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ABSTRACT 

The effects of quenching process on microstructure and hardness of High-Boron High-Speed Steel (HB-HSS) 

containing 0.4%C-6.0%Cr-4.0%Mo-1.0%V-1.0%Si-0.5Mn-x%B-y%Al (x=1.0, 1.5, 2.0, y=1.0, 2.0, 3.0) 

were investigated by means of optical microscopy (OM), scanning electron microscopy (SEM), X-ray 

diffraction (XRD), and Rockwell hardness tester. The experimental results indicate that the quenching 

microstructure of HB-HSS consists of α-Fe, M2(B, C), M7(B, C)3 and a few of M23(C, B)6。With the increase 

of quenching temperature, the net structure of borocarbides is damaged and the borocarbides are evenly 

distributed in the matrix. When the quenching temperature is 1050 °C, the Rockwell hardness of HB-HSS 

increases with the increase of boron content. The Rockwell hardness of HB-HSS decreases with the increase 

of aluminum content. When the quenching temperature is 1050 °C, the aluminum content is 1.0% and boron 

content is 1.0%-2.0%, the combination of the microstructure and the hardness of HB-HSS is the best. 
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1. INTRODUCTION 

Recently, high-speed steel rolls have 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 iron and high Ni-

Cr infinite chill iron rolls [1,2]. However, high-speed steel rolls contain many cost alloy elements, such as 

tungsten, molybdenum, vanadium, niobium, cobalt, etc., which incurs higher production cost and restricts the 

application of high-speed steel rolls [3]. In recent years, high boron wear-resistant alloy has been widely 

concerned in the world [4-6]. High boron wear-resistant materials have been extensively and deeply studied, 

and breakthroughs have been made in the application of high boron wear-resistant steel in the manufacture of 

new generation of wear-resistant materials [7,8]. The borocarbide has high hardness and good thermal 

stability. In the traditional high speed steel, adding boron to replace some tungsten and molybdenum 

elements and adding a small amount of vanadium elements to form new High-Boron High-Speed Steel (HB-

HSS) is a major research direction at present [9]. Through changing the content of boron and carbon to 

control the volume fraction and distribution of borocarbides in matrix, HB-HSS has been developed that can 

be used as excellent wear-resistant roll material [10, 11]. The production cost of HB-HSS roll is lower than 

that of high-speed steel roll. Aluminium as an alloying element has long been used in high-speed steel, 

replacing parts of tungsten, molybdenum elements to improve the red hardness of steel [12,13]. It can 

improve the tempering stability, hardness and red hardness of high-speed steel for it mainly solubilses in the 

matrix [14-16]. In order to improve the wear resistance in high temperature, the appropriate amount of 

aluminum is added to the high-speed steel.. 

           The M2(B, C) hard phase exists in the matrix as network. It can enhance the wear resistance, but also 

greatly increases the brittleness of the HB-HSS material [17]. In view of the above shortcoming, through 

proper design of heat treatment process, the network eutectic borocarbides were broken and dispersed in the 

matrix, which can improve the comprehensive properties of HB-HSS materials. In this work, the Thermo-

Calc software was used to calculate equilibrium phase with different boron concentration [18]. On the basis 

of the calculation of phase diagram, this paper selects different boron and aluminum content, combined with 

different temperature quenching process, to study the change trend of M2(B, C) morphology and quantity in 

the microstructure. The research results will provide reference for the selection of the optimum composition 
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and the heat treatment process of HB-HSS. 

2. MATERIALS AND METHODS 

2.1 The preparation of specimens 

The boron content of HB-HSS was chosen as 1.0%, 2.0% and 3.0% respectively. When the boron content 

was 2.0%, the aluminium content was chosen as 1.0%, 1.5%, 2.0%, respectively. The design composition of 

HB-HSS is shown in Table 1. HB-HSS were melted in a medium frequency induction furnace and poured 

into metal mold. The pouring temperature is 1773K and the mold was preheated to 573K before pouring. The 

ingot is a cylinder with 100mm diameter and 300 mm length. The specimens were prepared from the center 

of ingots by wire cutting with the size 15mm×15mm×15mm. The chemical composition of HB-HSS was 

determined by x-ray fluorescence spectrum analysis (XRF), and the test results are shown in Table 2. Due to 

the effective element of the test range of 11 (Na) to 92 element (U), XRF analysis did not test the content of 

carbon and boron elements, and the rest of the alloy elements are close to the design value. In order to 

accurately test the content of boron and carbon in the cast samples, the analytical method was used to 

determine the content of elements in the samples. The compositions of boron and carbon elements testing by 

chemical analysis are shown in Table 3. From the test results we can know that the absorptivity rate of boron 

element is more than 85%, and the carbon element is in the range of 0.35-0.42 wt. %. 

