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Abstract: A quenching and partitioning (Q&P) process was applied to vanadium carbide particle (VCp)-reinforced Fe-matrix composites 
(VC-Fe-MCs) to obtain a multiphase microstructure comprising VC, V8C7, M3C, α-Fe, and γ-Fe. The effects of the austenitizing temperature 
and the quenching temperature on the microstructure, mechanical properties, and wear resistance of the VC-Fe-MCs were studied. The re-
sults show that the size of the carbide became coarse and that the shape of some particles began to transform from diffused graininess into a 
chrysanthemum-shaped structure with increasing austenitizing temperature. The microhardness decreased with increasing austenitizing tem-
perature but substantially increased after wear testing compared with the microhardness before wear testing; the microhardness values im-
proved by 20.0% ± 2.5%. Retained austenite enhanced the impact toughness and promoted the transformation-induced plasticity (TRIP) ef-
fect to improve wear resistance under certain load conditions. 
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1. Introduction 

Vanadium carbide [1] has advantages of high hardness, 
excellent high-temperature strength, good corrosion resis-
tance, and high chemical and thermal stability even at high 
temperatures [2–4]; therefore, it is widely used in industrial 
applications [5–7]. Vanadium carbide in alloys such as aus-
tenite/martensite steel and cast iron is formed by chemical 
reaction at temperatures ranging from 1100 to 1500°C [2,8–9], 
which improves the mechanical properties and wear resis-
tance of composites reinforced with vanadium carbide. Fur-
thermore, the mechanical properties and wear resistance of 
vanadium carbide-reinforced composites are greatly en-
hanced through optimization of the composition ratios of the 
carbon and vanadium elements and through application of a 
heat treatment to regulate the type and size of the micro-
structure [10–15], thereby extending the service life of the 
composites [16]. 

The quenching and partitioning (Q&P) process was first 
proposed by J. G. Speer in 2006. Plasticity and toughness 
can be improved through this process, which utilizes a car-
bon partition to stabilize austenite [17–18]. The Q&P 
process has been adopted to adjust the ratio of austenite in 
the matrix to enhance the mechanical properties and wear 
behavior of high-strength steels. A hardening layer of the 
Q&P-treated specimen can form during wear tests because of 
the transformation-induced plasticity (TRIP) effect [19–24]. 
The optimized Q&P process and its TRIP effect are benefi-
cial to enhancing the mechanical properties and wear resis-
tance of the materials. Therefore, these new vanadium car-
bide-reinforced Fe-matrix composites (VC-Fe-MCs) can re-
place high-chromium and high-manganese wear-resistant 
cast iron in some industries. However, the study of 
VC-Fe-MCs on its properties has been reported rarely. 

In the present paper, the setting of austenitizing tempera-
ture and quenching temperature was optimized to enhance 
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the mechanical properties and wear resistance of 
VC-Fe-MCs to promote the application. The effects of 
heat-treatment parameters on the microstructures, mechani-
cal properties, and wear resistance of VC-Fe-MCs were stu-
died, and the TRIP effect before and after wear test was 
discussed. 

2. Experimental 

2.1. Materials and sample preparation 

The chemical composition of the VC-Fe-MCs is listed in 
Table 1. The preparation process of VC-Fe-MCs is as fol-
lows. Firstly, ferrous scrap was melted in a 200-kg me-
dium-frequency induction furnace. Secondly, to increase the 
absorptivity of vanadium, ferrovanadium was added into 
liquid iron after being deoxidized. Thirdly, a certain amount 
of pure titanium was added to accelerate the nucleation of 
vanadium carbide, after which the melted iron was deox-
idized. The final de-oxidation was conducted by adding 
0.5wt% pure aluminum. Finally, the liquid cast iron was 
poured into a sand mold at approximately 1450°C and then 
formed by cooling in air. A schematic of the pouring process 
has been reported elsewhere [25]. The size of ingots were 
200 mm × 100 mm × 14 mm. Samples for microhardness 
tests, impact tests, and wear tests were cut to small ingots 
with volume of 10 mm × 10 mm × 10 mm , 10 mm × 10 mm 
× 55 mm, and 10 mm × 10 mm × 40 mm, respectively. All 
samples were prepared for a batch of VC-Fe-MCs ingots.  

