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ABSTRACT

Purpose: The paper presents the results of investigations on the effect of 0.003% boron 
microaddition on the hardenability of new-developed HSLA-type steels. In order to prevent 
the binding of the boron microaddition with nitrogen in BN nitrides, Ti microaddition at 
concentrations of 0.033% and 0.028% was also added into the tested steels.

Design/methodology/approach: Evaluation of hardenability of the investigated steels 
was carried out on the basis of the Jominy test and the analytical method, according to 
the ASTM 255-89 standard, taking into account the effect of the boron microaddition. 
Additionally, developed of the CCT-diagram of investigated steel. A DIL 805A/D dilatometer 
with a LVDT-type measuring head was used to carry out the dilatometric test.

Findings: Microaddition of boron, introduced into steel in a concentration of 0.003% along 
with Ti microaddition shielding (in concentration of 0.033% in steel A and 0.028% in steel B), 
advantageously improves hardenability. This is reflected in calculated ideal critical diameter 
DIB, which is equal 163 mm for steel A and 155 mm for steel B. The form of curves of phase 
transformations of supercooled austenite is typical for steels with microaddition of boron, 
with similar chemical composition.

Research limitations/implications: Due to similar chemical composition of investigated 
steels, the kinetics of phase transformations of austenite, supercooled under continuous 
cooling, was determined for steel B containing 0.28% C, 1.4% Mn, 0.3% Si, 0.26% Cr, 0.22% 
Mo and Nb, Ti, V and B microadditions at 0.027%, 0.028%, 0.019% and 0.003% respectively.

Practical implications: Tested steels have high hardenability and show the full usability 
for production of forged parts with the method of thermomechanical treatment, i.e., hot-
deformed in the temperature range adjusted to the type of microadditions added to steel, 
with direct quenching of forgings from finishing forging temperature. The results of the tests 
may be useful for developing the parameters of heat treatment and thermomechanical 
treatment of investigated steels.

Originality/value: The hardenability of new-developed HSLA-type steels was determined.

Keywords: Hardenability, Boron microaddition, HSLA-type steels
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1. Introduction 
 

High requirements for modern steel products have been 

met in a wide range by fine-grained low-alloy HSLA (High 

Strength Low Alloy) steels, containing microadditions with 

strong chemical affinity for both, carbon and nitrogen,  

i.e. Nb, Ti and V, and sometimes also increased concentration 

of N and B – which improves hardenability. Metallic 

microadditions introduced into these steels form MX type  

(M – Nb, Ti, V; X – C, N) stable interstitial phases when 

interacting with C and N. Dispersive particles of interstitial 

phases, i.e. carbides, nitrides and carbonitrides of 

microadditions introduced into steel, limiting movements of 

grain boundaries of recrystallized austenite, create the 

opportunity to obtain products with fine-grained 

microstructure, which determines high mechanical properties, 

satisfactory plasticity and ductility and guaranteed resistance 

to brittle cracking [1-11]. 

Scientific issues, as well as the aspects of application of 

HSLA-type high strength microalloyed constructional steels, 

have been intensively developed since the early sixties of last 

century. The development of HSLA type steels has then 

started, stimulated over the years by various events, such as 

the oil crisis and increased emphasis on environmental 

protection, as well as the elaboration of new metallurgical 

technologies and metallurgical processing. 

Technical and economic benefits resulting from the use of 

this group of steel – first of all for production of rolled 

products, have led to elaboration of chemical composition of 

microalloyed steels for production of forged elements for the 

needs of automotive industry, mining, agricultural machines 

and other applications.  

High mechanical properties and high resistance to 

cracking are obtained by microalloyed toughening steel 

elements forged with the method of thermomechanical 

treatment. The applied method consists in conducting plastic 

deformation under appropriate conditions, with the use of 

advanced degree of thermally activated processes with 

subsequent hardening of forgings directly from the 

temperature of forging finish, preferably after the time t0.5 

required to form 50% fraction of statically recrystallized 

austenite. Direct quenching, especially after expiration of the 

t0.5 time, limits the heat treatment of forged parts only to high-

temperature tempering [12-15]. Relatively low concentration 

of carbon and alloying components in these steels indicates 

that the parts forged with the use of thermomechanical 

treatment, subjected to subsequent high-temperature 

tempering, obtain good workability.

