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Abstract

Solidification structure of two kinds of B alloyed high speed steel for rolling mill rolls, which
carbon contents are 0.50 % and 1.00 %, respectively, and the changes in the microstructure
and mechanical properties after quenching from 1050◦C and tempering at 200–600◦C, respect-
ively, are studied. The results of metallographic, scanning electron microscopy analysis, X-ray
diffraction analysis, hardness and impact toughness measurements of as-cast and heat-treated
B alloyed high speed steel are discussed. As-cast matrix of B alloyed high speed steel con-
sists of martensite and troostite. There are 19–26 vol.% M23(B, C)6, M3(B0.7C0.3) and M2(B,
C) type carboborides in the matrix. Microhardness values of M23(B, C)6, M3(B0.7C0.3) and
M2(B, C) are 1940–2030 HV, 1380–1460 HV and 1460–1530 HV, respectively. Macrohardness
of as-cast B alloyed high speed steel reaches 58–60 HRC. After quenching from 1050◦C, the eu-
tectic M23(B, C)6 and M3(B0.7C0.3) carboborides dissolve into the matrix, and many granular
M23(B, C)6 precipitate from the matrix, and the whole matrix transforms into martensite. Mi-
crohardness of matrix and macrohardness of quenched B alloyed high speed steel have a slight
increase comparing with as-cast sample. Hardness of the B alloyed high speed steel remains
constant while tempering temperature is below 550◦C, and then, with increasing temperature,
decreases considerably. Impact toughness of the B alloyed high speed steel increases slightly
until tempering temperature reaches 525◦C, and then increases considerably. B alloyed high
speed steel has higher hardness and has an excellent wear resistance after tempering under
550◦C that can be attributed to the effect of boron.

K e y w o r d s: high speed steel for rolling mill roll, B alloyed steel, carboboride, quenching,
tempering, hardness, impact toughness

1. Introduction

The rolling mill productivity, as well as the surface
quality, shape and roughness of the rolled product, are
all directly affected by the time that the roll can be in
operation before removal due to deterioration in both
the structure and properties. In most cases, work rolls
for the finishing stands of hot rolling mills are high
chromium (HiCr) and indefinite chill iron (IC) rolls
[1, 2]. However, over the last 20 years high speed steel
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rolls produced by centrifugal casting are used in hot
rolling mills instead of HiCr and IC rolls due to their
superior mechanical properties such as high hardness
and strong wear resistance, which are kept at high
temperature [3–6]. The use of the high speed steel rolls
results in their extended tool life and enhanced surface
quality of the rolled products [6–8].
High speed steel roll materials are complex multi-

-component alloys, with a carbon content ranging
from 1.5 to 2.5 mass% and significant amount of alloy
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Ta b l e 1. Chemical composition of B-HSS roll shell (wt.%)

Sample C B W Mo Cr V Si Mn S P Fe

A1 0.48 1.17 0.93 1.10 4.95 0.55 0.75 0.36 0.029 0.033 Bal.
A2 0.95 1.16 0.96 1.06 4.94 0.51 0.75 0.38 0.030 0.032 Bal.

elements such as vanadium, tungsten, chromium and
molybdenum. The typical compositions of high speed
steel rolls consist of 1.5–2.5 % C, up to 6 % W, 6 %
Mo, 3–8 % Cr and 4–10 % V [9, 10]. However, tung-
sten, molybdenum and vanadium, etc., are costly alloy
elements. The addition of tungsten, molybdenum and
vanadium increases rapidly the production cost of the
high speed steel rolls, which restricts their application.
Boron is low-cost and useful as an alloying ele-

ment in many materials. Boron is added to unalloyed
and low alloyed steels in very small amounts (in ppm
range), to enhance hardness level through the harde-
nability enhancement [11–17]. Boron added to high-
-speed-cut steels, for example, containing 18 % W,
4 % Cr and 1 % V, enhances their cutting perform-
ance. Chaus [18, 19] investigated thoroughly the struc-
tural changes during heat treatments in the high-speed
steels alloyed with boron (M2 and M35 grades, and
high chromium high-speed steels) and reported that
the high-speed steels with an optimum boron content,
being somewhat inferior to the base steels in the im-
pact toughness, were considerably superior to those in
the wear and heat resistance.
The aim of the present work is to substitute par-

