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Weldability of Direct Quenched, Low-Carbon, 
Ti-B-Containing Steels 

Boron additions prove beneficial to HAZ toughness 

BY K-s. BANG and Y-h. AHN 

ABSTRACT. On the basis of the thermo- 
dynamic equilibrium between nitrides of 
titanium, aluminum and boron in austen- 
ite, the soluble boron that influences the 
hardenability of direct quenched steels 
was calculated. The variation in tensile 
strength and impact toughness of steels 
has a good correlation with the calcu- 
lated value at the start cooling tempera- 
ture, 920°C. Impact toughness of the 
heat-affected zone (HAZ), however, was 
not influenced by the soluble boron 
alone but by the soluble boron to soluble 
nitrogen ratio at the welding peak tem- 
perature, 1350°C. Only when the ratio 
was kept below 0.2 did the HAZ show a 
ferrite dominant microstructure and 
higher than 100 J of absorbed energy at 
-20°C. During the welding cooling 
cycle, soluble boron combines with sol- 
uble nitrogen to form boron nitrides, con- 
sequently reducing the soluble boron 
and hardenability. Unlike conventional 
high-carbon steel, a low-carbon steel 
containing a controlled amount of boron 
showed no cold cracking, without pre- 
heating, and a high HAZ toughness, with 
an energy transition temperature of 
-37°C. 

K-s. BANG is with the Production and Weld- 
ing Engineering, Pukyung National University, 
Pusan, Korea, was senior researcher at RIST, 
Pohang, Korea. Y-h is with Pohang Iron and 
Steel Company, Pohang, Korea. 

Introduction 

Cold cracking, which is often associ- 
ated with stress intensification near dis- 
continuities in a steel weldment, is one of 
the serious weldability problems of struc- 
tural steels. Preheating and/or postheat- 
ing is usually practiced to prevent it. 
Weld heat-affected zone (HAZ) tough- 
ness is, on the other hand, an important 
property for welded joints if they are to 
perform their intended function in ser- 
vice. In general, as HAZ toughness de- 
creases with the increase of heat input, 
the maximum heat input is strictly con- 
trolled to obtain the desired toughness. 
Therefore, using a steel with low cold 
cracking susceptibility and high HAZ 
toughness, even when fabricated with 
high heat input welding processes, in- 
creases welding productivity markedly 
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by the elimination of preheating and/or 
postheating and the application of high 
heat input welding. To meet the demand 
for steel with these characteristics, mod- 
ified steel manufacturing processes and 
microalloying are both being considered 
by steel makers. As direct quenched 
(DQ) steel is known to have higher hard- 
enability than reheat and quenched (RQ) 
steel, direct quenched steel is being 
widely investigated to replace reheat and 
quenched steel (Ref. 1). Because of its 
higher hardenability, DQ steel could be 
manufactured with a low carbon equiva- 
lent number and thus be expected to give 
good weldability (Ref. 2). In terms of mi- 
croalloying adjustments, low-carbon 
steel is the most promising as it shows 
both a low cold cracking susceptibility 
and high HAZ toughness with high heat 
input welding (Ref. 3). The loss of 
strength due to the low carbon content is 
compensated for by the appropriate ad- 
dition of strengthening elements such as 
nickel, molybdenum and vanadium. Ti- 
tanium is also often added for the refine- 
ment of HAZ microstructure (Ref. 4). 

It is well-known that a small addition 
of boron in steel increases hardenability 
through its segregation at the austenite 
grain boundaries during the quenching 
process. Segregation of boron, moreover, 
was reported to suppress the cold crack- 
ing susceptibility of a weldment through 
the retardation of hydrogen diffusion 
(Ref. 5). All these results suggest that the 
carbon content of steel could be reduced 
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Fig. 1 - -  Variation in the calculated soluble boron and boron ni- 
tride content for Steel 5 as a function of temperature. 

900 

~ 80( 

~ 70( 

~ 6 0 (  

[- 

50[ 
' ' : ~ '  ' 4  ' '  U ' ~ '  '?o' '1'2' ' l q '  '1'6' '1'8' '20 

Calculated Sol.B content at 920°C (ppm) 

Fig. 2 - -  Variation in the tensile strength for steels with a calcu- 
lated soluble boron content at 920°C. 
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Fig. 3 - -  Variation in the impact absorbed energy for steels at 
-40°C determined with quenching rate and calculated soluble 
boron content at 920°C. Regions 1, 2 and 3 represent the regions 
with the absorbed energy of  approximately 100-200 J, 2 0 4 0  J 
and 200-250 J, respectively. 

markedly without losing 
its strength through the 
utilization of the DQ 
process and a small addi- 
tion of boron. As boron, 
however, is a strong ni- 
tride forming element, it is 
difficult to predict the ef- 
fect on hardenability dur- 
ing the quenching 
process. The situation be- 
comes more complicated 
when aluminum and tita- 
nium are present together 
because those are strong 
nitride forming elements 
as well. 