Table 1: The design composition of the alloy (mass fraction, %). 

SAMPLE C Cr Al Mo V Mn Si B Fe 

1# 0.4 6.0 1.0 4.0 1.0 0.5 1.0 1.0 Bal 

2# 0.4 6.0 1.0 4.0 1.0 0.5 1.0 2.0 Bal. 

3# 0.4 6.0 1.0 4.0 1.0 0.5 1.0 3.0 Bal. 

4# 0.4 6.0 1.5 4.0 1.0 0.5 1.0 2.0 Bal. 

5# 0.4 6.0 2.0 4.0 1.0 0.5 1.0 2.0 Bal. 

Table 2: XRF results of the alloy (mass fraction, %). 

SAMPLE Cr Al Mo V Mn Si Fe 

1# 5.80 0.76 5.77 0.82 0.56 1.18 Bal. 

2# 5.78 0.80 5.72 1.06 0.56 1.24 Bal. 

3# 6.20 0.68 5.87 0.91 0.65 1.08 Bal. 

4# 7.36 1.24 5.35 0.82 0.53 1.07 Bal. 

5# 7.56 2.08 5.56 0.77 0.68 1.15 Bal. 

Table 3: The composition of B, C by chemical analysis (mass fraction, %). 

SAMPLE 
C CONTENT 

(WT.%) 

B CONTENT 

(WT.%) 

DESIGNED B 

CONTENT 

(WT.%) 

ABSORPTIVITY RATE 

OF B 

（%） 

1# 0.42 0.85 1.0 85.0 

2# 0.38 1.82 2.0 91.0 

3# 0.35 2.75 3.0 91.6 

4# 0.38 1.78 2.0 89.0 

5# 0.40 1.84 2.0 92.0 
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2.2 Quenching process  

 

2.2.1 Calculation of phase diagram 

The equilibrium solidification process was calculated with the content of the following elements: 1.0%Al、
0.4%C、6.0%Cr、4.0%Mo、1.0%Si、0.5%Mn and 1.0%V，boron content is 1.0%~3.0%. The TCFE 

database, POLY-3 module and POST module were used under the condition T=1200K, P=105kPa. The 

equilibrium criterion was the minimum of Gibbs free energy [19-22]. In the calculation process, the starting 

temperature is 1750°C and cooled to 500 °C with cooling rate of 20 °C per minute. After the balance 

calculation in the POLY-3 module, the vertical section phase diagram of the Fe-B pseudo-binary phase 

diagram is obtained, as shown in Figure 1. 

 

Figure 1: Fe-B equilibrium phase calculated by Thermo-Calc. 

2.2.2 Quenching process 

The accuracy of phase diagram obtained by the Thermo-Calc software has been confirmed in previous work 

[23]. From the Fe-B equilibrium phase diagram, when the boron content is between 0-3.0 %, the phase 

transition temperature range is from 1150 °C to 1220 °C. In order to avoid the specimen over-burnt, the 

quenching temperature should be controlled under 1100 °C. At the same time, the austenitization can be 

carried out only when the temperature higher than 800 °C, so the quenching temperature should be higher 

than 800°C. Comprehensive consideration, the quenching temperature is 900 °C, 950 °C, 1000 °C, 1050 °C 

and 1100 °C. The holding time is 4 hours and the oil cooling method is chosen. 

 

2.3 Experimental method 

Investigation techniques used for HB-HSS included optical microscopy (OM) and scanning electron 

microscopy (SEM). The samples were etched with 4% nital for optical microscopy 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 

optical microscopy used was an OLYMPUS BX51. The scanning electron microscopy used was a FEI 

QUANTA200. XRD was performed on the bulk specimens and was carried on a 7000D diffractometer with 

Copper Kα radiation at 40 kV and 200 mA as an X-ray source. The sample was scanned in the 2θ range of 

20
o
-80° in a step-scan mode (0.02° per step). Macro-hardness measurement of high vanadium wear-resistant 

alloy was done using an HR-150A type Rockwell hardness tester. The test load was 150 kg. The micro-

hardness of matrix was measured by using a MICRO MET-5103 type Vickers-hardness tester with a load of 

1.96 N and the time of 10s. At least seven indentations were made on each sample under each experimental 

condition to check reproducibility of the hardness data.  

