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Microstructure, mechanical properties, and wear resistance of B-bearing high-speed steel (HSS) roll
material containing 0.90-1.00% C, 1.3-1.5% B, 0.8-1.5% W, 0.8-1.5% Mo, 4.6-5.0% Cr, 1.0-1.2% V, and
0.15-0.20% Ti were studied by means of the optical microscopy (OM), the scanning electron microscopy
(SEM), x-ray diffraction (XRD), hardness, impact toughness, and pin-on-disk abrasion tests. The results
showed that as-cast structure of B-bearing HSS consisted of a-Fe-, M23(B,C)6-, M3(B0.7C0.3)-, and M2(B,C)-
type borocarbides, a small quantity of retained austenite, and a small amount of TiC. The hardness and
impact toughness values of as-cast B-bearing HSS reached 65-67 HRC and 80-85 kJ/cm2, respectively.
There were many M23(B,C)6-precipitated phases in the matrix after tempering, and then, with increasing
temperature, the amount of precipitated phases increased considerably. Hardness of B-bearing HSS
gradually decreased with the increasing tempering temperature, and the change of tempering temperature
had no obvious effect on impact toughness. B-bearing HSS tempered at 500 �C has excellent wear resis-
tance, which can be attributed to the effect of boron.
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1. Introduction

High-speed steels (HSS), widely applied in high-speed
machining and cutting operations, are characterized by excel-
lent hardness, wear resistance, and high-temperature properties
(Ref 1, 2). Recently, they have increasingly been used for hot
mill work rolls by increasing their carbon and vanadium
contents, and were found suitable as replacement for high
chromium white cast irons and high Ni-Cr infinite chill irons
(Ref 3-6). However, HSS rolls contain many costly alloy
elements, such as tungsten, molybdenum, vanadium, niobium,
cobalt, etc. and incur higher production cost (Ref 5, 6),
restricting the application of HSS rolls.

Boron is an inexpensive element and is widely used in steel
(Ref 7-9). Many researches discovered that a small quantity of
boron could improve the hardenability and wear resistance of
steel (Ref 7, 8). Boron also combined with iron and formed
borides of high hardness (such as Fe2B or Fe3B), and increased
the hardness and wear resistance of cast Fe-B alloy (Ref 8, 9).
The aim of the current study is to analyze the effect of boron on
microstructures and properties of HSS. We intend to develop a

kind of B-bearing HSS roll material that has excellent
mechanical properties and wear resistance, with lower produc-
tion cost.

2. Experimental

2.1 Specimen Preparation

The alloy used in the present study was melted in a 50
kg-capacity medium frequency induction furnace. Initial
charge materials were clean pig iron and steel scrap. Ferro-
alloys such as Fe-81%W, Fe-55%Mo, Fe-51%V, Fe-62%Cr,
Fe-21%B, Fe-32%Ti, and Fe-78%Mn were added to a slag-
free molten steel so as to minimize the oxidation loss and the
slag formation. The melt was subsequently super-heated to
1620 �C and transferred into a pre-heated teapot ladle. After
removal of any dross and slag, the melt was poured at
1480 �C into the metal molds to produce Y-block ingot
according to Ref 10 and 11. The metal molds were preheated
before casting, the preheating temperature was 240 �C, and
the preheating time was 3 h. The main chemical compositions
(wt.%) of B-bearing HSS are as follows: 0.90-1.00 C, 1.3-1.5
B, 0.8-1.5 W, 0.8-1.5 Mo, 4.6-5.0 Cr, 1.0-1.2 V, 0.4-0.6 Mn,
0.3-0.7 Si, 0.15-0.20 Ti, and S< 0.035; P< 0.035. Metal-
lurgical samples were cut directly from 10 mm above the
bottom of the Y-block ingot. The shape and dimension of
Y-block ingot are shown in Fig. 1.

The tempering treatments of the specimens were carried
out in a vacuum furnace with a vacuum limit of
6.79 10�2 Pa. The temperatures of tempering treatments
were 300, 400, 500, 530, and 560 �C. The duration of
holding during the tempering treatments was 4 h, after which
the furnace was cooled to room temperature. The tempering
cycle was one time.
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2.2 Microstructure Examination

Investigation techniques used for characterization of
B-bearing HSS microstructure included optical microscopy
(OM) and scanning electron microscopy (SEM). The samples
were etched with 5% nital for OM examination, while a mixture
of 5 cc HCl, 45 cc 4% picral, and 50 cc 5% nital was used as
an etchant for SEM evaluation. The OM used was a Neophot
32. The SEM used was a JEOL JSM-6100. XRD was
performed on the bulk material of B-bearing HSS specimens
and was carried on a MXP21VAHF diffractometer with Cu Ka

radiation at 40 kV and 200 mA as an x-ray source. The sample
was scanned in the 2h range of 20�-80� in a step-scan mode
(0.02� per step). The volume fractions and size of borocarbides
were obtained by image analysis using Leica digital images
analyzer.

