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H13 steel is a common material for the cutter ring of tunnel boring machines, and it can affect the
engineering cycle due to its high wear loss during work. In order to improve the wear resistance of the H13
steel, NbC-reinforced H13 matrix composites were prepared through in-situ casting method. The results
showed that the NbC phase had a reticular structure when the content of NbC was 1 vol.%. It gradually
changed from such structure to rod-like and granular as the content was increased to 3 and 5 vol.%,
respectively. The hardness and elastic modulus of NbC reached the maximum of 8.1 + 0.9 and
246.8 £ 6.7 GPa, respectively. As its content grew higher, it reduced the mechanical properties of the
composites, whose yield strength and elongation were 266.7 MPa and 2.6%, respectively. The high-stress
impact abrasive wear tests showed that the wear resistance of the composites was at least 1.12 times higher
than that of the NbC-free H13 composite. The wear mechanisms of the composites were micro-cutting and

fracture spalling of NbC.

Keywords HI13 steel, impact abrasive wear, in-situ composites,
NbC

1. Introduction

A tunnel boring machine (TBM) is a machine used to
excavate hard rock tunnels for large-scale construction, such as
water tunnels, subway tunnels, and highway tunnels(Ref 1-3).
During tunnel excavation, the cutter ring is a key component
for TBM to break rock (Ref 4). The cutter ring is subject to
impact abrasive wear in work (Ref 5, 6). According to statistics,
the cost caused by cutter ring wear accounts for one-third of the
total construction cost (Ref 7, 8). The wear resistance of
materials depends not only on the strength and hardness, but
also on their microstructural characteristics, which play a
dominant role in resisting abrasive wear (Ref 9, 10). With good
designability, high hardness, high modulus, and high wear
resistance, steel matrix composites modified with ceramic
particles have been used in some key components that require
high wear resistance. The composites have replaced traditional
wear-resistant steel composites (Ref 11-14). Generally, WC,
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AL O3, SiC, ZTA, and TiC ceramic particles are used to
reinforce composites (Ref 15). WC ceramic particles have good
wettability with molten iron and can produce high interfacial
bond strength. The coefficient of linear thermal expansion
(CTE) of WC and that of the steel matrix is so different that
they can hardly match in physical properties (Ref 16). Al,O;
particles are widely used for industrial production because of
their low price, high hardness, and good wear resistance. But
they have poor wettability with Fe, thus bringing weak
interfacial bond strength (Ref 17). SiC ceramic particles have
good thermal conductivity, and their CTE is close to that of the
steel matrix. However, show that they can react with molten
iron violently, which leads to brittle ferrosilicon compounds
and flake graphite structures on the surface and damage it (Ref
18). ZTA ceramic particles have high hardness and their CTE is
close to Fe, which is an ideal ceramic-reinforcing choice. But
they also have some disadvantages, such as poor wettability
with Fe, poor interfacial bond strength with the matrix and
prone to surface cracks and debonded interfaces (Ref 19). TiC
particles have a low density and their inclusions reduce the
overall density of composites. The density difference may
cause these particles to float and distribute unevenly during
casting and solidification (Ref 20, 21).

Niobium carbide (NbC) has excellent properties such as
high hardness, high melting point (3610 °C), high elastic
modulus, as well as good wear resistance and chemical
stability. With good wettability, its density is similar to molten
iron and steel (Ref 22, 23). Thus it distributes in steel or iron
matrix uniformly and brings good interfaces, which solves the
problems above (Ref 24, 25). Composites can be prepared by
using the external addition method and the in-situ casting
method. Compared with common externally reinforced parti-
cles, the particles produced by in-situ reactions have obvious
advantages. The interface between ceramic particles and the
matrix, for instance, is clean, pollution-free, and moist. It has
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good wettability, high interfacial bond strength, a relatively
simple preparation process, and low cost, and it only requires a
small amount to reinforce composites (Ref 26, 27). Studies
show that iron matrix composites reinforced with NbC particles
can be prepared in situ by using the infiltration casting and heat
treatment method. The addition of in-situ NbC particles greatly
improves the micro-hardness of gray casting iron (Ref 28). The
AISI 440B martensitic stainless steel modified with 15 vol.%
NbC particles was cast by researchers in a vacuum induction
furnace, and it was found that NbC particles improve the
sliding wear resistance and corrosion resistance of the com-
posites (Ref 29). A new type of Nb-reinforced low-alloy steel
with wear resistance has been developed by predecessors.
Compared with the alloy steel without Nb, the one containing
0.05 wt.% Nb has higher strength properties and better impact
wear properties (Ref 30). Chao et al. (Ref 31) synthesised TaC
particle-reinforced Ni-based composite coatings in situ on mild
steel by laser melting, which significantly improve the micro-
hardness and wear resistance of the composites. Inspired by
this, Wang et al.(Ref 32) prepared Ti-based composite coatings
modified by NbC particles generated in situ by laser melting,
and the result showed that NbC particles greatly improved the
wear resistance of the coatings.