tial tungsten, molybdenum and vanadium by boron in
high speed steel for rolls, and develop a kind of cheap
B alloyed High Speed Steel (B-HSS), main composi-
tion of which is 0.50–1.00 % C, 1.0 % W, 1.0 % Mo,
0.5 % V, 5.0 % Cr and 1.2 % B. However, the heat
treatment process of the B-HSS has no more reports
besides the introduction of Chaus [18, 19]. This paper
also presents the changes in the microstructure and
mechanical properties of B-HSS after quenching from
1050◦C and tempering at 200–600◦C, that can provide
useful information on the developed heat-treatment
cycle when the B-HSS will be used in industry.

2. Experimental

2.1. Sample preparation

The B-HSS was smelted in a medium frequency
induction furnace of 350 kg capacity using carburant,
low carbon steel, ferrovanadium, ferrotungsten, fer-
romolybdenum, ferroboron, ferrochromium, ferrosil-
icon and ferromanganese. After being deoxidized with
0.10–0.12 % Al, at 1600–1620◦C the molten steel was
discharged into a pre-heated ladle. The B-HSS rolls

Fig. 1. Diagrammatic sketch of B-HSS compound roll: 1 –
upper roll neck, 2 – spheroidal graphite of roll centre, 3 –

B-HSS shell; 4 – lower roll neck.

were manufactured in a horizontal centrifugal cast-
ing apparatus. At 1460–1480◦C, the melt was poured
into a high-speed revolving mould to form a shell part.
The thickness of the shell wall was 60 mm. After re-
volving 8–10min, the mould containing B-HSS roll
shell was detached from the centrifuge. Afterward, un-
dercasing and top box were combined together. At last
the spheroidal graphite liquid of roll centre was filled.
Dimensions of B-HSS roll were ø 350mm× 2830mm.
Final chemical composition of the B-HSS roll shell is
introduced in Table 1. Figure 1 shows diagrammatic
sketch of the B-HSS compound roll.
Specimens for heat treatment test were cut down

from the shell of the B-HSS compound roll. Dimen-
sions of the specimens were 11 mm× 11mm × 55mm.
The specimens were heated to 1050◦C and held for
1 h in a vacuum furnace with a vacuum limit of
6.7× 10−2 Pa, and then quenched by oil cooling to
room temperature. The main reason that the dura-
tion was 1 h was as follows. Because there was a lot of
carboboride in as-cast B-HSS, longer duration could
increase the contents of boron and alloy elements in
the matrix and improve the hardenability of B-HSS.
Tempering of the samples was done at 200◦C, 300◦C,
400◦C, 500◦C, 525◦C, 550◦C, and 600◦C, respectively,
with constant holding time 3 h, followed by cooling to
room temperature in still air.

2.2. Microstructure examination

Investigation techniques used for B-HSS micro-
structure characterization included X-ray diffraction
(XRD), optical microscopy (OM), and scanning elec-
tron microscopy (SEM). Samples were etched with 5 %
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Fig. 2. OM (a) and SEM (b) images of as-cast A1 sample:
B1 – M2(B, C), B2 – M23(B, C)6, B3 – M3(B0.7C0.3),

M – martensite, T – troostite.

nital for optical microscopy examination, while a mix-
ture of 5cc HCl, 45cc 4 % picral and 50cc 5 % nital
was used as an etchant for SEM evaluation. XRD was
performed on the bulk material of B-HSS specimens
and was carried on a M21X diffractometer with cop-
per Kα radiation at 40 kV and 200 mA as an X-ray
source. Sample was scanned in the 2θ range of 10◦–
90◦ in a step-scan mode (0.02◦ per step). According to
the method put forward by Zhi and Xing [20, 21], the
measurement of volume fraction of carboborides used
a Leica digital images analyzer on the deep etched
specimens.

