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Abstract: Automobile crankshaft steel 42CrMo, which requires excellent machinability and mechanical properties, cannot be 
manufactured by traditional methods. To achieve these qualities, the formation behavior of boron nitride (BN) inclusions in 
42CrMo steel was studied in this article. First, the precipitation temperature and the amount of BN type inclusions with differ-
ent contents of boron and nitrogen in molten steel were calculated thermodynamically by FactSage software. Then the mor-
phology and the size of BN type inclusions as well as the influence of cooling methods on them were investigated by scanning 
electron microscopy. Furthermore, the effects of cooling rate and the contents of B and N in molten steel on the morphology, 
size, and distribution of BN type inclusions were studied quantitatively and detailedly by directional solidification experiments. 
It is found that different BN inclusions in molten steel can form by controlling the cooling rate and the contents of B and N, 
which is important for obtaining the excellent machinability of 42CrMo steel. 
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1. Introduction 

Free cutting steels used for mechanical structures 
are often produced by adding sulfur or lead. Lead se-
ries free cutting steel has been widely used for its best 
cutting performance, such as tool life, chip disposability, 
and surface finish. However, because of lead pollution to 
the environment and its harmful effects on the process 
of scrap recycling, its application has been limited, and 
the recycle of leaded auto parts has been forbidden by 
the European Community Regulations. Therefore, it is 
necessary to develop new non-leaded free cutting steels. 

Boron nitride (BN) free-cutting steel is a response 
to this trend. Since BN has a hexagonal crystal struc-
ture similar to graphite, whose hexagonal layered 
structure can be cut easily, it can improve the free 
cutting property of steel during the deformation proc-
ess at high temperature. BN free-cutting steel has a 
better free cutting property than lead-free free-cutting 
steel when it is used for mechanical structures, and has 
better mechanical properties than leaded, phosphorus, 
and sulfur free-cutting steel. It also has a better ma- 

chinability in the field of high-speed cutting and has 
the same cold ductility as low carbon steel. BN free- 
cutting steel has good cold forming and cutting per-
formances, which had been considered impossible pre-
viously. In recent years, Tanaka et al. [1-5] carried out 
the exploration to improve the free cutting property of 
steel through crystallizing out BN type inclusions in 
steel and controlled the mode of sulfide species by ad-
justing the steel composition. However, the develop-
ment of BN free-cutting steel has not been reported in 
China. The improvement of free-cutting property de-
pends on the type, shape, size, amount, and distribu-
tion of inclusions in steel [6], thus the precipitation 
behavior of BN type inclusions in 42CrMo steel was 
studied in this paper. 

2. Experimental material and methods 

2.1. Experimental material 

The experimental material was a 42CrMo round 
billet with a size of φ36 mm×650 mm, and the chemi-
cal composition is listed in Table 1. 
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Table 1.  Chemical composition of the experimental material                        wt% 

C Si Mn P S N Cr Ni Cu Mo 

0.38-0.45 0.17-0.37 0.50-0.80 ≤0.035 ≤0.035 0.0097-0.01 0.90-1.20 ≤0.25 ≤0.20 0.15-0.25 

 

2.2. Experimental methods 

Cold crucible induction melting experiments were 
conducted in a tubular resistance furnace to produce 
BN samples. A crucible with a capacity of 1 kg steel 
(purity: 99.99% Al2O3) was used. The whole experi-
mental process was protected by nitrogen (2 L/min), 
and the temperature was controlled in the range of 
1620-1650°C. The experimental process was as the fol-
lows. The crucible containing 1 kg 42CrMo steel was 
placed in the resistance furnace, and ohmic heating 
was carried out until the steel was melted and the re-
quired temperature was achieved. Ferro boron (the 
content of boron is about 20wt%) and nitrogen were 
added according to different ratios of N/B, and finally 
the samples with different contents of B and N were 
prepared. The cooling methods of samples were di-
vided into water quenching, air cooling, furnace cool-
ing, and controlled cooling (Fig. 1). The composition 
and morphology of BN type inclusions in the samples 
were observed by a scanning electron microscope 
(SEM, Zeiss Ultra55) with energy dispersive spectros-
copy (EDS, Oxford Instruments Inca X-max50) after 
being lapped and polished, and the number of BN type 
inclusions in different particle sizes per unit area was 
counted. Meanwhile, FactSage software was used to 
calculate the precipitation of BN type inclusions in 
steel that had different contents of B and N in ther-
modynamic equilibrium state, which provides a verifi-
cation and theoretical basis for the experiment. 