However, the CTE difference between coatings and the
matrix makes coatings susceptible to cracking and peeling,
which in turn reduces the service life of the composites. In this
paper, therefore, NbC/H13 steel composites were prepared
through in-situ gravity casting, which is a good solution to the
problem of poor bond strength between ceramic particles and
the matrix. The effects on microstructure, mechanical proper-
ties, and impact abrasive wear properties of NbC/H13 steel
composites with different NbC volume fractions were studied.

2. Experimental Methods

2.1 Gomposites Preparation

H13 steel composites reinforced with in-situ NbC particles
were prepared through casting. A 150 kg medium-frequency
induction furnace was used for melting. The matrix was melted
with oxide-free # 45 steel, high-carbon ferro-chrome (57 wt.%
Cr), low-carbon ferro-chrome (60 wt.% Cr), ferro-molybdenum
(58 wt.% Mo), ferro-vanadium (50 wt.% V), ferro-manganese
(65 wt.% Mn), ferro-silicon (73 wt.% Si), and scrap (98 wt.%
Fe). The composites were made by adding ferro-niobium
(65 wt%NDb) to molten steel to replace Nb particles. The molten
steel was slagge before being removed from the furnace at
1600 £ 15 °C, deoxidized with Al wire, and poured into a
sand cavity. The specimen moulds have standard Keelblock
sizes, and their locations are shown in Fig. 1.

The approximate mass fraction of Nb in the bulk can be
worked out based on the following formula (Ref 25):

Approximate mass fraction of NbC vol.% = 1.13Nb wt.%
(Eq 1)

80

Sampling location

Fig. 1 Keelblock sizes and location of the moulds

The coefficient 1.13 in Eq 1 is the ratio of the atomic
weights of NbC and Nb. The chemical composition of
composites containing different NbC was determined by a
direct-reading spectrum analyzer (ARL4460), as shown in
Table 1.

According to the phase diagram of the Fe-C and Nb-C
alloys, the following three chemical reactions may occur during
the in-situ generation of NbC.

[Nb] + [C] = NbC(s) (Eq 2)
2[Nb] + [C] = Nb,C(s) (Eq 3)
3[Fe] + [C] = FesC(s) (Eq 4)

The Gibbs free enthalpy worked out by Wang et al. (Ref 33)
shows that AGy,c s negative only at 1600 &+ 15 °C, indicating
that the reaction can proceed spontaneously at this temperature.
In the Fe-Nb-C stell, the Nb atom has a stronger binding ability
with the C atom than the Fe atom under the same conditions,
leading to the preferential formation of NbC. Even if a small
amount of Fe;C is produced, it gradually decomposes into Fe
and C during the cooling process, so no harmful Fe;C phase
appears in the preparation of the NbC/H13 steel composites.