3. RESULTS 

3.1 XRD analyses of HB-HSS 

The 1# samples with as-cast and quenched state were selected for XRD analysis. The XRD curves are shown 

in Figure 2. From the XRD results, the matrix is α phase in as-cast and quenched state and the hard phases 

app:ds:measurand
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are M2(B, C), M7(B, C)3 and a very small amount of M23(B, C)6. Compared with the as-cast sample, the 

M2(B, C) diffraction peak is more intense in the curve of quenched state sample which indicated the amount 

of M2(B, C) is much more than the as-cast sample. The reason is that the cooling rate of quenched state 

sample is much quicker and the distribution of M2(B, C) is more concentrated [24-25]. There are about 1% 

vanadium in the HB-HSS. The MC-type (M=V, Mo, Cr) carbides which existed in the equilibrium phase 

diagram could not be found in the XRD results. As we all known, the vanadium is one of the strongest 

carbide forming elements. During the cooling process, it will be prior to form MC-type carbides. It is easy to 

verify that the MC-type carbides are mainly composed of VC. For the vanadium content in the HB-HSS is 

only 1.0%, the amount of MC-type carbides are too little to be detected by the XRD. Moreover, hard phase 

M23(B, C)6 is few and have not been found by XRD. 

 

Figure 2: XRD spectrum of as-cast (a) and quenched state (b) of sample 1# sample. 

3.2 Distribution of alloy element 

In order to study the distribution of the alloy elements in the HB-HSS, the 1# sample was scanned after 

1050°C quenching, and the results were shown in Figure 3. From the Figure 3, the Al element is mainly 

distributed in the matrix, much less in the grain boundary or bulk boron-carbides. Boron and molybdenum 

segregation is the most serious which are mainly distributed in the grain boundary of borocarbides，but the 

distribution in the matrix is very little. This distribution feature is favorable to the pinning effect of grain 

boundary, which can increase the strength of HB-HSS. The distribution of chromium and vanadium in the 

matrix and the borocarbides is uniform. It is beneficial to improve the hardenability of HB-HSS material. 
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Figure 3: SEM and map scanning images of quenching 1# sample. (a) SEM; (b-f): element distribution of B, Al, Mo, Cr, 

and V. 

4. DISCUSSION 

4.1 Quenched microstructure of 1# sample after different temperature 

In order to determine the quenching temperature range for each group of samples, the 1# sample (B 1.0%, Al 

1.0%) was selected for quenching treatment at different temperatures. The heating temperature is 900 °C, 950 

°C, 1000 °C, 1050 °C and 1100 °C respectively, holding for 4 hours and then cooled by oil. The 

microstructure and SEM morphology of as-cast and quenched samples at different temperatures are shown in 

Figures 4 and 5. The test results of the hardness are shown in Figure 6. 
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Figure 4: OM pictures of as-cast(a) and quenched at 900 °C(b), 950 °C(c), 1000 °C(d), 1050 °C(e) and 1100 °C(f) of 1# 

sample. 

 

Figure 5: SEM morphology of as-cast (a) and quenched at 1050°C (b) 1# sample. 
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Figure 6: Rockwell hardness of as-cast and quenched of 1# sample. 

           The microstructure of as-cast sample is composed with eutectic borocarbides, lath martensite, and 

pearlite. Matrix is encircled by the eutectic borocarbides and showed as cell-like. Some borocarbides are 

precipitated along the austenite grain boundary which shown as mesh-like structure. The macro-hardness of 

as-cast sample is 38.5 HRC. Compared with as-cast sample, the microstructure of quenched samples is 

composed with cryptocrystalline martensite (grey) and borocarbides (white part). With the increasing of 

quenching temperature, the borocarbides mesh-like structure is partially destructed, and the broken network 

borocarbide distributed evenly in matrix. At the same time, the size of borocarbide is also refinement with the 

increase of temperature. It can be known that the quenching temperature is beneficial to the refinement of 

borocarbide. 