2.3 Hardness and Impact Toughness Tests

The microhardness of borocarbide and matrix in B-bearing
HSS were measured by means of a Vickers microhardness
tester with a load of 0.5 N as proposed in Ref 12 and 13.
Macrohardness measurement of B-bearing HSS was done using
an HR-150A-type Rockwell hardness tester. The test load was
150 kg. At least seven indentations were made on each sample
under each experimental condition to check reproducibility of
the hardness data. Charpy unnotched impact tests were
performed at room temperature using a 300 J capacity machine;
the dimensions of specimens were 10 mm9 10 mm9 55 mm.
The average values from three test specimens are reported here.

The retained austenite content of the matrix was determined
using x-ray diffraction (XRD) (Ref 13, 14). A special sample
holder, which continuously tilted and rotated the sample, was
used to eliminate orientation effects (Ref 15). The results are
given as the proportion of austenite in the matrix, based on a
direct comparison of the intensity of the c220, c311, a200, and
a211 diffraction peaks according to the Eq 1 (Ref 16, 17)

Vc ¼
1� VC

1þ k
IaðhklÞi
IcðhklÞj

ðEq 1Þ

where Vc and VC are the volume fractions of the retained aus-
tenite and carbide in the high-carbon HSSs, respectively;
thereafter, the carbide volume fraction is obtained by image
analysis using Leica digital images analyzer after deep-etching
the samples in a solution of ferric chloride. IaðhklÞi and IcðhklÞj
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Fig. 1 Shape and dimension of Y-block ingot

Table 1 Values of K between IaðhklÞi and IcðhklÞj

Plane of austenite Plane of martensite K

(220) (211) 0.65
(311) (200) 0.87

1 
2 

3 

4 

5 

6 

Fig. 2 Schematic drawing of the abrasive wear tester used in this
study: 1—controller; 2—load; 3—holder; 4—specimen; 5—disk; and
6—revolver

Fig. 3 OM (a) and SEM (b) of as-cast B-bearing HSS. M—Martensite, A—Austenite
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are the intensities of the certain crystal planes of martensite
and austenite, respectively. K, as shown in Table 1 (Ref 18),
is the scale factor between IaðhklÞi and IcðhklÞj:

2.4 Sliding Wear Tests

Wear tests were conducted using a conventional pin abrasion
testingmachine (ML-10). Figure 2 shows a schematic drawing of
the pin abrasion testing machine (Ref 19-22). The deadweight of
the applied load was 39.2 N. The sliding distance was 16.4 m.
The sliding speed was 0.1 m/s. The dimension of disk was
30 mm in diameter and 5 mm in thickness. Silicon carbide (SiC)
paper was placed on the disk. The pin samples were abraded on a
280-grit (52 lm) SiC paper, and the hardness of SiC was 2585-
2840 Hv. The pin specimen for the pin-on-disk tests was a
cylinder, with one endmaking contact with the abrasive paper on
the disk. The pin specimens were 6 mm in diameter and 20 mm
in length. Before the experiment, the pin specimens were cleaned
with alcohol, and the masses of the specimens were measured
gravimetrically with 0.1 mg sensitivity according to Ref 23, 24.
Then, they were assembled into the apparatus. Following a ‘‘run-
in’’ period, tests were conducted on a fresh sheet of abrasive
paper. After one running-in test, three tests wear performed on
each specimen. The results of wear tests were the average of three

tests. The abrasion rates were calculated according to the
following formula (Ref 21, 22, 25, 26):

Wa ¼ DG= q � lð Þ ðEq 2Þ

where, Wa is the abrasion rate (m3/m); DG is the mass loss
(mg); q is the density (mg/m3); and l is the sliding distance
of the sample, l = 16.4 m.