2.2 Microstructural Characterization

The microstructure and wear morphology of the composites
were observed by a scanning electron microscope (SEM,
ZEISS-EVOI18). The sample surfaces were polished and then
etched with 4 vol.% nitric acid alcohol solution for 5-10 s for
microstructure observation. The phase composition of the
samples was determined by an x-ray diffractometer (XRD,
D/max-2500). The sizes of micron-scale phases were measured
by a high-resolution transmission electron microscope (HR-
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Table 1 Chemical composition of steel with different Nb (wt.%)

Element, wt.%

Specimen Nb C Si Mn Mo Cr \% Fe P S
NbC-free 0.37 1.03 0.26 1.23 5.06 1.11 Bal. <0.03 <0.03
1 vol.% NbC 0.96 0.39 1.12 0.25 1.28 5.12 1.07 Bal. <0.03 <0.03
3 vol.% NbC 2.75 0.40 1.17 0.27 1.24 4.94 1.03 Bal. <0.03 <0.03
5 vol.% NbC 4.65 0.44 1.08 0.34 1.31 5.22 1.15 Bal. <0.03 <0.03
P
Unloading
Loading

(a)

(b)

Fig. 2 (a) Shape and size of the tensile specimen and (b) load-depth curve of nanoindentation

TEM, FEI Tecnai G2 TF30). The films used for HR-TEM
testing were mechanically thinned to 0.08 mm and then
perforated in an electrolytic double injection solution with
6 vol.% perchloric acid in ethanol at — 25 °C. Electron probe
microanalysis (EPMA, SHIMADZU EPMA-1720) was used to
analyze the chemical composition of carbides formed in the
composites.

2.3 Mechanical Properly Testing

The tensile properties of the composites were tested in a
WH-5000 universal testing machine based on the GBT228.1-
2010 standard. The tensile rate was 1 mm/min and the size of
the samples was shown in Fig. 2(a). To ensure the accuracy of
the ultimate tensile strength (UTS), yield strength (YS), and
elongation results during the research, there were three parallel
samples in each experiment, and the results were the average of
three values. A Hysitron Ti950 Triboindenter nanoindenter was
used to characterize the mechanical properties of the NbC-free
composite and the NbC phase. The load depth curve is shown
in Fig. 2(b). P, represents the maximum load during the
indentation process, /4, the indentation depth under the
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maximum load, 4, the indentation depth after unloading, 4,-
h,. the recovery depth, and ¢, the relative elastic recovery rate.
The calculation formula is as follows (Ref 34):

hy — h,

i (Eq 5)

& =
All indentation experiments were carried out under a test
force of 50 mN and a dwell time of 10 s.

2.4 Characterization of Hardness and Wear Properties

The samples received impact abrasive wear tests on an
MLD-10 impact wear machine, as shown in Fig. 3(a). Then the
sample in the upper part was cut into 10 mm x 10 mm x 30
mm cuboids. The weight of the hammer was 10 kg, and the
impact energy could be adjusted by changing the drop height of
the hammer. The abrasive shown in Fig. 3(b) was quartz sand
with a size of 40 -70 mesh. The flow rate of the abrasives was
30 kg/h, and the sample in the upper part was impacted at
60 times/min, while that at the lower part was rotated at
200 rpm. In the impact abrasive wear tests, the impact energy
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Fig. 4 SEM images and elemental distribution of NbC/H13 steel composites with different volume fractions

Table 2 EDS analysis results for the points in Fig. 4
(at.%)

Point Cr Fe Si A\% Mn Mo Nb

A 4.7 919 09 09 0.3 1.1 0
B 0 24 0 1.3 0 0 96.3
C 5.0 91.2 1.2 1.0 0.5 1.1 0

was set at 5 J to simulate the impact abrasive wear under high-
stress loading. To ensure repeatability, the samples were tested
three times. Before the start of the tests, the pre-wear was
performed for 10 min to ensure that the specimen in the upper
part had a stable wear contact surface. The samples were taken
out every 10 min and placed in an ultrasonic cleaner for
cleaning. Then, they were weighed by a precision electronic
balance (with an accuracy of 0.01 mg) to figure out the weight
loss caused by 10 min grinding and convert it to volume loss.

3. Results and Discussion

3.1 Microstructure

Figure 4 shows the SEM images of NbC/H13 steel
composites with different volume fractions. As can be seen
from the figure, some white phases exist in the gray matrix in
the shapes of particles, small rods, and reticular structures.
Table 2 shows the composition of points A, B, and C in Fig. 4.
The mapping results show that Nb was mainly located in the
white phases.