           The effect of quenching temperature on the macro-hardness and the matrix micro-hardness of HB-

HSS is shown in Figure 6. When the quenching temperature is lower than 1050 °C, the macro-hardness and 

the micro-hardness of matrix increase significantly with the increase of quenching temperature. When the 

quenching temperature exceeds 1050 °C, the macro-hardness and the micro-hardness of matrix have a 

decrease tendency. The main reason is that the matrix of HB-HSS is mainly composed of ferrite and pearlite 

that have lower micro-hardness, when the quenching temperature is no more than 1000 °C. This cause that 

the macro-hardness of HB-HSS is lower. The matrix is transformed from ferrite and perlite to martansite with 

high micro-hardness after quenching at 1050 °C. At the same time, when HB-HSS is quenched at high 

temperature and rapid cooling, the diffusion of boron atoms from the intragranular to the grain boundary is 

prevented, which makes boron dissolve into the matrix to form supersaturated solid solution and lead to 

larger lattice distortion. Thus, the macro-hardness and the micro-hardness of matrix are both obviously 

improved while quenching at 1050 °C. 

4.2 Quenched microstructure of 2# - 5# samples at 1050 °C 

According to the results of quenching treatment of 1# sample, the 2#-5# samples were quenched at 1050 °C, 

holding for 4 hours and cooled by oil as 1# sample. The microstructure is shown in Figure 7 and macro-

hardness test results are shown in Figure 8. From the as-cast sample (sample 1#-3#), the microstructure of 

alloy is composed with eutectic borocarbides and lath martensite and pearlite. With the increasing of boron 

content, the amount of borocarbides increased significantly, and the morphology of borocarbides changes 

from mesh-like structure（the sample 1# with 1.0%B）to fishbone and block structure (the sample 2# with 

2.0%B). When the content of B increases to 3.0%, the morphology showed as block and chrysanthemum 

rosette (the sample 3# with 3.0%B). Compared with as-cast sample, the microstructure of quenched sample 

(sample 1#-3#) is composed with cryptocrystalline martensite (grey) and borocarbides (white part). The 

quenched structure of borocarbides has been destructed partly and a small amount of fine borocarbides 

precipitated in the matrix, which can enhance the macro-hardness of HB-HSS. 
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Figure 7: OM pictures of as-cast (a1–e1) and quenched at 1050 °C (a2–e2) of 1#-5# specimens (letters a, b, c, d, and e 

correspond to 1#, 2#, 3#, 4#, and 5# specimens, respectively). 
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Figure 8: Rockwell hardness of 1#-5# sample after quenching at 1050 °C. 

           The boron contents of 2#, 4# and 5# sample are 1.82%, 1.78% and 1.84% respectively, while the 

aluminum contents are 0.80%, 1.24% and 2.08% respectively. Compared with 2# sample，it can be known 

that the 4# sample has a small amount of bulk ferrite in the matrix. The hard phase is still eutectic 

borocarbides, but the thickness of the borocarbides is obviously thinner, especially the appearance of ferrite, 

which makes the mesh-like structure tend to shrink. The matrix microstructure of 5# sample has been 

transformed into pearlite. The hard phase is borocarbides but the mesh-like structure has been destructed 

partly and the residual mesh-like structure appears a large number of micro-cellular, for the increase of 

aluminum obstacles the formation of eutectic borocarbides. Due to the increase of ferrite, the austenite 

process cannot be carried out completely during the quenching process. A large number of ferrite still exists 

in matrix after quenching, which results the macro-hardness is lower than 2# sample. The quenching 

hardness of 4# samples 5# is 44 HRC and 42 HRC respectively. According to the microstructure and 

hardness analysis, when the quenching temperature is 1050 °C and the aluminum content is 1.0%, the boron 

content of 1.0-2.0%, HB-HSS can be obtained with high hardness and good toughness. On this basis, the 

microstructure and hardness under different tempering temperatures can be further studied in the future. 

 

5. CONCLUSIONS 

1) As-cast microstructures of HB-HSS containing 0.4%C-6.0%Cr-4.0%Mo-1.0%V-1.0%Si-0.5Mn-x%B-

y%Al (x=1.0, 1.5, 2.0, y=1.0, 2.0, 3.0) consist of the metallic matrix and eutectic borocarbides, and the 

metallic matrix is the mixture of martensite and pearlite. When the aluminum content is lower than 1.0%, the 

morphology of eutectic borocarbides changed from mesh-structure to block and chrysanthemum rosette with 

the increase of boron content from 1.0% to 3.0%. 

2) When the boron content is 2.0%, and the aluminum content is more than 1%, aluminum will lead to the 

increase of ferrite in the matrix, which makes the hardness of HB-HSS decrease significantly. 

3) When the aluminum content is 1.0% and the boron content is in the range of 1.0-2.0%, HB-HSS can 

obtain high hardness quenching at 1050 °C. 
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