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Abstract

The nanobainite microstructure was fabricated on the
high-vanadium cast iron with high silicon content, and the
measures of casting and austempering were taken. The
results showed that the as-cast microstructure is mainly
composed of VC, M,Cs, Fes;C, ferrite, and austenite. After
austempering, the acicular M,C-type carbides precipitated
from skeletal M,Cs-type carbides, causing a decrease in Cr
content in M,C3 and the morphology change of M,C3, and
the molecular formula of M,C; changed from the
(Feo.51Cro.19M00 12Vo.06Mnp.2);C3 to the (Fep4;Cro.36.
Moy ooV 1:1Mny 3);C3, and the morphology of M;Cs

changes from skeletal shape to net shape. There is no
apparent change in the morphology and chemical compo-
sition of VC. And the transformation of the matrix
microstructure from pearlite to a mixed structure of bunchy
nanobainite and retained austenite happened. It turned out
that the thickness of bainite ferrite and the film retained
austenite is 50-110 nm and 30-90 nm, respectively.

Keywords: high-vanadium alloy,
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Introduction

The cold roller of high chromium cast iron and high-speed
steel refers to the compound roller with the working layer
of high chromium cast iron and high-speed steel.'
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Carbides, including M¢C-, M;C5., M,C-, and MC-type
carbides,” which are usually formed by design can greatly
improve the strength, wear-resistance, and roughness of
cold rollers.? Therefore, the rollers with these above car-
bides are also called the carbide-reinforcement steels.
Among so many carbides-reinforcement steels, the high-
vanadium high-speed steel takes a position in wear-resis-
tant steels because of high hardness of matrix* and
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reinforcing phase of VC carbides. People manufacture high
chromium cast iron cold rollers and high-vanadium high-
speed steel cold rollers to supply the increasing demand for
rollers with high hardness and excellent wear resistance.’

Researches on high-vanadium high-speed steel show that
there are several main measures to be taken to ensure the
wear resistance of it, which include controlling carbide,
improving the morphology of carbide, and regulating
matrix characteristics. The high hardness and enough
toughness help the matrix structure resist micro-cutting and
fatigue wear® in the process of wear. High-carbon high-
vanadium content in high-vanadium high-speed steel is
favorable for the formation of high hardness martensite
with high-carbon supersaturation degree and high hardness
MC-type carbides. Modification treatment makes the
access of spherical or crumb’® primary vanadium carbide
evenly distributed on the matrix, which is good for the
wear resistance. The partially coherent relationship
between VC boundaries and matrix interface’ can delay the
initiation of interface cracks, and the well-shaped VC
contributes to the passivation of cracks'® and improves the
anti-fatigue performance and life of rolls."'

But less measures can be taken to improve the wear
resistance of high-vanadium high-speed steel. The matrix
of high-vanadium high-speed steel is mainly composed of
martensite and retained austenite attained by the usual heat
treatment process of quenching and tempering, so there has
to be a trade-off between the impact toughness and the
hardness of the matrix. In addition, the morphology and
distribution of most carbides® have been determined during
solidification process and are difficult to be shaped again.
To improve the wear resistance of high-vanadium high-
speed steel, it is worthy for an attempt on regulating the
matrix.

Nanobainite is a product phase of austempering at low
temperature, characterized by a bunch of nanosized bainite
ferrite sheets and carbon-rich retained austenite films
between or within the sheets.'> Due to the incomplete
transformation of bainite transformation, massive and thin-
film retained austenites are kept among the structures.
Studies show the high-carbon and high-silicon nanobainitic
steels'? are excellent in mechanical properties with a
hardness of 600-670 HV, a tensile strength of 2500 MPa,
and fracture toughness of 30-40 MPam'. And the trans-
formation from austenite to martensite and microplasticity
behavior'* of nanobainite microstructure leads to the
increment of hardness, thus improving the sliding wear

resistance of alloy.'>'® Similar test results of excellent
mechanical properties'’>* also show that the steel with
this structure has a yield strength of 1400 MPa, a tensile
strength of 2200 MPa, an elongation of 30%, and a fracture

toughness of about 51 MPam'">.

There are extensive researches on the nanobainitic steel,
but rarely focus on the cast iron with so much carbide. We
tried in this study to introduce this type of nanobainite into
a high-carbon and high-vanadium alloy to get the nano-
bainitic cast iron with kinds of carbides with high hardness.
Without changing carbides inside, the matrix will be
capability of both high hardness and higher impact
toughness.

In this work, we have made the nanobainitic cast iron and
studied the characteristic of the new type of material.