In order to further study the effects of cooling rate 
and the contents of B and N in molten steel on the 
morphology, size, and distribution of BN type inclu-
sions, four samples with different contents of B and N 
were selected for directional solidification experiments. 
Based on the requirement of directional solidification 

experiments, the samples were prepared for smooth 
bars with a size of φ6.5 mm×100 mm. The experimen-
tal equipment was a Bridgman directional solidifica-
tion system. The heating method was induction heat-
ing, and it depended on a graphite heater which was 
heated by an induction coil to heat alloys by heat 
transfer. The temperature gradient G was 5.2×103 

°C/m [7], and the withdrawal rates were 10 and 
1000 μm/s, respectively. Under this condition, eight 
directional solidification samples were obtained. The 
composition and morphology of BN type inclusions in 
the samples that had been polished and lapped were 
observed by SEM, and the amount of BN type inclu-
sions in different particle size ranges per unit area was 
counted. 

 

Fig. 1.  Controlled cooling curve. 

3. Results and discussion 

3.1. Results of smelting experiments 

The chemical composition of the samples obtained 
by cold crucible induction melting is shown in Table 2. 

Table 2.  Chemical composition of the samples                                 wt% 

Sample C Si Mn P S O Ti Sol.Al B N 

BN1 0.420 0.362 0.781 0.017 0.018 0.005 0.052 0.031 0.0890 0.041 

BN2 0.420 0.362 0.781 0.017 0.018 0.005 0.052 0.031 0.0890 0.032 

BN3 0.420 0.362 0.781 0.017 0.018 0.005 0.052 0.031 0.0109 0.043 

BN4 0.420 0.362 0.781 0.017 0.018 0.005 0.052 0.031 0.0250 0.042 

BN5 0.420 0.362 0.781 0.017 0.018 0.005 0.052 0.031 0.0044 0.030 

BN6 0.420 0.362 0.781 0.017 0.018 0.005 0.052 0.031 0.0150 0.043 

Note: Sol.Al ⎯ Acid-soluble aluminium. 
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Cooling methods were different for different samples. 

Samples BN1-4 were natural cooling, sample BN5 was 
water quenching, and cooling methods for sample BN6 
were air cooling, furnace cooling, and controlled cooling. 

3.2. Calculation results by FactSage software 

The relationship between the precipitation of BN 

type inclusions and temperature, which was calculated 
by FactSage software in thermal equilibrium state, is 
shown in Fig. 2 (supposing that the molten steel was 
100 g). The precipitation amount and temperature are 
shown in Table 3. With different contents of B and N, 
the amount, temperature, and change law of the pre-
cipitation of BN type inclusions are different. 

 
Fig. 2.  Relationship between the precipitation amount and temperature of different BN type inclusions: (a) BN1; (b) BN2; (c) 
BN3; (d) BN4; (e) BN5; (f) BN6. 

Table 3.  Calculation results of the precipitation amount and temperature of BN type inclusions 

Contents of B and N in 

molten steel / wt% Sample 

B N 

Maximum precipitation 

amount / g 
Final precipitation amount / g 

Starting precipitation  

temperature / °C 

BN1 0.0890 0.041 0.0724 0.0493 1440 

BN2 0.0890 0.034 0.0601 0.0368 1430 

BN3 0.0109 0.043 0.0250 0.0250 1360 

BN4 0.0250 0.042 0.0528 0.0511 1400 

BN5 0.0044 0.030 0.0101 0.0101 1290 

BN6 0.0150 0.043 0.0344 0.0344 1380 

 

