with 6.2 kJ/cm heat input

simulation 584

According to Table 5, the shear strength of the interface significantly increased after
being multi-alloy-strengthened compared to other samples. The sample with the optimal
ratio had an interface shear strength of 787 MPa, showing a slight improvement compared
to the highest value of 782 MPa in the orthogonal experiments (Table 3). Compared to
the shear strength of 430 MPa of the non-strengthened interface, an outstanding 83%
improvement was occurred through multi-alloy strengthening. When comparing the shear
strength of sintered/heat-input-simulated TiC cermet and multi-alloy-strengthened TiC
cermet welding interfaces, it was found that the weak point of the weld bond lies on
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the TiC cermet side. However, it was also observed that the interface between the two
materials exhibits a higher shear strength than the TiC cermet itself. This indicates that the
multi-alloy-strengthened TiC cermet may offer improved bonding properties and overall
performance. The ratios of the elements with the highest shear strength values in the
orthogonal experiments were 1.5 wt.%, 0.5 wt.%, and 2.0 wt.%, respectively, which is
essentially consistent with the factor content of the optimal ratio.

Figure 4 shows the SEM image of the shear fracture section of the arc-welded interface
after strengthening with W, Cr, and Mo alloy elements. It can be observed that there is no
significant change in the morphology of the TiC particle phase at the fracture surface of the
sample; the shear fracture section is of quasi-cleavage rupture type. The TiC phase contains
many differently oriented cleavage steps that exhibit brittle transgranular fractures, while
the bonding phase contains a straight tearing ridge. This is attributed to the metal–ceramic
characteristics of the TiC particles [19], indicating a strong metallurgical bond between the
TiC particles and the bonding phase at the arc-welded interface. As a result, the plastic
deformation characteristics become more obvious as the dimples and tearing ridge on the
shear fracture section of the sample increased, including shallow small dimples and a few
different-sized equiaxed dimples. These deformations signify an improvement in the shear
strength of the arc-welded interface of TiC cermet.
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Figure 4. Optimal composition of arc-welded TiC cermet interface fracture.

The fracture section of the samples shows cleavage steps with different orientations. In
the shear fracture section, with the diffusion distribution in the bonding phase of Cr carbides
and Cr solid-dissolution strengthening in the bonding phase, the toughening dimples of
the bonding phase and the tearing ridge of the bonding phase indicate that the TiC cermet
bonding phase undergoes plastic deformation before fracturing. The brittle cleavage steps
transgranular fractures indicate that during the welding process, TiC particles melted and
decomposed, leading to an increase in lattice dislocation, forming carbon-depleted phases,
which increased the brittleness of the TiC particles. Hence, secondary cracks were exhibited
in the TiC particles. These brittle TiC particles acted as crack initiators, leading to a decrease
in the shear strength of the samples. The fracture exhibited quasi-cleavage fractures overall.

Figure 5 illustrates a simplified model depicting the evolution of the microstructure at
the interface of low-carbon steel welding material arc welded with TiC cermet following
reinforcement with W, Cr, and Mo.

During the welding process, the Ti and C elements in the PMZ formed the shell with
the W and Mo elements during the cooling process to inhibit the precipitation of C. Parts of
the Cr and C form fine carbides that are distributed in the bonding phase, and part of the
Cr contributes to the solid-solution strengthening of the bonding phase.
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4. Discussion

According to the ‘core-rim’ theory [20], during the high-temperature stage of welding,
TiC particles are distributed in a bonding phase consisting of a mixture of ferrite from
the weld metal and austenite from the bonding phase of the TiC cermet, while some TiC
particles dissolve into the mixed bonding phase. As W and Mo are stronger carbide-
forming elements than Cr, during the cooling process, the W initially nucleates with the C
on the surface of the TiC particles, then Mo starts to form the carbides surrounding the TiC
particles. With most of the Mo and W participating in reactions on the surface of the TiC
particles, a Ti(W,Mo)C outer ring structure forms around the surface of the TiC particles [21],
which inhibits the dissolution of the TiC particles, while Cr remains in the mixed bonding
phase. The difference from the research conclusions lies in the fact that Jin [22] used a
liquid-phase sintering method with a long high-temperature duration of up to 240 min,
allowing sufficient time for W, Cr, and Mo elements to form a complex three-layer ‘core-
rim’ structure containing TiC-Ti(W,Mo)C-Ti(Cr,Ni)C. However, arc welding is a process
of rapid heating and rapid heat dissipation. Within a brief liquid phase, elements cannot
fully react on the surface of TiC particles. Therefore, only W and Mo alloys with stronger
carbide-forming elements can nucleate with C on the surface of TiC particles, forming the
‘core-rim’ structure. Simultaneously, a portion of the Cr reacts with a small quantity of
C in the bonding phase, leading to the precipitation of chromium carbides at the ferrite
grain boundaries. The presence of dispersed chromium carbides in the matrix enhances
the overall strength of the samples. However, as the Cr content increases, the presence
of carbide inclusions also escalates. This leads to more C being engaged in the reaction
with chromium carbides, with the C originating from the dissolution of TiC particles.
Consequently, this process ultimately causes brittleness in the TiC particles. The remaining
Cr elements undergo solid dissolution to strengthen the bonding phase. Therefore, the
combined effects of Cr strengthening the bonding phase and W and Mo inhibiting the TiC
particles collectively influence the mechanical properties at the arc-welded interface of
TiC cermet.

The following conclusions can be stated:

(1) An L3
4 orthogonal experiment was carried out to investigate the effects of W, Cr, and

Mo on the microstructure and properties of the arc-welded interface of TiC cermet.
The order of importance within the experimental range on the interface properties
was perceived as Cr > W > Mo.
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(2) During the welding process, W and Mo alloy elements formed a ‘core-rim’ structure
around the TiC particles, inhibiting the dissolution, while Cr formed dispersed car-
bides within the bonding phase. The combined effects of these elements enhanced the
shear strength of the arc-welded interface of TiC cermet. The optimal alloy propor-
tions for welding TiC cermet were determined to be W 1.0 wt.%, Cr 0.5 wt.%, and Mo
2.0 wt.%.

(3) The shear strength of the welded interface increased by 83% compared to non-
strengthened conditions, significantly enhancing the bonding strength of the arc-
welded interface of TiC cermet.
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