An important feature of constructional and machinery 

steels is their hardenability, which increases with the shift  

of the temperature range of diffusion and diffusion- 

diffusionless transformations of supercooled austenite to 

longer times, causing a decrease of the critical cooling rate. 

Increased hardenability of steel, in addition to introduced 

alloying components, is also favoured by coarse-grained 

microstructure of austenite, which, however, contributes to 

formation of thick-lath martensite and deterioration of 

ductility of heat-treated machine parts. Therefore, apart from 

alloying components that increase hardenability, micro-

additions forming MX type stable interstitial phases are also 

introduced into constructional steels, limiting the growth of 

austenite grains during austenitizing of hardened elements, 

and also boron, which improves hardenability of fine-grained 

steels.  

Microaddition of B, added into steel in concentration of 

up to 0.005%, works effectively only when dissolved in a 

solid solution and causes a decrease of energy of these lattice 

defects, delays nucleation in  transformation and reduces 

critical cooling rate, segregating on the boundaries of 

austenite grains [16-21]. Desired effect is obtained only in 

case of steels with high metallurgical purity. Hence steels 

with B microaddition, which is characterized with high 

chemical affinity for oxygen and nitrogen, similarly as Al, 

require carefully conducted metallurgical process. Before 

introduction of boron into the liquid steel it should be 

properly deoxidized and contain a Ti shield, preventing this 

element to bind with nitrogen. Otherwise, also B2O3 oxides 

are formed together with Al2O3 during deoxidation of liquid 

metal and in a solid state – BN and AlN stable nitrides; the 

part of boron bound to oxygen and nitrogen is practically 

eliminated from having any impact on hardenability of steel 

[22-24].  

An effective shield for boron, without compromising the 

ductility of steel, is to introduce into the melt appropriate 

portion of titanium, necessary to bind nitrogen into TiN. 

Taking into account atomic masses of Ti and N, in order to 

fully prevent boron from binding into BN nitrides, 

microaddition of titanium should be introduced into steel in a 

concentration of 3.4 x mass concentration of nitrogen. The 

amount of Ti above required concentration may be 

unfavourable, because formed large TiN and Ti(C,N) 

particles crack during hot working of steel, which leads to 

decrease of ductility of products. 

Solubility of boron in austenite decreases along with 

decrease of the temperature, which is the reason for 

precipitation of M23(C,B)6 carboborides at the grain 

boundaries. This compound dissolves in a solid solution 

during austenitizing, providing boron segregating at grain 

boundaries of the  phase [25-27]. Partially dissolved 

M23(C,B)6 particles can also inhibit the growth of austenite 

grains. 

1.   Introduction
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2. Research material and methodology 
 

The research was carried out on newly elaborated 

microalloyed constructional HSLA-type steels, containing 

0.31% C, 1.45% Mn, 0.3% Si, 0.26% Cr, 0.033% Ti, 

0.003% B – steel A and 0.28% C, 1.4% Mn, 0.29% Si, 

0.26% Cr, 0.027% Nb, 0.028% Ti, 0.019% V, 0.003% B – 

steel B. The investigated steels was designed by taking into 

consideration the production of forged elements by 

thermomechanical processing. Steel melts were prepared in 

a VSG-100S type laboratory vacuum induction furnace 

along with modification of non-metallic inclusions with the 

use of rare earth elements (0.060% Ce, 0.025% La, 0.024% 

Nd in steel A and 0.056% Ce, 0.030% La and 0.022% Nd 

in steel B). In order to prevent the formation of BN 

nitrides, a Ti shielding was used in the amount which is 

necessary to bind the whole nitrogen into TiN nitrides. 