In the 1 vol.% NbC/H13 steel composite, a white phase can
be observed with a reticular structure morphology along the
dendrite arms. But in the 3 and 5 vol.% NbC/H13 steel
composites, they are rodlike and granular. As the content of Nb
grows higher, the size and number of small rods gradually
increase and small rods gradually change to granular. The
3 vol.% NbC/H13 steel composite has fewer coarse white
phases, which were attributed to Ostwald ripening, than the
5 vol.% one (Ref 35).
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Fig. 6 EPMA images of 1 vol.% NbC/H13 steel composites and 5 vol.% NbC/H13 steel composites

Figure 5 shows the XRD analysis results of the composites.
It can be seen that the main phase in H13 steel was a-Fe. NbC
was formed in the composites by an in-situ reaction. As the
volume fraction of NbC increased, the peaks of NbC became
higher. Trace phases of alloyed carbides in the matrix are not
shown in the XRD results because these alloying and non-
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alloying elements exist in the o-Fe in the form of solid
solutions, not compounds or something else.

Figure 6 shows the EPMA diagrams of Fe, C, and Nb
distribution in 1 vol.% NbC and 5 vol.% NbC composites,
respectively. C and Nb distribute in the same area. The white
area was proved to contain NbC after an XRD analysis. After a
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Fig. 7 (a) TEM image of the 3 vol.% NbC composite; (b) its line scanning image; (c) its energy total spectrum image; (d) its HR-TEM image;
(e) its SADP pattern
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Fig. 8 Indentation results of NbC/H13 steel composites with different volume fractions: (a) test position diagram of indentation; (b) load-depth

curve; (c) hardness and elastic modulus of each specimen point

Table 3 hy,h,, ¢, hardness, modulus in different test points

Sample h,, nm h,, nm &y Yo Hardness, GPa Modulus, GPa
NbC-Free 757 502.3 33.7 39+0.7 2124 + 6.5
1 vol.% NbC 696 436.6 37.3 554+038 228.5 + 7.7
3 vol.% NbC 639 391.3 38.8 6.9 + 0.7 2354 + 5.6
5 vol.% NbC 617 362.5 41.3 8.1+0.9 246.8 + 6.7

comparison of the distribution of Fe and C, the matrix area was
found to contain much Fe, which was consistent with the XRD
results.

In order to further analyze the structure and interface of
NbC/H13 steel composites, TEM tests were carried out on the
3 vol.% NbC composite, and the results are shown in Fig. 7.
Obviously, NbC particles distribute in the Fe matrix in the
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shape of rods. Linear scanning was carried out from NbC
particles to the matrix (Fig. 7b), and it suggested that the
transition between Fe and Nb was good. Figure 7(d) and (e)
shows the HR-TEM images of the micron NbC particles and
their selected area electron diffraction (SAED). The phase with
the function of modification is determined to be NbC based on
the fast Fourier transform (FFT) diffraction pattern and the
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Fig. 9 Mechanical properties of NbC/H13 steel composites with different volume fractions

SAED results. The atomic space of NbC is 0.25 nm, as shown
in Fig. 7(d).

3.2 Nanoindentation Results

The nanoindentation results of NbC/H13 composites with
different NbC volume fractions are shown in Fig. 8. The 4, 4,,
&, hardness and elastic modulus are shown in Table 3.
Figure 8(a) and (b) shows the indentation location and load
depth curves. The indentation size of the NbC phase is found
smaller, and its maximum penetration depth (hp) and the
remaining indentation depth (hr) are significantly shallower
than that of the matrix. Under the same load, the matrix
undergoes greater plastic deformation than the NbC phase. This
means the NbC phase made the composite more resistant to
plastic deformation. The hardness and elastic modulus in
Fig. 8(c) gradually increase with the volume fraction of NbC.
Compared to the NbC-free H13 steel, the 5 vol.% NbC one has
seen its hardness increase by 51.4% and modulus by 13.9%.
Based on Eq 5, the relative elastic recovery rates & of the
matrix and the NbC phase after unloading were calculated. The
relative elastic recovery rate of the matrix is lower than the NbC
phase. The relative elastic recovery rate gradually increases
with the volume fraction of NbC, which has good elastic-plastic
properties (Ref 36).