Test Procedure

Testing Materials

According to researches,>17:2921:23:24 the  content of
1.2-3wt% silicon is added into the steel to prevent the
precipitation of carbides during austempering process. The
chemical composition of the high-vanadium alloy used to
prepare nanobainite material is shown as component A in
Table 1.

Test of Critical Temperature of Phase Transition

The thermal dilatometer DIL-805 was used to identify the
martensite temperature with the cylinder test sample of
®4 mm x 10 mm, cleaned by sandpaper. The sample was
heated to 600 °C at a rate of 10 °C/s and continued to be
heated at a lower speed of 1 °C/s to 1000 °C; after holding
at 1000 °C for 1 h, it was then cooled down to ambient
temperature around 30 °C with the speed of 20 °C/s. The
start temperature of martensitic transformation was deter-
mined as 149 °C as is shown in Figure 1.

Preparation of Samples

The as-cast sample preparation process was clarified as
follows. The raw materials for melting are listed in Table 2.
The medium frequency induction melting furnace was
adopted for casting, and pre-deoxidation at the later stage
of melting was made. To obtain 90% absorptivity of

Table 1. The Chemical Composition of Alloys wt(%)

C Si Mn S P Cr Mo \Y, Fe
3.02 2.14 0.70 0.042 0.033 3.85 2.82 9.94 Balance
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Figure 1. Temperature of initial transformation of
martensite on the condition of austenitizing at 1000 °C
for 1 h.

Table 2. The Main Charge Materials Used for Melting

Material Content

Ferrovanadium 50-60%V, <2.0%Si

Ferromolybdenum 50-60%Mo
Ferrochrome 50-55%Cr, 4%-10%C
Ferromanganese > 50%Mn, 1.0-1.7%C
Pig iron 1.25-3.6%Si, 2.5-4%C

vanadium, reaction time at high temperature was mini-
mized after adding ferrovanadium to the furnace. Then, the
0.1% pure aluminum was added for final deoxidation and
modifying agent of 0.4% SIII (mainly rare earth) was used.
The clay sand casting was employed, and the molten liquid
was poured from the furnace at 1500 °C and poured into
the open sand mold at 1450 °C to get the cuboid likely
ingot. Samples in a size of 10¥10*10 mm were cut by wire
cutting from the same edge of the ingot with the size about
130*100*%90 mm and one was for the comparison, the other
for heat treatment. The study® showed that the temperature
of between 900 and 1100 °C is enough for complete
austenitizing, so the austenitizing process was set at
1000 °C for 1 h. As the previous study'* about nanobai-
nite, austempering above the Ms point is accessible to
nanobainite structure. The measured martensite-start tem-
perature was 149 °C according to the phase transformation
simulation test taken at 1000 °C for 1 h as depicted in
Figure 1, and the one-step austempering was taken at
300 °C. The heat treatment process is shown in Figure 2,
and the sample was heated to 1000 °C (+/— 5 °C) at a
speed of 10 °C/min and held for 1 h, followed by
quenching to the 300 °C (4/— 0.2 °C) melt salt without
time interval.
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Figure 2. Heat treatment illustration of austempering.
Observation and Analysis of Microstructure

Focus on the microstructures on the center part of samples.
The microstructure and sub-microstructure of the as-cast
and austempered samples were characterized and analyzed
by a JEOL JSM-IT 800 SHL field emission scanning
electron microscope (FE-SEM), a scanning electron
microscope (SEM), and H-800 type transmission electron
microscope (TEM).

The SEM and XRD samples were prepared by wire cutting,
milled, and polished according to typical preparation
methods for metallographic samples. The SEM samples
were deep-etched with 4% nital for several minutes and
cleaned with an ultrasonic cleaner for 10 min. To observe
the 3D microstructure clear, the sample was even deeper
etched in the 4% nital for about thirty minutes. The TEM
sample was prepared on a twin jet electron electro-polisher.

The phase constituents and proportions were analyzed by
the D8-Advance Bruker (Germany) X-ray diffractometer at
40 kV and 40 mA with the Cu Ko radiation, the wave-
length 1 = 1.54056 A. The scanning angle 20 was set to be
from 30° to 90° with the speed of 6°/min, 0.02° for every
step. The mass fractions of VC, a-Fe, and A-Fe are cal-
culated by integrated intensity of (111) profile in austenite,
(200) profile in VC, and (110) profile in ferrite, following
the equation®:

I

Wi —————F
J iV
KidY i

,

Eqn. 1
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Figure 3. Pseudo-binary phase diagram of (Fe-5Cr-
2Mo-9V)-C alloy system.?®

Results and Discussion

Phase Transformation of Primary and Eutectic
Carbides

According to quasi-binary phase diagrams of (Fe-5Cr—
2Mo-9V)-C*® in Figure 3, primary VC precipitates first
during the solidification process. With the decrease in
temperature and the content of vanadium and carbon, VC
and y-Fe undergo a eutectic reaction. At last, a secondary
eutectic reaction will occur with the precipitation of M,C3
type or M,C type carbides.