Table 1.  Chemical composition of VC-Fe-MCs      wt% 

C Si Mn V Cr Mo Fe 

2.80 1.5 3.0 8.1 2.0 1.5 Bal. 
 

2.2. Heat-treatment technique 

Heat treatments were carried out using a heat-treatment 
furnace. The heat-treatment schedules were based on the 
Q&P process and the TRIP effect. Specimens were austeni-
tized at 900, 950, 1000, and 1050°C for 30 min and then 
quenched in a salt-bath furnace (55vol% KNO3 + 45vol% 
NaNO2 with a melting point of 130°C and service temper-
ature range from 150 to 500°C) at 150, 180, 210, and 
300°C respectively for several minutes before being parti-
tioned at 320°C for 30 min and cooled to room tempera-
ture. 

2.3. Measurement of mechanical properties and wear re-
sistance 

Material impact tests were carried out on a JBW-300B 
pendulum-type impact-testing machine with an impact 

energy of 150 J. Specimens were prepared without a notch. 
Each group included three specimens; the final reported 
value was an average of the results of the three specimens. 
The microhardness of the specimens before and after wear 
test was measured on a Zwick Roell Indentec Vickers tes-
ter (ZHV1-AFC, Germany) with a load of 9.8 N for a 
dwell time of 15 s. Five points were measured for every 
specimen, with the reported value being the average of the 
five values. A wear resistance test was performed using a 
block-on-cylinder-type wear testing machine (M-2000) at 
room temperature with a load of 200 N at a rotating speed of 
400 r/min. The material of the cylinder was YG8 hard alloy 
with a hardness of HRA 89 and outer and inner diameters of 
40 mm and 16 mm, respectively. The weight loss (mg) of 
the wear specimens was measured using an analytical bal-
ance, and the width and depth of the wear trace were meas-
ured by a reading microscope (JC10, China) and an ul-
tra-deep field 3D microscope (VHX5000, Japan), which 
provided a quantitative correlation among weight loss, wear 
width, wear depth, and wear time. 

2.4. Morphology characterization and composition anal-
ysis 

The microstructure of the specimens was characterized 
by scanning electron microscopy (SEM) on a TESCAN 
MIRA 3 LMH/LMU electron microscope operated at 15–25 
kV. The samples were examined before and after they were 
etched with a 4vol% nitric acid alcohol solution for 30 s. 
The fracture morphology of specimens after the impact test 
was characterized by SEM. The chemical composition of 
the specimens was analyzed by energy-dispersive spectros-
copy (EDS). Phase identification of the samples was carried 
out using X-ray diffraction (XRD) with a Cu K radiation; 
the samples were scanned at a rate of 0.04°/s over the 2 in-
terval from 10 to 90°. 

3. Results 

3.1. Microstructures and XRD analysis 

Fig. 1 displays the microstructure and composition anal-
ysis of an as-cast specimen. The microstructure was charac-
terized by VC, V8C7, M3C, pearlite, and a small amount of 
martensite. The size of VC was between 5 μm and 10 μm, 
and a small amount of V8C7 was observed as long strips. On 
the basis of XRD composition analysis (Fig. 1(b)), the car-
bide phases were identified as VC and V8C7. The crystal 
structure of VC was a 2 × 2 × 2 super cell of VC with 32 
vanadium atoms and 32 carbon atoms. The crystal structure 
of V8C7 was the unit cell of V8C7 with 32 vanadium atoms 
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and 28 carbon atoms [26]; the microstructure is shown in 
Fig. 1(c) and Fig. 1(d). α-Fe in the matrix was mainly pear-
lite with a small amount of martensite. The microstructure is 
shown in Fig. 1(d).  