3. Results and Discussion

3.1 Microstructure and Properties of As-Cast
B-Bearing HSS

As-cast structures of B-bearing HSS are shown in Fig. 3. It
is different from the as-cast structure of traditional high-carbon
high-vanadium HSS roll material, which consists of
MC-, M2C-, and M7C3-type carbide and austenite, martensite,
and pearlite (Ref 27, 28). The solidification microstructures of
B-bearing HSS consist of a-Fe, borocarbides, a small quantity
of retained austenite, and small amount of TiC. The XRD
pattern of Fig. 4 shows that borocarbides contain M23(B,C)6,
M3(B0.7C0.3), and M2(B,C). Retained austenite was quantified
by XRD. The amount of retained austenite is 5.3 vol.%.
According to Fe-B binary phase diagram (Ref 29), the solid
solubility limit of boron in c-Fe is 0.02 wt.%, which leads to
the enrichment of boron at grain boundary and the formation of
borocarbides along the grain boundary. Moreover, the volume
fractions and size of borocarbides in B-bearing HSS are
23.8± 1.0% and 3.4± 0.8 lm, respectively, in which the
numbers after ‘‘±’’ indicate the standard deviation from
the mean of the analyses done on five fields at least. The
microhardness of matrix is 950-1000 Hv, which indicates that
a-Fe of as-cast B-bearing HSS is martensite. As a rule, in
as-cast HSSs, titanium is used as inoculating addition (Ref 30-33).
In as-cast B-bearing HSS, the addition of titanium can refine the
solidification structure. The main reason is that titanium can
combine with carbon in molten steel and form carbon
compounds (TiC) having high melting point (Ref 34). Accord-
ing to the mismatch theory put forth by Turnbull (Ref 35),
whether the high-melting compound can be non-spontaneous
crystal nucleus of the new crystalline phase is determined by
the mismatch of the two phases� lattice parameters:
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Fig. 4 XRD spectrum of as-cast B-bearing HSS roll material

Fig. 5 SEM of B-bearing HSS tempered at 300 �C (a), and 500 �C (b)
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d ¼ aC � aN
aN

ðEq 3Þ

where, d is the mismatch of lattice parameter; and aC and aN
are the low-index planes of the substrate and the nucleated
solid phase, respectively.

Bramfitt (Ref 36) proposed a theory stating that the nuclei
were the most effective when the mismatch was under 6%, less
effective between 6% and 12%, and become useless above
12%. TiC has high melting points and lower mismatch with
c-Fe lattice which is only 3.9%. Therefore, TiC can act as
effective heterogeneous nuclei of primary austenite, and
promote the refinement of the as-cast structure. Hence, the
addition of titanium refined the austenite, hindered the coars-
ening of borocarbides during the solidification of B-bearing
HSS, and promoted the occurrence of necking and broken
network in the borocarbides. The macrohardness and impact
toughness of the as-cast B-bearing HSS can reach up to 65-67
HRC and 80-85 kJ/m2, respectively. The as-cast B-bearing
HSS has higher hardness (65-67 HRC) and impact toughness
(80-85 kJ/m2) mainly because the addition of titanium leads to
the refinement of solidification structure and the addition of
boron leads to the hardening of matrix, which causes the
increase of the hardness and impact toughness of the as-cast
B-bearing HSS.
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Fig. 6 XRD spectra of B-bearing HSS tempered at 300 �C (a),
and 500 �C (b)
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Fig. 7 Effect of tempering temperature on mechanical properties of
B-bearing HSS
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3.2 Effect of Tempering on Microstructure and Mechanical
Properties of B-Bearing HSS

The matrix of as-cast B-bearing HSS consists of martensite
and retained austenite and has higher hardness; the as-cast
B-bearing HSS does not need quenching and can be directly used
after tempering. Themicrostructures of B-bearing HSS tempered
at different temperatures are shown in Fig. 5. The results of
tempering test shows that the change of tempering temperature
has no strong effect on eutectic borocarbides. However, there are
many precipitated phases in the matrix after tempering, as shown
in Fig. 5(b), and the amounts of precipitated phases increase
with the increase of tempering temperature. XRD spectrum
of tempered specimen confirms that precipitated phase is

M23(B,C)6-type borocarbide, as shown in Fig. 6. Moreover, the
retained austenite transforms into the martensite after tempering
when tempering temperature excels 400 �C.