Calculations carried out, taking into account the atomic 

masses of Ti and N, revealed that microaddition of titanium 

would bind the whole nitrogen into TiN nitrides, and in 

steel B additionally into (Ti,Nb)N nitrides and 

(Ti,Nb)(C,N) carbonitrides. The excessive amount of 

titanium will probably be bound into TiC carbides in steel 

A, and in complex (Ti,Nb)C and (Ti,Nb,V)C carbides in 

steel B. 

With the aim to determine the temperature range of TiN 

precipitation in austenite, a logarithmic equation was used 

in the form [1,2]: 
 

log [M]  [X] = B – A/T (1)  
 

where: [M] and [X] – mass fraction of metallic 

microaddition and metalloid dissolved in a solid solution at 

the T temperature, respectively, A and B – constants, equal 

in this dependence: A = 14400, B = 5 [28].  

As it results from the data presented in Figure 1, the 

temperature of the beginning of TiN precipitation in steel A 

is equal approximately 1350°C. Along with temperature 

decrease, the concentration of titanium and nitrogen 

dissolved in a solid solution gradually decreases while the 

portion of TiN increases. Complete binding of titanium into 

TiN occurs at the temperature of approximately 950°C 

(Fig. 1b). A similar course of changes in concentration of 

Ti and N dissolved in austenite as a function of temperature 

and the portion of TiN undissolved in a solid solution was 

found in steel B, where the temperature of the beginning of 

precipitation of TiN is about 25°C lower than the 

temperature of the beginning of precipitation of this nitride 

in steel A. This is due to slightly lower concentration of 

nitrogen and titanium in steel B. Performed analysis shows 

that at the applied austenitizing temperature of 900°C, 

nitrogen will be completely bound into TiN nitrides, which 

means that boron, dissolved in a solid solution, will 

effectively improve hardenability. 

 

 
 

Fig. 1. Temperature range of TiN precipitation in the 

austenite for the A steel containing 0.033 wt.% Ti and 

0.0043 wt.% N: a) titanium concentration dissolved in the 

austenite, b) nitrogen concentration dissolved in the 

austenite, c) fraction of <TiN> not dissolved in the 

austenite 

2.  Research material and methodology
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Due to similar chemical composition of investigated 

steels, the kinetics of phase transformations of austenite, 

supercooled under continuous cooling, was determined for 

steel B. The experiment was carried out using a DIL 

805A/D dilatometer by Bäehr Thermoanalyse GmbH, 

which is part of the equipment of the Institute for Ferrous 

Metallurgy in Gliwice, Poland. Studies of phase 

transformations of austenite were carried out on 4x 3x7 

mm tubular samples. Prior to the experiment, all specimens 

were subjected to thermal stabilization, i.e. they were 

heated to the temperature of 650°C at the rate of 10°C/s, 

then held for 600 s at this temperature and successively 

cooled to ambient temperature with the rate of 30°C/min. 

In order to determine the CCT-diagram, specimens were 

heated at the rate of 10°C/s up to the temperature of 900°C, 

where controlled cooling was initiated. Samples were 

austenitized at this temperature for 600 s and then cooled to 

ambient temperature at diversified rate, i.e.: 234°C/s, 

99°C/s, 50°C/s, 20°C/s, 10°C/s, 4°C/s, 2°C/s, 1°C/s, 

30°C/min, 15°C/min, 6°C/min, 3°C/min and 1°C/min.  

In order to identify the microstructure of transformation 

products of supercooled austenite, after dilatometric 

studies, samples were subjected to metallographic analysis 

in NEOPHOT 2 light microscope with digital image 

recording, at magnification of 400x and 800x. 

Microstructure of the samples was tested on transverse 

specimens.  

Hardness of specimens, HV10, was studied using 

Vickers method applying the load of 98N, implementing 

Swiss Max 300 universal testing machine. 

Hardenability of studied steels was determined on the 

basis of Jominy end quench test and with the use of the 

analytical method.  