Fig. 2 shows the XRD composition analysis of the 

VC-Fe-MCs specimens austenitized at different temperatures 
and quenched at different temperatures. Compared with the 
XRD composition analysis of the as-cast specimen, it can be 
found that different proportions of the γ-Fe phase (retained 
austenite) were detected by XRD at different austenitizing  

 

Fig. 1.  Microstructure and XRD pattern of the as-cast specimen: (a) morphology and distribution of carbides; (b) XRD composi-
tion analysis; (c) and (d) M3C, V8C7, VC, pearlite, and small amount of martensite. 

 

Fig. 2.  XRD composition analysis of VC-Fe-MCs under different (a) austenitizing temperatures and (b) quenching temperatures. 



P.H. Chen et al., Microstructure, mechanical properties, and wear resistance of VCp-reinforced Fe-matrix … 1063 

 

 

temperatures and quenching temperatures. As shown in Fig. 
2(a), the peaks associated with the γ-Fe phase (retained aus-
tenite) at 50, 75, and 90° increased in intensity, nevertheless, 
the peaks associated with the α-Fe phase at 45 and 82° de-
creased in intensity. The intensity of the VC peaks in-
creased with increasing austenitizing temperature; however, 
with increasing quenching temperatures, the peak intensity 
of VC increased after initially decreasing, as shown in Fig. 
2(b). 

3.2. Microhardness and toughness 

The effect of austenitizing temperature on impact tough-
ness is shown in Fig. 3(a). The impact toughness initially 
increased and then decreased, reaching a toughness value 
greater than the initial value; the maximum value was 10.18 
J/cm2 at an austenitizing temperature of 1000°C. The effect 
of quenching temperature on impact toughness is shown in 
Fig. 3(b). Impact toughness increased with increasing 
quenching temperature. Fig. 4 shows the microhardness of 

specimens austenitized and quenched under different tem-
peratures before and after wear test. The microhardness of 
the as-cast specimen was HRC 53.1 before and after wear 
test, whereas the microhardness of specimens changed sub-
stantially as the austenitizing and quenching temperatures 
were varied. Specifically, the microhardness decreased with 
increasing austenitizing temperature. As displayed in Fig. 
4(a), the microhardness of specimens at austenitizing tem-
peratures of 1000°C and 1050°C were lower than that of the 
as-cast specimens before wear test, which were HRC 50.3 
and HRC 43.3, respectively. However, after carrying out 
continuous wear test for 60 min, the values increased by 
17.3% and 40.9%, respectively. Fig. 4(b) shows the micro-
hardness at different quenching temperatures before and af-
ter wear test. Before wear test, the microhardness of all the 
specimens was between HRC 47.5 and HRC 50.5. The mi-
crohardness increased substantially after wear test compared 
with that before test, and the hardness values improved by 
20.0% ± 2.5%. 

 

Fig. 3.  Variation in toughness under different (a) austenitizing temperatures and (b) quenching temperatures. 

 

Fig. 4.  Variation in microhardness under different (a) austenitizing and (b) quenching temperatures before and after wear testing. 
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3.3. Wear properties 

Fig. 5(a) shows the weight losses at different austenitiz-
ing temperatures. In general, weight loss increased with 
wear time, and a comparison of the results of the wear expe-
riment show that the wear loss of the specimen austenitized 
at 900°C was lower than the others; the maximum value was 
only 8.7 mg, whereas that of the as-cast specimen was 16.4 
mg after wear for 60 min. The wear loss m at different  
austenitizing temperatures decreased in the order of mAC > 

m950 > m1000 > m1050 > m900, as shown in Fig. 5(a) 
(mAC is a wear loss of the as-cast specimen). The effect of 
quenching temperature on wear loss was shown in Fig. 5(b), 
which indicated that little difference exists in wear losses at 
different quenching temperatures. After a wear time of 60 
min, the wear loss of the specimen treated at 300°C ranked 
behind only that of the as-cast specimen. The wear losses of 
the specimens treated at 150–210°C were virtually equal. 
The wear width of the austenitized specimens was shown in 

 