In this study, the effect 
of boron on the harden- 
ability of DQ steel con- 
taining aluminum, tita- 
nium and boron is studied 
first. Then HAZ toughness 
and cold cracking suscep- 
tibility of low-carbon DQ 
steel with a controlled 
amount of boron are in- 
vestigated and compared 
with a conventional high- 
carbon RQ steel. 

Experimental 
Procedures 

To study the effect of 
boron on the hardenability 
of DQ steel, ten steels with 
different aluminum, tita- 
nium and boron contents 
were prepared. All other 
elements of the steels, ex- 
cept for aluminum, tita- 
nium and boron, are al- 
most the same as 
0.06%C-0.3%Si-1.4%Mn- 
0.3%Ni-0.3%Mo-0.04%V 
(wt-%). The tensile strength 
of these steels is in the 
range of 603-811 MPa, de- 
pending on the composi- 
tion and the quenching 
rate. Titanium, aluminum 
and boron contents of each 
steel are given in Table 1, 
along with the nitrogen 
content. All steels were 
melted in a vacuum fur- 
nace using electrolytic 
irons. After being soaked at 
1250°C for 1.5 h, ingots 
were hot rolled into 15- 
mm-thick plates with fin- 
ishing rolling temperature 
(FRT) at 950°C and then 
quenched directly at 
920°C. The quenching rate 

was measured by a thermocouple embed- 
ded at the mid-thickness of the plate and 
varied from 8°C/s to 46°C/s. After quench- 
ing, all steels were tempered at 640°C for 
50 min. Full-size specimens for Charpy im- 
pact tests were machined from both tem- 
pered plates and simulated HAZs. The ap- 
plied thermal cycle for HAZ simulation is 
defined by a 135°C/s heating rate, a 
1350°C peak temperature and a 92 s cool- 
ing time from 800°C to 500°C, which is 
equ ivalent to 100 kJ/cm of heat input when 
welding a 30-mm-thick plate without pre- 
heating (Ref. 6). 

The microstructural characterization 
of plates and simulated HAZs was per- 
formed using optical and thin foil trans- 
mission electron microscopy. The 
amount of boron combined in boron ni- 
trides that precipitated during the weld- 
ing cooling cycle was analyzed by in- 
ductively coupled plasma atomic 
emission spectrometry using precipitate 
residue obtained by the selective poten- 
tiostatic etching by electrolytic dissolu- 
tion method (SPEED). The electrolyte for 
SPEED was 10% MA-MeOH (10% 
maleic anhydride, 2% tetramethylam- 
monium chloride, methanol), and 
K2S207 and HCI were used for the solu- 
tion of the precipitate residue. 

Results and Discussion 

Hardenability and Toughness of Direct 
Quenched Steels 

Boron in steel is either free (soluble) 
boron or combined boron, which, for ex- 
ample, forms nitrides. As it is only free 
boron that influences the hardenability of 
steel during the quenching process, it is a 
prerequisite to estimate the soluble boron 
at the quenching temperature to predict 
the hardenability of steel. Following R. 
Habu, et al.'s, methodology (Ref. 7) in 
which the soluble boron of RQ steels at 
the reaustenitizing temperature was esti- 
mated using thermodynamic analysis in 
the AI-B-N system, the soluble boron at 
the start cooling temperature (SCT), 
920°C, of direct quenched steel in the AI- 
Ti-B-N system was estimated. The as- 
sumptions in this analysis are as follows: 

1 ) The effective boron influencing the 
hardenability of direct quenched steel is 
the soluble boron in austenite at the SCT. 

2) Before quenching, Ti-N, AI-N and 
B-N are in an equilibrium state and each 
nitride's solubility product is shown in 
Equations 1-3 below. 

3) Solubility product in Ti-N, AI-N and 
B-N systems is also applicable to the Ti- 
AI-B-N system. 

4) Titanium, aluminum and boron 
form only nitrides, Ti-N, AI-N, B-N, in 
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Fig. 4 - -  Typical TEA1 micrographs o f  Region 3. A - -  
martensite; B - -  bainite. 

Fig. 5 - -  Typical TEM micrographs o f  Region 2. A - -  br ight 
f ield image; B - -  SADP o f  the second phase. 

austenite. As the analyzed a luminum 
combined in aluminum oxide was too 
small to determine, the possibility of any 
oxide formation was excluded. 

With these assumptions, the soluble 
boron at the SCT, 920°C, of each steel 
was calculated by solving the fol lowing 
seven equations simultaneously. As a re- 
sult of calculation, if one nitride could 
not be formed, the corresponding equa- 
tion was excluded in a calculation. 