2.3. Mechanical performance tests

Impact toughness was performed on a JBN-300B
type impact tester, the dimensions of unnotched speci-
mens were 10 mm× 10mm× 55mm. Impact load was
294N. Impact toughness values were the average of
three specimens. Macrohardness testing was done us-
ing an HR-150C type hardmeter. Microhardness was
measured using a HX-1000TM type Vickers micro-

Fig. 3. OM (a) and SEM (b) images of as-cast A2 sample:
B1 – M2(B, C), B2 – M23(B, C)6, B3 – M3(B0.7C0.3),

M – martensite, T – troostite.

hardness tester and a load of 0.5 N. At least seven
indentations were made on each sample under each
experimental condition to check the reproducibility of
hardness data.

3. Results and discussion

3.1. Solidification microstructure of B-HSS

The solidification structures of B-HSS are shown
in Figs. 2 and 3. As-cast solidification structures of
B-HSS consist of metallic matrix and carboborides,
and the volume fractions of carboborides in A1 sample
and A2 sample are about 19–21 vol.% and 24–26
vol.%, respectively. XRD spectrum of Fig. 4 shows
that the carboborides in solidification structures of
B-HSS are M23(B, C)6, M3(B0.7C0.3) and M2(B, C),
therefore M represents Fe, Cr, W, Mo, Mn and V,
etc., elements. The amount of M23(B, C)6 is the least
and that of M2(B, C) is the most. Microhardness val-
ues of M23(B, C)6, M3(B0.7C0.3) and M2(B, C) are
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Fig. 4. XRD spectrum of as-cast A1 sample.

1940–2030 HV, 1380–1460HV and 1460–1530HV, re-
spectively. XRD spectrum of Fig. 4 approves also that

the metallic matrix is α-Fe. However, the microhard-
ness value of metallic matrix at different place has
considerable difference. The microhardness of metallic
matrix apart from eutectic carboborides is higher and
reaches 680–730HV, and the microhardness of metal-
lic matrix close to eutectic carboborides is lower, and
is 450–510HV only. So, the former is martensite and
the latter is troostite, and as-cast matrix of B-HSS
consists of martensite and troostite. Macrohardness
values of as-cast A1 and A2 samples are 58.3 HRC and
60.6 HRC, and their impact toughness values are 56
kJm−2 and 50 kJm−2, respectively. Moreover, M2(B,
C) and M3(B0.7C0.3) type carboborides are continu-
ously distributed over the grain boundary.

3.2. Microstructure and properties of
quenched B-HSS

According to the manufacture characteristics of
centrifugal casting high speed steel compound roll and
the experience [4, 22], the austenitizing temperature of

Fig. 5. OM (a) and SEM (b) images of A1 quenched sample: B1 – M2(B, C), B2 – granular M23(B, C)6,
M – quenched martensite.

Fig. 6. OM (a) and SEM (b) images of A2 quenched sample: B1 – M2(B, C), B2 – granular M23(B, C)6,
M – quenched martensite.
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Fig. 7. XRD spectrum of A1 sample quenched from
1050◦C.

B-HSS roll sample was selected 1050◦C. The quenched
microstructures of B-HSS are shown in Figs. 5 and 6.
Moreover, eutectic M23(B, C)6 and M3(B0.7C0.3) car-
boborides dissolve into the matrix, and many granu-

lar carboborides precipitate from the matrix, and the
whole matrix transforms into martensite after quench-
ing from 1050◦C. The XRD spectrum in Fig. 7 shows
that precipitated particles are M23(B, C)6 type car-
boborides.
During the quenching heat treatment, qualitative

and quantitative changes in the carboboride constitu-
ent of B-HSS, caused by diffusion and mass transfer,
take place. They are related to the diffusion redistri-
bution of the alloying elements between steel matrix
and carboboride phases that leads to the dissolution of
existing phases and formation of new ones. In partic-
ular, after solution-treated at 1050◦C, the amount of
M23(B, C)6 carboboride increases considerably. This
is most likely to be caused by the M2(B, C)→M23(B,
C)6 transformation.
Microhardness of matrix and macrohardness of

B-HSS have a slight increase comparing with as-cast
sample and reach 720–750 HV and 62–64 HRC, re-
spectively. However, the impact toughness of B-HSS
after quenching has a slight decrease. The impact
toughness of A1 and A2 sample are 46 kJm−2 and
43 kJm−2, respectively, because of the existence of
quenching internal stress.