The experimental hardenability test was carried out in 

accordance with PN-EN ISO 642:2002 standard [29] on 

cylindrical samples with a diameter of 25 mm and a length 

of 100 mm. Samples of examined steels were austenitized 

at the temperature of 900°C for 30 minutes before end 

quenching. Rockwell hardness was measured on a C scale 

(on two planes parallel to the axis) on ground surfaces of 

cylindrical samples. Basing on the measurements, hardness 

values were plotted versus distance from the specimen’s 

end and the ideal critical diameter of tested steels was 

evaluated.  

The ideal critical diameter of studied steels was also 

determined in accordance with the procedure presented in 

ASTM A255-89 [30]. According to this standard, the 

contribution of carbon concentration and other alloying 

components (Mn, Si, Ni, Cr, Mo, Cu and V) to the increase 

of hardenability, i.e. the ideal diameter, is calculated from 

the formula: 

DI =  DIC  f1  f2  f3……  fn        (2)  
 

where: DIC – ideal diameter of steel containing up to 0.7% C 

and grain size of primary austenite N = 7, read from the 

tables, f1….n – hardenability coefficients of individual 

alloying components with a value dependent on their 

concentration, given in mentioned ASTM standard. 

Due to the presence of boron microaddition in 

examined steels, in accordance with ASTM A255-89 

standard, first the BF (Boron Factor) should be determined, 

equal to the ratio: 
 

BF = DIw/DI      (3)  
 

where: DIw – ideal diameter read from the tables for the 

distance from Jominy sample’s end, corresponding to the 

hardness specific for 50% portion of martensite in steel 

with a given carbon content, DI – ideal diameter calculated 

from the dependence (2) without taking into consideration 

boron addition. 

The next stage of the procedure is to calculate the AF 

(Alloy Factor) from the dependence: 
 

AF = DI/fC     (4) 
 

where: fC – carbon hardenability coefficient for a given 

concentration of this element in steel.

Taking into account the value of the AF and the 

concentration of carbon in steel, the corrected BFS of boron 

hardenability is read from the tables and the ideal diameter 

of steel with boron is calculated from 
 

DIB = DI  BFS   (5) 
 

Microstructure observations of thin foils, taken from 

water-quenched samples after austenitizing at the 

temperature of 900°C, was carried out in a transmission 

electron microscope TITAN80-300, with an accelerating 

voltage of 300 kV. Identification of chemical composition 

of dispersive particles was determined with the use of 

energy dispersion spectrometer EDS and with the method 

of microdiffraction from the precipitation micro-area.
 

 

3. Results and discussion 
 

The diagram of phase transitions of supercooled austenite 

of steel containing 0.28% C, 1.41% Mn, 0.26% Cr and micro-

additions of Nb, Ti, V and B in the amounts of 0.027%, 

0.028%, 0.019% and 0.003%, respectively, is presented in 

Figure 2, while microstructures of specimens cooled from the 

temperature of 900°C at the rate in a range from 234°C/s to 

1°C/min are shown in Figure 3. Basing on the experiment 

carried out it was revealed that the temperatures of 

investigated steel are as follows: Ac3 = 843°C, Ac1 = 707°C 

and a relatively low Ms temperature of 370°C. 

3.  Results and discussion
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Fig. 2. CCT diagram of supercooled austenite transformations of the B steel 

 

 
 

Fig. 3. Structures of the steel B obtained after cooling the specimens from the austenitizing temperature of 900°C with a rate: 

a) 99°C/s, b) 50°C/s, c) 20°C/s, d) 10°C/s, e) 4°C/s, f) 1°C/s, g) 6°C/min, h) 3°C/min, i) 1°C/min 
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Cooling samples at the rate in a range from 234°C/s to 

50°C/s, provides a martensitic microstructure, while 

hardness of samples cooled in mentioned range decreases 

slightly and is equal 527 HV10 for a cooling rate of 

234°C/s, 512 HV10 for a cooling rate of 99°C/s and 506 

HV10 at 50°C/s. Samples cooled with this rate reveal the 

microstructure of fine-lath martensite (Figs. 3a-b). 

Decrease of the cooling rate of samples to 20°C/s 

results in obtaining martensitic-bainitic microstructure  

(Fig. 3c) with a slight portion of bainite (approx. 2%). Such 

small participation of this phase in microstructure of steel 

cooled at the rate of 20°C/s is a result of a very short time 

for realization of bainitic transformation, equal around 6 s. 