Iog[Ti][N] = -16192/T + 4.72 (1) 
(Ref. 8) 

Iog[AI] IN] = -7400/T + 1.95 (2) 
(Ref. 9) 

log[B] [N] = -13970/T + 5.24 (3) 
(Ref. 10) 

Ti = [Ti] + [Ti]Ti. N (4) 

AI = [AI] + [AI]AI_ N (5) 

B = [B] + [BIB_ N (6) 

N =IN] + [N]Ti_ N + [N]AI. N + [N]B_ N 
(7) 

where T is the absolute temperature, Ti, 
AI, B and N are the content of each ele- 
ment in the steel, respectively, [X] is the 
soluble content of element X, [X]x. N the 

amount of X combined in nitride X-N and 
[NIx_ N the amount of nitrogen combined 
in nitride X-N in austenite, respectively. 
As an example, Fig. 1 shows the result of 
a calculation of soluble boron and boron 
nitride for Steel 5. It shows that the con- 
tent of boron in steel, 0.0006%, remains 
as soluble boron down to 1025°C and 
then decreases continuously along with 
the precipitation of boron nitrides until it 
becomes only 0.00012% at the SCT. The 
calculated content of soluble boron at 
the SCT for other steels is given in Table 
1. It is evident that the soluble boron at 
the SCT is different from the boron con- 
tent of steel depending on the aluminum, 
titanium and nitrogen in the steel. Figure 
2 shows the variation of tensile strength 
of steels that were quenched at approxi- 

mately the same cooling rate 12-15°C/s 
wi th the calculated content of soluble 
boron at the SCT. It shows a good corre- 
lation (R 2 is 0.851), indicating that the 
hardenabil i ty of direct quenched steel 
conta in ing t i tanium, a luminum and 
boron could be determined by the con- 
tent of soluble boron at the SCT, and it 
can be estimated by thermodynamic 
analysis. Y. Kamada, et  al. (Ref. 11 ), have 
reported that the hardenability of direct 
quenched steel is influenced by the sol- 
uble boron at the FRT. It is believed, how- 
ever, that the effective boron that could 
be used for determining the hardenabil- 
ity of direct quenched steel is the soluble 
boron at the SCT rather than at the FRT. 

The variation of the impact absorbed 
energy of steels at -40°C is shown in Fig. 

Table 1 - -  Titanium, Aluminum, Boron and Nitrogen Content of Steels and the Calculated 
Soluble Boron and Soluble Nitrogen Content at 920°C and 1350°C, Respectively. 

Ti AI B ' N Sol. B Sol. N 
Steel (wt-%) (wt-%) (wt-%) (wt-%) (ppm) (ppm) 

1 0.013 0.023 0.0015 0.0020 15 6.55 
2 0.012 0.028 0.0013 0.0034 13 12.16 
3 0.013 0.023 0.0016 0.0062 4.86 29.49 
4 0.012 0.023 0.0013 0.0054 4.85 25.31 
5 0.013 0.023 0.0006 0.0088 1.2 53.07 
6 0.012 0.033 0.0018 0.0140 1.32 106.47 
7 0.014 0.027 0.0014 0.0062 4.71 27.06 
8 0.014 0.030 0.0005 0.0092 1.52 54.09 
9 0.014 0.025 0.0020 0.0064 7.4 28.72 

10 0.015 0.039 0.0005 0.0027 5 6.8 
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Fig. 6 - -  Variation o f  the impact absorbed energy in the HAZ at -20°C 
with the tensile strength o f  steel. 

Fig. 7 - -  Variation of  the impact absorbed energy in the HAZ at -20°C 
with the calculated soluble boron at 1350°C. 

3, and it can be divided into three regions 
depending on both the soluble boron at 
the SCT and the quenching rate. Optical 
microscopy showed that Region 1, with 
about 100-200 J of absorbed energy, has 
ferrite with a small amount of bainite; Re- 
gion 2, with about 20-40 J, has bainite 
with a small amount of ferrite; while Re- 
gion 3, with about 200-250 J, has a 
mixed microstructure of martensite and 
bainite. The details of these microstruc- 
tures are best seen by electron mi- 
croscopy. Figure 4 shows the typical mi- 
crostructure of Region 3. Martensite with 
lath width of about 0.2 I~m (A) and bai- 
nite with cementites within them in- 

t 

.@ 
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Fig. 8 -  TEM micrographs of  the HAZ for Steel 
6. A - -  precipitation of  boron nitrides; B - -  
SADP of  precipitate. 

clined at about 50-60 deg to the growth 
direction of the ferrite laths (B) are 
shown. Figure 5, Region 2 microstruc- 
ture, shows ferrite laths with the second 
phases along the boundaries (A). Ac- 
cording to the selected area diffraction 
pattern (SADP) of the second phase (B), it 
is retained austenite. It is believed that as 
ferrite laths grow, carbon diffuses into the 
austenite ahead of the austenite/ferrite in- 
terface, resulting in a layer of carbon-rich 
austenite. Entrapped carbon-rich austen- 
ite transforms to martensite in part and 
eventually forms a martensite-austenite 
(M-A) constituent. Therefore, the high 
toughness of Region 3 is attributed to the 
mixed microstructure of low-carbon 
martensite and lower bainite, while the 
low toughness of Region 2 is due to the 
bainite with a brittle M-A constituent. 
The above results indicate that the cal- 
culated amount of soluble boron at the 
SCT determines the impact toughness as 
well as the tensile strength. 