As shown in Fig. 2 and Table 3, in thermal equilib-
rium state, the maximum precipitation amount, the 
final precipitation amount, and the starting precipita-
tion temperature of BN type inclusions are determined 
by the B and N contents in steel. The calculation re-
sults of samples BN1 and BN2 show that when the B 
content is constant in steel, the maximum precipita-
tion amount, the final precipitation amount, and the 
starting precipitation temperature of BN type inclu-

sions will increase with the increase in N content in 
steel. Comparing the calculation results of samples 
BN3 and BN6, it is known that when the N content is 
constant in steel, they will increase with the increase in 
B content. The precipitation amount of BN type in-
clusions in samples BN1 and BN2 decreases near 
800°C (Figs. 2(a) and 2(b)). Since nitrogen is easy to 
react with Al and Ti in molten steel, N in BN inclu-
sions is probably taken away by Ti and Al, and free B 
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is left in the two samples. As shown in Figs. 2(c), 2(e), 
and 2(f), N is enough to react with B, and there is no 
free B left in the samples. Fig. 2(d) shows that the 
precipitation amount of BN inclusions is up to the 
maximum and declines a little; it means that the reac-
tion of B and N is almost complete. The N/B ratio is 
about 1.7 when the reaction of B and N is complete in 
42CrMo steel. The rapid precipitation temperature of 
BN type inclusions is about 1300-1400°C, therefore, in 
order to control the precipitation of BN inclusions, the 
heat treatment temperature is about in this range. 

In previous researches [8-9], the precipitation tem-
perature of BN type inclusions in heat resistant steel, 
which is about between 1150 and 1200°C (B: 
0.003wt%; N: 0.06wt%), is similar to the calculation 
results, and it confirms that the calculation results are 
similar to the practical precipitation behavior of BN 
type inclusions. From the thermodynamic perspective, 
the solid solubility formula of various nitrides in mol-
ten steel can be expressed by Eqs. (1)-(3) [10]: 

lg{[Al][N]}γ=1.79−7184/T          (1) 

lg{[Ti][N]} γ=0.32−8000/T       (2) 

lg{[B][N]} γ=4.160−14694/T        (3) 

where [Al], [Ti], [B], and [N] are the contents of Al, Ti, 
B, and N in molten steel, respectively; and T is the 
temperature, K. 

When the contents of Al, Ti, and B are the same in 
molten steel, the precipitation order is BN, TiN, and 
AlN. However, the Ti content is more than the B con-
tent in these samples, so the precipitation of TiN 
would be priority to BN. 

From the perspective of kinetics, B has a slightly 
higher diffusion coefficient than N and is ten times of 
Al [11-12], so the growth of BN type inclusions is de-
termined by the diffusion of N, meanwhile, the pre-
cipitation of AlN has been repressed gravely by B in 
samples. In our research, AlN was not found. In prac-
tical production, B combines with free N preferentially 
to form coarse BN particles in molten steel. When 
MnS exists in molten steel, the intragranular precipi-
tation of BN type inclusions take precedence over 
grain boundaries, so BN type inclusions could be easily 
separated with MnS [11, 13-14]. This research also 
confirms the conclusion. 

3.3. Morphology and size of BN type inclusions 

Typical BN type inclusions in the samples are 
shown in Fig. 3, and there are mainly single BN type 
inclusions and complex inclusions composited with 
Al2O3, MnS, and TiN. BN type inclusions separate 
from Al2O3, MnS, and TiN to all or unilateral direction 
as Al2O3, MnS, and TiN nucleus, sometimes three and 
more precipitates would appear with BN together. The 
size of BN type inclusions is from 5 to 50 μm. 

Surface scan of typical BN type inclusions in the 
samples is shown in Figs. 4-6. From the following  

 
Fig. 3.  Morphologies of single BN type inclusions (a) and composite BN type inclusions in the samples: (b), (c) with MnS; (d) 
with Al2O3; (e) with Al2O3 and MnS; (f) with TiN. 
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Fig. 4.  Morphology (a) and element distribution of typical BN type inclusions in the samples (composited with Al2O3): (b) Al; 
(c) O; (d) B; (e) N; (f) Fe. 