The XRD pattern shown in Figure 4 revealed that the as-
cast structure is mainly composed of o-Fe (ferrite), VC,
and the austempered microstructures mainly include o-Fe
(ferrite), y-Fe (retained austenite), VC. The reason for the
inconsistency between the phase diagram and the XRD
pattern of the as-cast sample may be the undetectable low
content of M;C; type carbide. The intensity of the face-
centered cubic ferrite diffraction profile indicates an
apparent increase in the austempered sample, which mat-
ches the nanobainite microstructures composed of austenite
and bainite ferrite.

The backscattered electron images of the as-cast and
austempered samples are shown in Figure 5, respectively.
As can be seen, dark chrysanthemum-like and crumby
vanadium carbides are formed in both the as-cast and
austempered microstructures, which is identical to the
study results. The heat treatment has little influence on the
morphology of VCs.

Seeing that elements of Fe, Cr and Mo are likely to form
the carbides expect V, the gray and white carbides in the
as-cast sample are supposed to be the M;C; or the M,C
type carbide rich in Fe, Cr, and Mo according to the phase
diagram. The EDS result in Table 3 shows that the gray
carbide of the as-cast sample is M;C; type carbide, while
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Figure 4. XRD patterns of the as-cast and austempered
high-vanadium alloy.

the white and dark carbides of the austempered sample are
M,C and M,C; type carbides. The white acicular carbide in
austempered structure suggests that white M,C carbide
grew from M;C; during the long period of the isothermal
process.

Effect of Austempering on Primary and Eutectic
Carbides

Morphology of Primary and Eutectic Carbides

The microstructure morphology of deeply etched samples
is shown in Figure 6, in which Figure 6a, b are images of
the as-cast sample, and Figure 6c, d are of the austempered
sample. From the comparison of two-dimensional and
three-dimensional morphology, the crumby VC in Fig-
ure S5a is nodular in three dimensions, while the VC with
chrysanthemum distribution is coral-like. In addition, the
horizontal sections of skeleton M7C3 are discontinuous
and layered with hollow structures. As is shown in Fig-
ure 6a, the coral-like VC grows along the direction from
the inside toward the grain boundary and is connected with
M7C3 around the grain boundary.

It can be seen from the above analysis that with the uniform
growth resistances in all directions around, it is easy for VC
crystal embryos to grow into nodules, as shown in Fig-
ure 6a. As the content of carbon and vanadium decreases,
and the temperature drops, the carbide grows into dendrite
along the solidification direction together with austenite,
which is called the eutectic reaction. The growth direction
of eutectic carbide is limited by the eutectic solidification
process and, finally, grows into dendritic and coralliform.
At the end of solidification, Cr and Mo elements are
enriched at the grain boundary with the low content of Mo
and relatively high content of Cr, so the M,;C;-type carbide
is formed in the secondary eutectic reaction on boundaries.

International Journal of Metalcasting/Volume 17, Issue 3, 2023
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Figure 5. BSE images of high-vanadium alloys: (a) as-cast sample; (b) austempered sample.

Table 3. Chemical Composition of Different Carbides
(at%)

Carbide type C Mo \% Cr Mn  Fe

primary VC 4365 149 5261 153 0.08 0.64
(AS)
eutectic VC ~ 43.84 346 47.99 292 017 1.40
(AS)
M;Cs (AS) 2763 857 430 1310 1.30 41.78
primary VC ~ 44.01 148 52.84 1.10 0.08 0.08
(1Q)
eutectic VC 4556 453 46.02 2.78 0.31 0.39
(1Q)
M,C; (IQ) 3755 589 6.74 2242 167 2551
M,C (IQ) 3753 1524 6.84 14.69 1.54 23.18

AS-as-cast, IQ-austempered

After the austempering, the skeleton M;C; carbide at grain
boundary is decomposed into net M;C3 carbide and acic-
ular M,C carbide, and the coral-like VC remains
unchanged.

Distribution of Elements in Primary and Eutectic
Carbides

From the map scanning result in Figure 7, C and V are
mainly distributed in the crumby and chrysanthemum VC,
less in M;Cs-type carbides. The aggregations of Mo and Cr
in different carbides are similar with more content in
M;Cs-type carbides, and less in VC.