Fig. 5.  Variation in weight losses under different (a) austenitizing temperatures and (b) quenching temperatures; variation in 
widths under different (c) austenitizing temperatures and (d) quenching temperatures; and variation in depths under different (e) 
austenitizing temperatures and (f) quenching temperatures. AC represents the as-cast specimen. 
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Fig. 5(c). The wear width exhibited a parabolic increase with 
wear time; however, the wear width of the 900°C-treated spe-
cimen exhibited linear growth. After a wear time of 60 min, 
the relationship of wear width agreed with that of wear loss. 
The maximum wear width of the as-cast specimen was 4.2 
mm, and that of the specimen treated at 900°C exhibited a 
maximum value of 3.3 mm. The wear width exhibited a pa-
rabolic trend increase with increasing wear time when the 
quenching temperature was between 150°C and 300°C, as 
shown in Fig. 5(d). The maximum wear width of the speci-
mens quenched at 180°C was the lowest (about 3.75 mm). 
The effect of the austenitizing temperature and quenching 
temperature on wear depth was shown in Fig. 5(e) and Fig. 
5(f). The depth of the as-cast specimen was the largest, with 
an average value of 130 μm and a maximum value greater 
than 150 μm, as shown in Fig. 5(e). With an increase in aus-
tenitizing temperature, the wear depth increased after in-
itially decreasing, whereas the wear depth of the specimen 
treated at 950° reached the maximum value. As shown in 
Fig. 5(f), in contrast, the wear-depth trend decreased initially 
and then increased. 

4. Discussion 

4.1. Effect of heat treatment on mechanical properties 

On the basis of the experimental results, the impact 

toughness of the 900°C/300°C-treated specimen (where 
900°C and 300°C are the austenitizing and quenching tem-
peratures, respectively) was the lowest among the investi-
gated samples, whereas that for the 1000°C/300°C-treated 
specimen was the highest. As shown in Fig. 6, four fracture 
morphologies were observed in the fracture surface of the 
900°C/300°C-treated specimen: zone I (spalling of spherical 
carbides), zone II (brittle fracture of dendritic carbide), zone 
III (ductile fracture of Fe-matrix), and zone IV (brittle frac-
ture of Fe-matrix). Carbides were mainly distributed in the 
ductile fracture region (zone III). The size of the spherical 
carbide particles was between 5 μm and 10 μm, whereas the 
dendritic carbides were larger than 250 μm, as shown in Fig. 
6(a) and Fig. 6(b). The bonding between the spherical car-
bide and the Fe-matrix was poor, and a gap was readily ap-
parent in the impact fracture. Cracks initiated in zone I un-
der the impact condition. The bonding between the dendritic 
carbide and the Fe-matrix was quite good. The interdiffusion 
of alloying elements was detected between the dendritic 
carbide and the Fe- matrix, as shown in Fig. 6(c). However, 
the dendritic carbide was considered a ceramic particle, and 
brittle fracture occurred in zone II because the crack dif-
fused from zone I to zone II (i.e., dendritic carbide). In addi-
tion, according to the mass fraction of the carbon element in 
the designed materials, the VC-Fe-MCs belong to particle 
reinforced wear-resistant cast iron, which exhibited poor  

 

Fig. 6.  Fracture morphologies of the 900°C-treated specimen in different regions: (a) different fracture regions; (b) magnified view 
of ductile fracture and spherical carbide of zone I and zone II in subfigure (a); (c) magnified view of dendritic carbide of zone III in 
subfigure (a) and EDS composition analysis of line scanning; (d) magnified view of brittle fracture of zone IV in subfigure (a). 
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impact toughness. In the 1000°C-treated specimen, the 
carbon diffused from α-Fe to γ-Fe. A higher percentage of 
γ-Fe (austenite phase) could exist at room temperature be-
cause the cooling time was longer than that for the 
900°C-treated specimen. The spherical carbide particles of 

zone I appeared to break but not fall off, as shown in Fig. 7. 
Therefore, the impact toughness of 1000  treated spec℃ i-
men was better than the others with the results of SEM 
morphology and EDS composition, as shown in Fig. 6 and 
Fig. 7. 