Fig. 8. OM images of A1 sample tempered at 200◦C (a), 550◦C (b) and 600◦C (c), SEM image of A1 sample tempered at
550◦C (d): M – tempered martensite; B1 – M2(B, C), B2 – granular M23(B, C)6.
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Fig. 9. OM images of A2 sample tempered at 200◦C (a), 550◦C (b) and 600◦C (c), SEM image of A2 sample tempered at
550◦C (d): M – tempered martensite, B1 – M2(B, C), B2 – granular M23(B, C)6.

3.3. Effect of tempering temperature on
microstructure and properties of B-HSS

Microstructures of B-HSS quenched from 1050◦C
and tempered at 200◦C, 550◦C and 600◦C, respect-
ively, are shown in Figs. 8 and 9. When tempering
temperature is lower, microstructure of B-HSS has no
obvious change. Comparison of Figs. 5b and 6b with
Figs. 8d and 9d shows that the amount of precipitated
carboboride particles increases with increasing tem-
pering temperature. Moreover, all quenched martens-
ite transforms into the tempered martensite after tem-
pering. XRD spectrum of Fig. 10 shows that carbo-
boride types are not changed after tempering, and the
carboborides consist of eutectic M2(B, C) and granu-
lar M23(B, C)6.
Figure 11 shows that the hardness of investigated

alloys after tempering to 550◦C is nearly constant
of 60 HRC. When tempering temperature exceeds
550◦C, the hardness begins to decrease. This shows
B-HSS has an excellent wear resistance after temper-
ing under 550◦C. Effect of tempering temperature on
wear resistance of B-HSS roll alloy will be studied
in future experiments. Common high-speed tool steel
has strong secondary hardening after tempering be-

Fig. 10. XRD spectrum of A1 sample quenched from
1050◦C and tempered at 550◦C.

cause of the precipitation of secondary alloy carbides
and more complete transformation of retained aus-
tenite [23–26]. However, the quenching temperature
of investigated B-HSS is only 1050◦C, and there is
little retained austenite in quenched structure. When
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Fig. 11. Effect of tempering temperature on the hardness
of B-HSS.

Fig. 12. Effect of tempering temperature on the impact
toughness of B-HSS.

B-HSS is tempered below 550◦C, there is no obvious
secondary hardening. When tempering temperature
increases further, alloy carboborides precipitated from
the matrix begin to grow and coarsen, which leads to
the decrease of hardness.
Figure 12 shows the effect of tempering temper-

ature on impact toughness of B-HSS. By comparing
with the quenched sample, the impact toughness of
B-HSS increases considerably after tempering. The
impact toughness of B-HSS increases slightly until
tempering temperature reaches 525◦C, and then in-
creases considerably. Because the amount of eutectic
carboboride in A2 sample is more than that in A1
sample and the eutectic carboboride is a brittle phase,
so impact toughness of A2 sample is lower than that
of A1 sample. B alloyed high speed steel has higher
hardness and has an excellent wear resistance after

tempering under 550◦C that can be attributed to the
effect of boron.

4. Conclusions

Based on the above results, following conclusions
can be drawn:
1. Solidification microstructure of B-HSS contain-

ing 0.5–1.0 % C, 1.0 % W, 1.0 % Mo, 0.5 % V, 5.0 %
Cr and 1.2 % B consists of martensite, troostite, and
M23(B, C)6, M3(B0.7C0.3) and M2(B, C) type carbo-
borides.
2. Eutectic M23(B, C)6 and M3(B0.7C0.3) carbo-

borides dissolve into the matrix, and many granu-
lar carboborides precipitate from the matrix, and the
whole matrix transforms into martensite after quench-
ing from 1050◦C.
3. When tempering temperature is lower, micro-

structure of B-HSS has no obvious change, and the
amount of granular carboborides precipitating from
matrix increases while tempering temperature in-
creases.
4. Hardness of B-HSS has no obvious change after

tempering under 550◦C. Its impact toughness in-
creases slightly until tempering temperature reaches
525◦C, and then increases considerably.
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