3.3 Mechanical Properties and Fracture Analysis

As with most metal matrix composites, the addition of
ceramic particles to the steel matrix typically results in reduced
ductility and toughness in exchange for higher hardness and
wear resistance (Ref 37). Tensile tests were performed on the
composites to verify the combined mechanical properties of

each composite. Figure 9 shows the change in tensile properties
of different composites. The shape of NbC is non-regular when
subjected to external forces. Cracks are easy to appear and
expand when the NbC stress is concentrated. The NbC phase
destroys the continuity of the matrix, resulting in a decrease in
the strength of the composites. As the NbC phase grows larger,
it is more likely to have stress concentrations and the strength is
reduced faster. The experimental results show that ceramic-
particle composites with high tensile strength and metal matrix
experienced worse deformation during the tensile process.
Compared with the pure matrix, the composites have a lower
shape variable. The deformation of the pure matrix is 4.9%,
while the tensile deformation of the composites with ceramic
particles is 3.8%. In addition, the UTS and YS of the
composites decrease as the volume fraction of NbC becomes
lower. With a similar trend, the UTS and YS reach the
minimum of 382.9 and 266.7 MPa, respectively, when the
content of NbC is 5 vol.%. In terms of elongation, it also
decreases gradually with the increase of NbC volume fraction,
but the decrease is relatively small. The 5 vol.% NbC/H13
composite has the minimum elongation (2.6%).

Figure 10 shows SEM micrographs of longitudinal sections
of the composites after tensile tests at room temperature. It can
be seen from the figure that when there is deformation caused
by external forces, the NbC phase is prone to stress concen-
tration and micro-cracks. The NbC phase becomes a crack
source, which offers paths for crack expansion, thus acceler-
ating crack expansion and increasing the possibility of brittle
fracture. When the content of NbC reaches 5 vol.% from
3 vol.%, the morphology of the NbC phase gradually changes
to granular. When plastic deformation occurs, NbC absorbs the
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Fig. 10 SEM micrographs of longitudinal sections of NbC/H13 steel composites with different volume fractions experiencing tensile tests

energy generated during the deformation, resulting in broken
granules, which reduces the process of crack extension.
3.4 Impact-Abrasive Wear Resistance

Figure 11 shows the volume loss and grinding process of the
NbC-free composite and other ones. Obviously both the matrix
and composites have suffered different volume losses. The
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volume loss of the matrix is the largest among all samples.
Among the composites, the 1 vol.% NbC/H13 steel composite
experiences the largest volume loss. It is because when the
content of NbC is 1 vol.%, the NbC phase has a mesh-like
structure, and it may fracture and peel off from the matrix with
some of the metal matrix during the abrasive wear process.
Moreover, the remaining broken NbC phase has higher
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Fig. 11 (a) Volume loss of NbC/H13 steel composites with different volume fractions receiving abrasive wear and (b) grinding process

hardness than the matrix, so it functions as an abrasive, further
aggravating the wear. In contrast, the 5 vol.% NbC/H13 steel
composite is different. Although the generated phase has higher
hardness, the NbC phase is gradually replaced by particles and
more densely distributed with the increase of the content of
NbC. Thus the sample is more wear-resistant and suffers
minimal volume loss. After comparison, it was found that the
composite with 5 vol.% Nb was 1.8 times more wear-resistant
than the NbC-free one.

The wear morphology of the composites was analyzed by an
SEM, as shown in Fig. 12. It shows that the matrix experiences
relatively severe plastic deformation, and there are deep
grooves on it after wear. This can be explained by the NbC
phase. The phase resists the abrasive wear in the composites,
and its high hardness protects the matrix from being cut by
abrasive particles, thus greatly improving the wear resistance of
the composite. In the NbC-free H13 steel, during impact wear,
abrasives break into tiny fragments and the composite has
difficulty in resisting the embedding of these tiny abrasive
particles, resulting in more deep plow grooves, more serious
fatigue spalling, and deeper gouges. As the NbC volume
fraction reaches 5 vol.%, the distribution of the NbC phase
becomes denser, which reduces the chance of direct contact
between the matrix and abrasives, which makes it difficult for
abrasives to go into the matrix. The number of craters and
plough furrows in the composite gradually decreases, and
plough furrows become shallow, which improves the wear
resistance of the composite.