International Journal of Metalcasting/V olume 17, Issue 3, 2023

The scanning patterns of Figures 7 and 8 illustrate that
austempering did not change the elements distribution of
VCs which are mainly composed of C and V, followed by
Mo and Cr. M,C-type contains higher quality of molyb-
denum instead of chromium, while the M,Cs-type carbide
consists of chromium, molybdenum, and carbon, with more
chromium, and less molybdenum and carbon. In addition to
abundant iron content, there is also some chromium evenly
distributed in the matrix. And the images of crumby VC
and chrysanthemum VC show that a higher concentration
of V exists in crumby VC and more quality C, Cr and Mo
are formed in chrysanthemum VC.

Compared with the as-cast sample, the distribution of
elements V, C and Fe elements in the austempered sample
has no obvious change. Most of the carbon and vanadium
form VC, and some of them go into the chromium carbide
and molybdenum carbide to form carbides. With the
decomposition of M;C; carbide into M,C carbide in the as-
cast sample, Cr and Mo elements redistribute in these two
carbides. By comparing the distribution features of
molybdenum and chromium, the molybdenum and chro-
mium content in microstructure is more uniform among
carbides and matrix.

Analysis of the Composition of Primary and Eutectic
Carbides

The influence of heat treatment on different carbides and
the content of carbide elements is studied further as in
Table 3. Compared with chrysanthemum VC (eutectic),
crumby VC (primary) contains less carbon, molybdenum,
and chromium, but more vanadium, which is caused by the
different precipitation order of carbide. Compared with the
as-cast sample, the content of elements C and Mo in
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Figure 6. Microstructures of as-cast and austempered alloy: (a), (b) as-cast alloy; (c), (d) austempered alloy.

eutectic VC of the austempered sample increases with
decreasing V, which may indicate vanadium’s diffusion
into the matrix.

The M,C-type carbide contains C, Mo, V, Cr, Fe and a
small amount of Mn, represented as (Feg33Croo4.
Moy 5Vo.11Mng 02),C calculated by the proportions of
elements. M5;C3; carbide changed from as-cast
(Feo.mCro. 1 9M00_ 1 2V0.06Mn0.02)7C3 into austempered
(Fe.41Cro.36M0g 09 Vo.11Mng,03)7Cs.

Analysis of Submicron VC in Matrix
As displayed in Figures 9 and 11, submicron carbides are
found in both the as-cast and heat-treated samples by

scanning electron microscope images at high magnifica-
tion. These carbides are solidification product when the
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eutectic reaction happens, which can be identified by the
distribution inside the grains and the size quite smaller than
the primary carbides.

TEM analysis result in Figure 10 shows that the particle in
the austempered sample has FCC structure with a width of
about 450 nm. By comparing the accumulation positions of
different elements of submicron carbides in heat-treated
sample in Figure 11, it is found that the main constituent
elements of VC remain unchanged, and the enrichment
degree of Cr in these submicron carbides increases.

As shown in Figure 12, measured size distribution of
submicron VC in the matrix of samples is plotted. Car-
bides’ sizes of the as-cast and austempered sample are
approximately the same, with the diameter ranging from
200 to 700 nm, which means the VCs suffer little effects
after the heat treatment. Comparing Figures 9 and 10, VC

International Journal of Metalcasting/Volume 17, Issue 3, 2023



Figure 8. Map scanning result of microstructure of the austempered high-vanadium alloy.

is not distributed by individuals, and quite a few VCs are
bonded together.

Based on the above analysis, a conclusion can be made that
the submicron VC are about 200 nm to 1 um. The treat-
ment of austempering has little influence on submicron
carbides.

International Journal of Metalcasting/Volume 17, Issue 3, 2023

Effect of Austempering on Microstructure
of Matrix

According to the high magnification images shown in
Figure 13a, b, the as-cast sample is characterized by a fine
pearlite with submicron lamellar spacing. After austem-
pering at 300 °C, the matrix structure change into what
consists of bunchy nanobainite and massive retained

1865



Figure 9. Map scanning analysis result of micron carbides in matrix of as-cast sample.

Figure 10. TEM analysis result of submicron carbides in austempered sample (a) TEM image of submicron
carbides of austempered sample; (b) selected area diffraction pattern and analysis result of area M in (a).

austenite. From the images and analysis results of Figure
14a—c, the nanobainite package consists of approximately
parallel ferrite plates and retained austenite in a thin film.
Figure 15 shows the size distribution of bainitic ferrite and
film retained austenite in packets according to the linear
intercept method,>* which indicates the nanoscale
microstructure as other studies. But there are clearly still
much amounts of blocky retained austenite, larger than the
film austenite, earlier to transform during wear. According
to the research of Huang,”’ these blocky austenites are
more stable under stress to make the steel better in
plasticity.