 

Fig. 7.  Fracture morphologies and EDS composition analysis of the 1000°C-treated specimen: (a) showing fracture microstructure 
for different fracture regions; (b) magnified view of spherical carbides, dendritic carbide and ductile fracture of zone I, zone II and 
zone IV in (a); (c) magnified view of brittle carbide of zone III in (a); (d) EDS composition analysis of line scanning. 

4.2. Effect of heat treatment on wear resistance 

Fig. 8 shows the wear morphology of the as-cast (AC), 
900°C-treated, and 1000°C-treated specimens. Debris of the 
YG8 hard alloy was attached to the surface of the AC spe-
cimen, whereas a large amount of granular precipitates dis-
persed in the wear region of the 900°C-treated specimen. 
Debris of the YG8 hard alloy were detected on the wear 
surface of the tested specimen austenitized at 1000°C. As 
shown in Fig. 9, four different types of wear morphologies 
were characterized by SEM: type 1 (carbide); type 2 (debris 
of the YG8 hard alloy); type 3 (tested specimen); and type 4 
(debris of the tested specimen). Therefore, evaluating 
whether the specimens treated at different austenitizing 
temperatures and quenching temperatures exhibited good 
wear resistance by measuring weight loss was difficult; in-
stead, wear width and depth were taken into account to eva-
luate the wear resistance, as shown in Fig. 5.  

5. Strengthening mechanism 

According to previously reported experimental results [15], 
wear resistance mainly depends on the shape, size, and dis-
tribution of vanadium carbide when the microhardness is 
greater than HRC 58. When the microhardness is less than 
HRC 58, the wear resistance of the VC-Fe-MCs depends pri-
marily on its hardness and microstructure. Texture of the ma-
trix is almost transformed completely into the austenite tex-
ture when the austenitizing temperature is greater than 800°C. 
Through a rapid quenching treatment, most of the austenite 
texture is preserved in the matrix. However, the rest can re-
main in an unstable state. In the subsequent process of car-
bon partitioning, part of the austenite becomes more stable 
because of the redistribution of the carbon element. Howev-
er, the remainder can change from γ-Fe (austenite texture) to 
α-Fe (martensite texture) during the final cooling process. 
The microstructure of the Fe-matrix can be transformed 
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from γ-Fe (good toughness) into α-Fe (excellent hardness 
and strength) under a certain friction load [27]. The micro-
hardness improves greatly before and after wear test. Differ-
ent proportions of retained austenite can be achieved through 
the Q&P process. Therefore, this process and the TRIP effect 
not only ensure impact toughness but also improve wear re-
sistance during use. On the bases of these experimental re-

sults, under friction conditions with either low impact or no 
impact, an austenitizing temperature of 900°C and a quench-
ing temperature of 180°C are the optimal parameters for im-
proving the microhardness and wear resistance of VC-Fe-MCs. 
However, under a high-impact condition, an austenitizing 
temperature of 1000°C and a quenching temperature of 
300°C are needed for excellent comprehensive performance. 

 

Fig. 8.  Wear morphologies of typical specimens: (a) and (b) wear morphologies of an AC specimen; (c) and (d) wear morphologies 
of a specimen treated at 900°C; (e) and (f) wear morphologies of a specimen treated at 1000°C. 
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Fig. 9.  SEM morphologies (ac) and EDS analyses (d) of points 14 in (bc) for the 1000°C/300°C-treated specimen after wear test. 

6. Conclusions 

The microstructure of the Fe-matrix was translated from 
α-Fe into γ-Fe through a Q&P process, and γ-Fe was stabi-
lized at room temperature through a carbon partitioning 
treatment. Thus, the TRIP effect was observed because γ-Fe 
(good toughness) was transformed into α-Fe (excellent 
hardness and strength) under a certain friction load. In addi-
tion, the average hardness was improved substantially be-
fore and after wear test. Under low-impact conditions, spe-
cimens austenitized at 900°C and quenched at 180°C 
showed favorable wear resistance; however, under a cer-
tain impact condition, the specimens exhibited good wear 
resistance when austenitized at 1000°C and quenched at 
300°C. 
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