 

Fig. 5.  Morphology (a) and element distribution of typical BN type inclusions in the samples (composited with MnS): (b) Mn; 
(c) S; (d) B; (e) N; (f) Fe. 

graphs, it could be observed that BN type inclusions 
separate out from Al2O3, MnS, and TiN to all or unilat-
eral direction as Al2O3, MnS, and TiN nucleus. When 
BN diffuses uniformly, the shape is spherical; otherwise, 
the shape is spindle or irregular polygon. The compos-
ite precipitation of MnS and Al2O3 as the nucleus exists. 

The morphology and the size of BN type inclusions 
in the samples are determined by cooling methods, as 
shown in Table 4. Some previous researches [8-11] 
showed that the size of BN type inclusions was in-
versely proportional to the cooling rate, and this paper 
also confirmed that opinion. 
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Fig. 6.  Morphology (a) and element distribution of typical BN type inclusions in the samples (composited with Al2O3 and 
MnS): (b) Al; (c) O; (d) Mn; (e) S; (f) B; (g) N; (h) Fe. 

Table 4.  Morphology and size of BN type inclusions with different cooling methods 

Size / μm Morphology 
Cooling method 

Single BN Composite BN Single BN Composite BN 

Water quenching Not found Not found Not found Not found 

Air cooling 1-20 5-20 
Spherical, irregular 

polygon 
Near spherical, spindle 

Furnace cooling 10-50 10-50 Spherical, lumpy Near spherical, lumpy 

Controlled cooling 20-50 20-50 Spherical Near spherical 

 

As shown in Table 4, cooling methods have tre-
mendous impact on the morphology and size of BN 
type inclusions. Cooling methods for sample BN6 are 
divided into natural cooling, furnace cooling, and con-
trolled cooling. The size of BN type inclusions affected 
by cooling methods could be observed by analyzing 
sample BN6 (Fig. 7). It clearly shows that as the cool-
ing rate increases, the number of large-size particles 
decreases, and the number of small-size particles in-
creases. The calculation by FactSage software showed 
that the rapid precipitation temperature of BN type 
inclusions is about 1300-1400°C. When the cooling 
method is water quenching, the cooling rate is too 
rapid for BN type inclusions to separate out, so B and 
N have a large super saturation in molten steel. Simi-
larly, when the cooling method is natural cooling, B 
and N have high diffusion rates at high temperature; 
as a result, a large number of fine BN particles are 
thought to precipitate. However, the cooling rate is 
still too fast, BN particles do not have enough time to 
grow up, which causes the small size of BN type inclu-
sions. On the contrary, furnace cooling and controlled 
cooling have enough time to make BN type inclusions 

grow up. Especially for controlled cooling, because the 
temperature stays at 1200°C when BN type inclusions 
are precipitated, the amount and size of BN type in-
clusions in the sample are both larger.  

 
Fig. 7.  Size distribution of BN type inclusions in sample 
BN6 with different cooling methods. 

The size of BN type inclusions affected by the con-
tents of B and N in molten steel is shown in Fig. 8, in 
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which four samples were cooled by natural cooling. It 
shows that at the same cooling rate, the contents of B 
and N could hardly affect the size of BN type inclu-
sions. 

 

Fig. 8.  Size distribution of BN type inclusions in air cooling 
samples with different contents of B and N. 

3.4. Results and analysis of directional solidification 

The above study proved that the morphology and 
size of BN type inclusions in the samples are affected 
by cooling rate. To obtain the precipitation law of BN 
type inclusions, directional solidification was imple-
mented. The sample number and chemical composition 
of directional solidification specimens are shown in Ta-
ble 5. The cooling rate can be calculated by 

R=Gν            (4) 

where R is the cooling rate, °C/s; G the temperature 
gradient, K⋅m−1; and ν the withdrawal rate, m⋅s−1. 