Ferrite appears in the microstructure due to further decrease 

of the cooling rate. Multiphase microstructure of steel, 

which consists of martensite, bainite and ferrite, is present 

in a wide range of cooling rates, i.e. from 10°C/s to 

15°C/min. Estimated portion of individual phases in this 

range of cooling rates, determined with dilatometric 

method, changes as follows: martensite – from 95% to 2%, 

bainite – from 4% to 95% and ferrite – from 1% to 3%. 

Hardness of specimens cooled in the analyzed range of 

cooling rates decreases from 488 HV10 to 256 HV10. 

Particular attention should be paid to the fact of dominant 

portion of martensite in microstructure, which is equal 

around 60% at the cooling rate of 2°C/s. Decrease of the 

cooling rate to 6°C/min results in formation of pearlite in 

the microstructure (Fig. 3g). Participation of this phase in 

microstructure increases from 2% to 34% along with 

decrease of the cooling rate from 6°C/min to 1°C/min. 

Steel cooled at the rate of 1°C/min demonstrates fine-

grained ferritic-pearlitic microstructure (Fig. 3i) with 

hardness of approx. 144 HV10. Experimentally determined 

hardenability curves of tested steels, austenitized at the 

temperature of 900°C and cooled from the end with a water 

jet have a similar course, with a slightly smaller decrease in 

hardness as a function of distance from the end of the 

sample noted for steel A (Fig. 4). Performed hardness tests 

reveal that quenched ends of samples, regardless of the 

steel tested, have similar hardness – 54 HRC and 53 HRC 

for steel A and B, respectively. As the distance from the 

end to the sample increases to 15 mm, investigated steels 

maintain high hardness, and hardenability curves in this 

range of distance, practically coincide. After exceeding this 

distance from the end, a more pronounced decrease in 

hardness of steel B sample was observed. The ideal critical 

diameter DI, determined basing on end quench test for steel 

A is equal 165 mm and for steel B – 155 mm.   

Hardenability, determined with the analytical method in 

accordance with ASTM A252-89 standard, confirmed the 

effective influence of boron microaddition on increasing 

the hardenability of fine-grained steels. Carried out 

calculations made it possible to determine the ideal critical 

diameter DI, not taking into account the presence of boron 

microaddition in steel, the boron hardenability factor BF, 

alloying factor AF, and the ideal critical diameter DIB, 

taking into account interaction of boron microaddition. 

In the absence of boron, the ideal critical diameter for steel 

A would be equal DI = 94.78 mm (Tab. 1), and for steel  

B – DI = 83.25 mm. Whereas, the ideal critical diameter 

with presence of boron microaddition is equal 163.0 mm 

and 154.8 mm for steel A and B, respectively. 

 

 
Fig. 4. Hardenability curves of the investigated steels 
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Table 1. 

Procedure for calculating of the ideal critical diameter DIB of the A steel 

Designation of steel Steel A 

 

Chemical composition C 0.31 P 0.006 Ni 0.110 Ti 0.033 B 0.003 

   Mn 1.45 S 0.004 Mo 0.220 Nb – Cu 0.200 

   Si 0.30 Cr 0.260 V 0.008 Al 0.040 N 0.004 

 

Multiplying factors for calculating the ideal diameter DI C 0.167 Cr 1.562  

Mn 6.275 Mo 1.660  

Si 1.210 Cu 1.070  

Ni 1.040 V 1.020  

 

DI = 0.167  6.275  1.210  1.040  1.562  1.660  1.070  1.020 = 3.73 in. 