Figure 13 is SEM micrographs of longitudinal sections of
the composites receiving impact wear. In the NbC-free sample,
it cracked at a 5 J-impact, and tiny spalling pits appeared on the
wear surface. Cracks can easily lead the wear surface to be

layered and peel, which is one of the most detrimental failure
modes in the wear process (Ref 38). With the addition of NbC,
the wear marks on the wear surface gradually become not that
deep, which is attributed to the NbC. As the wear time
increases, the NbC phase slowly protrudes to bear the wear and
protect the matrix around it from being embedded by abrasives,
while the matrix can provide good support for the phase. As the
volume fraction of the NbC phase reaches 5 vol.%, its
morphology changes. The NbC and the abrasives wear against
each other, leading to the fragment of the NbC phase, thus
reducing the spalling of the matrix and allowing the composite
to gain optimum wear resistance.

The impact abrasive wear mechanism of the matrix and
composites is shown in Fig. 14. The hardness of the steel
matrix is often lower than the abrasives, the abrasives tend to
damage the metal during the wear process. Thus deeper
grooves are formed on the metal surface, and the steel matrix
suffers from severe deformation, plowing, or micro-cutting due
to the existence of abrasives and impact forces. At the same
time, the abrasives are easily broken under the impact, and their
fragments may go into the surface of the matrix, leading to
more severe abrasive wear as the wear time increases. For NbC-
reinforced composites, the hardness of the NbC phase is high,
which can better resist abrasive wear on the metal matrix and
enable composites to show better wear resistance. But when the
volume fraction of NbC is too low, the phase tends to peel off
from the metal matrix during wear and serves as a new abrasive
during its fragment and spalling. This exacerbates the wear of
the composite as the broken NbC phase has higher hardness
than the metal matrix. When the volume fraction reaches
5 vol.%, the NbC phase changes from fine to coarse. During
the wear process, the H13 steel matrix with lower hardness
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Fig. 12 Secondary electron (SE) images of the abrasive wear morphology of NbC/H13 steel composites at different volume fractions

bears the wear first, which leads to the slow protrusion of NbC.
Then the protruding part starts to bear wear and protect the
matrix around it from being cut by abrasive particles, which is
called the “shadow protection effect”. Similarly, in the NbC-
reinforced matrix, the matrix can provide good support for the
NbC phase, and the two work together to protect the
composites and give them optimal wear resistance (Ref 39).
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4. Conclusions

In this paper, NbC/H13 steel composites were prepared
through in-situ casting. The microstructure, mechanical prop-
erties, and wear properties of H13 steel matrix composites
reinforced with NbC with different volume fractions were
investigated, and the following conclusions were drawn.
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When the content of NbC was 1 vol.%, the NbC phase
had a mesh-like structure, and it gradually changed from
mesh-like to rod-like and then granular as the volume
fraction increased to 3 and 5 vol.%, respectively.

With the increase of the volume fraction of NbC, the
hardness and modulus of the NbC phase grew higher,
and the hardness and elastic modulus reached the maxi-
mum of 8.1 £ 0.9 and 246.8 £+ 6.7 GPa, respectively,
when the content of NbC reached 5 vol.%., and the

3)

mechanical properties decreased accordingly. In addi-
tion, the UTS, YS, and elongation reached the minimum
of 382.9, 266.7 MPa, and 2.6%, respectively, when the
content of NbC was 5 vol.%.

When the hard NbC phase was added, it could well re-
sist the abrasives from embedding in the metal matrix
and reduce the wear loss caused by micro-cutting, which
made the wear resistance of the composite at least 1.12
times higher than that of the NbC-free H13 steel.
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