Table 5.  Sample number and chemical composition of di-
rectional solidification specimens 

Sample 

No. 
Sample 

Cooling rate / 

(°C⋅s−1) 

B content / 

wt% 

N content / 

wt% 

1 BN8 5.2 0.0110 0.040 

2 BN9 5.2 0.0150 0.042 

3 BN10 5.2 0.0038 0.034 

4 BN11 5.2 0.0065 0.043 

5 BN8 0.052 0.0110 0.040 

6 BN9 0.052 0.0150 0.042 

7 BN10 0.052 0.0038 0.034 

8 BN11 0.052 0.0065 0.043 

 

As mentioned before, the cooling rates were 5.2 and 
0.052°C/s, respectively. 

Typical BN type inclusions in directional solidifica-
tion samples are shown in Fig. 9, and there are mainly 
single BN type inclusions and complex inclusions 
composited with Al2O3, MnS, and TiN. The morphol-
ogy and the size of BN type inclusions at different 
cooling rates are shown in Table 6. 

 

Fig. 9.  Typical BN type inclusions in directional solidification samples: (a) single BN type inclusion; (b) composite BN type 
inclusions (with MnS). 

Table 6.  Morphology and size of BN type inclusions at different cooling rates 

Size / μm Morphology 
Cooling rate / (°C⋅s−1) 

Single BN Composite BN Single BN Composite BN 

0.052 1-10 5-20 Spherical, cluster Spherical, spindle, irregular polygon 

5.200 <1 None Spherical None 

 

As shown in Table 6, cooling rate has a great influ-
ence on the size of BN type inclusions. When the 

cooling rate is 0.052°C/s, the morphology of BN type 
inclusions is multiple. When the cooling rate is 5.2 
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°C/s, a large number of fine BN particles less than 1 
μm precipitate, and the morphology is spherical. The 
result shows that as the cooling rate increases, the 
morphology of BN type inclusions becomes simpler 
and the size becomes smaller. 

The size distribution of BN type inclusions is shown 
in Fig. 10 and the statistics result is shown in Fig. 11. 
Fig. 10 shows that when the cooling rate is 5.2°C/s, a 
large number of very fine BN inclusions precipitate in 
steel dispersedly because of the insufficient time of 
solidification. On the contrary, when the cooling rate is 
0.052°C/s, there is enough time for BN inclusions to 
precipitate and grow, so BN type inclusions precipitate 
and grow to more than several microns. Furthermore, 
as the cooling rate becomes slower, groups of BN type 
inclusions with a larger size would be formed. The ef-
fect of B and N contents on the size of BN type inclu-
sions is indistinctive. As shown in Fig. 11, when the 

cooling rate increases, the quantity of BN type inclu-
sions increases, and it also increases with the increase 
in contents of B and N in the sample. 

 
Fig. 10.  Size distribution of BN type inclusions in direc-
tional solidification samples. 

 

Fig. 11.  Quantity of BN type inclusions in directional solidification samples at different cooling rates: (a) 5.2°C/s; (b) 0.052°C/s. 

4. Conclusions 

(1) In thermal equilibrium state, the maximum pre-
cipitation amount, the final precipitation amount, and 
the starting precipitation temperature of BN type in-
clusions are determined by the contents of B and N in 
steel. The ratio of N/B is around 1.7 when the reaction 
of B and N is complete in 42CrMo steel. The rapid 
precipitation temperature of BN type inclusions is be-
tween 1300-1400°C; therefore, for the precipitation of 
BN type inclusions, the heat treatment temperature is 
in this range. 

(2) From the perspective of thermodynamics and 
kinetics, nitrides in 42CrMo steel are mainly BN and 
TiN, and AlN hardly generates. 

(3) Cooling methods have a tremendous impact on 
the morphology and the size of BN type inclusions. It is 
presented clearly that as the cooling rate increases, the 

number of large-size particles decreases and the number 
of small-size particles increases. The contents of B and 
N could hardly affect the size of BN type inclusions. 

(4) As the cooling rate decreases, the quantity of 
BN type inclusions decreases; as the contents of B and 
N increase, the quantity of BN type inclusions in-
creases. 
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