Effects of tempering temperature on mechanical properties
of B-bearing HSS are shown in Fig. 7. When tempering
temperature was lower than 500 �C, the hardness of B-bearing
HSS decreased slightly with the increase of tempering temper-
ature. When tempering temperature excelled 500 �C, the
hardness decreased obviously. However, the change of tem-
pering temperature had no obvious effect on impact toughness.
When tempering temperature increases, the precipitation of fine
borocarbide from the matrix leads to the decrease of solid
solubilities of carbon, boron, tungsten, molybdenum, vana-
dium, chromium, etc. elements, which results in the decrease of

Fig. 10 Worn surface SEM image of B-containing HSS tempered at 300 �C (a), 400 �C (b), 500 �C (c), 530 �C (d), 560 �C (e), and high car-
bon HSS (f)
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hardness. The change of tempering temperature has no obvious
effect on impact toughness of B-bearing HSS mainly because
of the combined action of the precipitating of borocarbide and
the transformation of retained austenite. When tempering
temperature is lower, retained austenite cannot be transformed,
and there is no precipitating phase in martensitic matrix, and the
impact toughness has no obvious change compared with as-cast
B-bearing HSS. When tempering temperature is increased and
reaches 500 �C, the supersaturated carbon and alloy elements
separate out, and the carbon and alloy elements concentrations
in the martensitic matrix decrease, which leads to the increase
of impact toughness. However, higher tempering temperature
accelerates the retained austenite transforming into the mar-
tensite, which leads to the decrease of impact toughness. The
comprehensive result is that higher tempering temperature has
no obvious effect on the impact toughness of B-bearing HSS.
The hardness of cast B-bearing HSS tempered at 500 �C
exceeds 62 HRC, and its impact toughness also exceeds 75 kJ/
m2. After tempering, the precipitation of borocarbide from the
martensitic matrix led to the decrease of carbon and alloy
elements’ contents, which brought the decrease of as-tempered
state hardness (about 58-62 HRC). Moreover, the retained
austenite transformed into the martensite while tempering,
which led to the decrease of tough phase and decreased the
as-tempered state impact toughness (about 75-85 kJ/m2).

3.3 Effect of Tempering on Wear Resistance of B-Bearing
HSS

The effects of tempering temperature on the mass loss and
wear rate of B-bearing HSS are shown in Fig. 8 and 9,
respectively. Pin-on-disk abrasion test results show that the
mass losses of B-bearing HSS tempered at 300, 400, 500, 530,
and 560 �C are 26.0, 30.6, 23.9, 24.7, and 25.7 mg, respec-
tively. Mass loss and wear rate of contrast specimen, viz. high-
carbon high-vanadium HSS roll material, are 25.7 mg and
20.39 10�11 m3/m, respectively, main compositions of which
are 1.67%C, 5.08%Cr, 5.14%V, 5.09%Mo, 3.26%W, 2.88%Nb,
and 1.04%Ni, and its hardness measured after quenching from
1050 �C and tempering at 525 �C is 62-64 HRC. The mass loss
and wear rate of B-bearing HSS tempered at 500 �C are lower
than those of high-carbon high-vanadium HSS, and its wear
resistance is better than that of high-carbon high-vanadium
HSS, which can be attributed to the effect of boron.

The pin-on-disk test belongs to two-body stationary abrasive
wear, the micro-cutting model is the predominant wearing
mechanism (Ref 37), in which the mass loss (wear resistance) of
materials depends on their hardness. Moreover, the precipitated
phase has also profitable effect on the wear of matrix (Ref 38).
B-bearing HSS tempered at 500 �C has higher hardness, with a
number of M23(B,C)6-precipitated phases in the matrix, which
promotes the decrease of mass loss and the increase of wear
resistance. The morphology of worn surface of Fig. 10 shows that
the abrasion of B-bearing HSS tempered at 500 �C is lighter than
those tempered at other temperatures, which affirms conclusively
that B-bearingHSS tempered at 500 �Chas better wear resistance.

4. Conclusions

(1) As-cast structure of B-bearing HSS consisted of a-Fe,
M23(B,C)6-, M3(B0.7C0.3)-, and M2(B,C)-type borocarbides,

a small quantity of retained austenite and small amount of
TiC.

(2) There were many M23(B,C)6-precipitated phases in the
matrix after tempering.

(3) Hardness of cast B-bearing HSS tempered at 500 �C
exceeds 62 HRC, and its impact toughness also exceeds
75 kJ/m2. B-bearing HSS tempered at 500 �C has excel-
lent wear resistance, which can be attributed to the
effect of boron.
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