DI = 3.73  25.4 = 94.78 mm 

 

Ideal diameter DI without boron, in. 3.730     

Ideal diameter DI without boron, mm 94.78     

 

Hardness of the area with 50% fraction of martensite, for concentration of 0.31% C, is equal 38 HRC, and for 100% 

martensite – 51 HRC 

 
Hardness of the area with 50% fraction of martensite 38  

Hardness of the area with 100% fraction of martensite 51 

 

Value of DIp read from the tables for distance lk determined from the experimental hardenability curve, corresponding to 

hardness 38 HRC 

 

Diameter DIp,  mm 194.16  

 

BF = DIp / DI = 194.16/94.78 = 2.05 

 

Boron hardenability factor BF 2.05  

 

AF = DI / fc = 94.78/(0.167 25.4)  = 22.35 

 

Alloy factor AF 22.35  

 

Corrected BFS boron hardenability factor read from the tables for concentration of 0.31% C and AF = 22.35 

 

Corrected BFS boron hardenability factor 1.72  

 

DIB = DI  BFS = 94.78  1.72 = 163.02 mm 

 

Ideal critical diameter DIB, mm 163.02  
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Slightly higher hardenability of steel A is a result of 

somewhat higher concentration of carbon and manganese 

as well as a larger diameter of primary austenite grains at 

the temperature of 900°C in this steel. The average 

diameter of the  phase grains after austenitizing at this 

temperature is equal 11 m and 8 m – for steel A and B, 

respectively (Fig. 5).  

Microstructure observations of water-quenched steel 

A after austenitizing at the temperature of 900°C, 

revealed in microstructure precipitations of lath 

martensite matrix, mainly TiN nitrides (Fig. 6) and  

 

Ti(C,N) carbonitrides, undissolved during austenitizing, 

located mainly inside of laths of martensite. Largest 

particles have a regular form with an edge up to about  

80 nm and a NaCl type lattice.  

In the microstructure of steel B, after quenching under 

the same conditions, in addition to nitrides with similar 

chemical composition and morphology to those found in 

the steel A, complex (Ti,Nb)N type nitrides and 

(Ti,Nb)(C,N) carbonitrides were identified (Fig. 7). 

Conducted tests did not show the presence of BN nitrides, 

nor in steel A or in steel B. 

 

 

 

 
 

Fig. 5. Grain boundaries of prior austenite of the steel A (a) and the steel B (b), austenitizing temperature 900°C 

 

 

 

 

 
 

Fig. 6. Nitride TiN in the martensite of steel A (a), microdiffraction of the precipitate (b) 
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Fig. 7. Carbonitride (Ti,Nb)(C,N) in the martensite of steel B (a), EDS spectrum (b) 
 

 

4. Conclusions 
 

Elaborated steels have properly selected chemical 

constitution and show full usability for production of 

forged parts with the method of thermomechanical 

treatment, i.e. hot plastically deformed in the temperature 

range adjusted to the type of microadditions added to steel, 

with direct hardening of forgings from forging finish 

temperature with successive high-temperature tempering. 

Determined temperature ranges of TiN precipitation in 

a solid solution of tested steels indicate that these phases 

are stable at austenitizing temperature used and will 

favourably affect the formation of fine-grained 

microstructure of austenite. 

The form of curves of phase transformations of 

supercooled austenite is typical for steels with 

microaddition of boron, with similar chemical composition 

[31,32]. In a wide range of cooling rates, the steel has a 

martensitic-bainitic microstructure with predominance of 

martensite.

Performed microstructure observations in transmission 

electron microscope showed that the stable phases at 

austenitizing temperature are mainly TiN nitrides and 

Ti(C,N) carbonitrides in steel A and TiN, (Ti,Nb)N nitrides 

and (Ti,Nb)(C,N) carbonitrides in steel B. The presence of 

BN nitride was not revealed, which indicates an effective 

shielding of boron by Ti microaddition introduced into the 

steel. Microaddition of boron dissolved in a solid solution 

advantageously improves hardenability. This is reflected in 

calculated ideal critical diameter DIB, which is equal 

163  mm for steel A and 155 mm for steel B. Microaddition 

of boron, introduced into steel in a concentration of 0.003% 

along with Ti microaddition shielding before this element 

binds into BN nitrides, sparingly soluble in austenite, 

allows to apply investigated steels with fine-grained 

microstructure and high hardenability for forgings with 

relatively large sections. 
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