Figure 16a shows the microstructure images obtained by

austempering at 300 °C for 46 h. Two kinds of phase
transformation products with different features are formed:

1866

bunchy nanobainite and massive retained austenite. And
the bunchy bainite in Figure 16b consists of bainite ferrite
plate and thin-film austenite with a thickness of several tens
of nanometers. There is no carbide precipitation with the
bainite ferrite plates and the thin-film austenite. The shape
of area E is the same as that of area D, but there is no
obvious package inside. Most of the microstructures like
the F area are irregular polygonal, and they are massive
retained austenite without change. The massive retained
austenite has been identified by many studies.”*?’

According to the microstructure distribution features in
Figure 16a, retained austenites are controlled within the
area defined by D and E. The microstructure D, bainite
packages, is always longer than that of the surrounding
microstructures E among different microstructures D,

International Journal of Metalcasting/Volume 17, Issue 3, 2023



Figure 11. Map scanning analysis result of micron carbides in matrix of austempered sample.
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Figure 12. Submicron carbides size distribution of the
as-cast and the austempered samples.

which indicates that D nucleates earlier than microstruc-
tures E. The microstructure E may be the early stage of D
during transformation, which is reasonable. As shown in
Figure 16b, the thickness of BF (bainite ferrite) and FA
(film austenite) inside G1 and G2 is different, and FA, as
well as BF, has a branching structure with finer thickness.
Therefore, it can be inferred that bainite microstructure is
gradually refined during the isothermal process. Structure I
is an early stage in the development of bainite with the
development of bainite, and G2 is gradually refined and
finally refines into morphological structure similar to G1.

In Figure 16a, bainite with different lengths and thick-
nesses is mainly related to different nucleation time. The

International Journal of Metalcasting/Volume 17, Issue 3, 2023

grain boundary is the preferential position of bainite
nucleation, and then, bainite nucleates on the boundary of
existed bainite. Some bainite microstructures nucleating
earlier penetrated austenite easily without other
microstructures getting in the way. The bainite nucleating
later has limited space for growth and ends up in a small
size. Therefore, the sizes and development degrees of
bainite G1, G2, and I are different. As the development of
bainite, the thickness of bainite becomes smaller and the
retained austenite gets dissolved.

According to the XRD pattern of the isothermally quen-
ched sample, the microstructure of the samples after heat
treatment is mainly composed of VC, ferrite, and austenite,
the relative contents of which are obtained, and the results
are shown in Table 4. From the content of o-Fe and vy-Fe,
majority of austenite has transformed, but the microstruc-
ture characteristic shows unregularly spacing between the
two phases, which may be the origin of cracks when
nonuniform transformation takes place.

Conclusion

(a) High-vanadium wear-resistant alloy with high-
silicon content is fabricated by sand casting
process. The as-cast microstructure of alloy is
mainly composed of VC, M;C; Fe;C, ferrite and
austenite. Different carbides have different
morphology. Primary VC and eutectic VC are
spherical and coral-like, while the M,C; carbide
and eutectoid submicron VC in the as-cast
sample are skeleton and spherical, respectively.

1867
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Figure 14. TEM analysis of matrix composed of BF (bainite ferrite) and FA (film austenite) of sample treated by
austempering at 300 °C: (a) TEM image of matrix composed of BF and FA; (b), (c) selected area diffraction pattern
analysis of area A and B in (a).

(b) After isothermal quenching, the acicular M,C-

[ Bainite ferrite

25 4 type carbides precipitated from skeletal M;Cs-
B Film retained austenite type carbides during isothermal quenching,

Gauss Fit . . .
20 causing decrease in Cr content in M;C; and

morphology change of M,;C;. The molecular
formula of M;C; changed from as-cast
(Feq.61Cro.10M0g.12V0.06Mng 02)7C3  to isother-
mal quenching state (Feo 41Cro.36.
Moy g9 Vo.11Mng 03)7C3, and the morphology of
M,C;5 change from skeletal shape to net shape.
(c) The morphology and chemical composition of
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retained austenite, BF-bainite ferrite, FA-film austenite, M-martensite): (a) x5 k; (b) x10 k.

4.

Table 4. Relative Content of Phases.

Phase The as-cast (wt%) The austempered (wt%)

a-Fe 67.22 44.66

y-Fe 5.07 23.25 5.
VC 27.70 32.09
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