Hardenability and Toughness of the HAZ 

Figure 6 shows the variation of the im- 
pact absorbed energy in the HAZ at 
-20°C with the tensile strength of steel. 
Within the tensile strength range investi- 
gated (603-811 MPa), all HAZs having 
ferrite with a small amount of bainite 
(open marks) have higher than 100 J of 
absorbed energy, while HAZs having bai- 
nite with a small amount of ferrite (solid 
marks) have lower than 100 J. Therefore, 
the hardenability of the HAZ during the 
welding cooling cycle should be con- 
trolled to produce a ferrite dominant mi- 
crostructure for high toughness. 

Assuming that the hardenability of the 
HAZ is influenced by the soluble boron 
at the start cooling temperature, i.e., the 
welding peak temperature in this case, 
the content of soluble boron at 1350°C 

was calculated to see the correlation be- 
tween them. Figure 7 shows the variation 
of the impact absorbed energy in the 
HAZ at -20°C with the calculated con- 
tent of soluble boron at 1350°C. All 
boron in each steel is soluble boron atthe 
temperature regardless of the steel com- 
position. It shows that the impact tough- 
ness of the HAZ has no correlation with 
the soluble boron at the welding peak 
temperature. Except for one steel, all 
steels that have more than 13 ppm of the 
soluble boron have below 100 J of ab- 
sorbed energy with a bainite dominant 
microstructure. However, Steel 6 has 
about 130 J of absorbed energy with a fer- 
rite dominant microstructure even 
though it has 18 ppm of soluble boron. 
This anomaly can be explained by con- 
sidering the effect of nitrogen in steel. 
Unlike other steels, Steel 6 has a lot of 
soluble nitrogen, 106.47 ppm, at 1350°C 
(see Table 1 for the other steels). It is be- 
lieved that soluble nitrogen combines 
with soluble boron to form boron nitrides 
during the welding cooling cycle, conse- 
quently reducing the soluble boron, 
which influences the hardenability of the 
HAZ. Boron nitride precipitates in the 
HAZ of Steel 6 confirm this fact- -  Fig. 8. 
Figure 9 shows the variation of analyzed 
boron that combined in boron nitrides at 
the HAZ of Steels 1-4 and 7 after the 
welding cooling cycle with the content of 
soluble nitrogen atthe welding peak tem- 
perature. Steels 1-4 and 7 have approxi- 
mately the same soluble boron content of 
13-16 ppm at the welding peak temper- 
ature. It shows that the greater the con- 
tent of soluble nitrogen the HAZ has at 
the welding peak temperature, the more 
boron nitrides precipitate in the HAZ. 
According to the stability of the nitrides, 
titanium nitride is expected to precipitate 
before boron nitride during the welding 
cooling cycle. However, as the diffusiv- 
ity of boron is much higher than that of 
titanium (about 105 times as high at 
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900°C for example), it is believed that the 
soluble nitrogen combines with the solu- 
ble boron first (Ref. 12). 

Following the above discussions, if 
the thermodynamic analysis is applied 
for the prediction of HAZ hardenability, 
the effect of soluble nitrogen should be 
incorporated. In this study, the soluble 
boron to soluble nitrogen ratio at the 
welding peak temperature is proposed as 
the parameter that includes the effect of 
soluble nitrogen. Figure 10 shows the 
variation of the impact absorbed energy 
in the HAZ with the parameter. Com- 
pared to Fig. 7, it has a good relationship 
and shows that this parameter should be 
kept below 0.2 for the HAZ to have a fer- 
rite dominant microstructure and impact 
absorbed energy above 100 J at -20°C. 

Weldability of Low-Carbon Ti-B 
Containing Steel 

For the verification of the improve- 
ment of HAZ toughness and weldability 
of low-carbon steel, the HAZ impact ab- 
sorbed energy and cold cracking sus- 
ceptibility of Steel 5 were characterized 
and compared with those of a conven- 
tional high-carbon steel. As the soluble 
boron to soluble nitrogen ratio at 
1350°C of Steel 5 is 0.11, it satisfies the 
requirement of the high HAZ toughness 
as described above. The conventional 
steel has a chemical composition of 
0.12%C-0.3%Si-1.4%Mn-0.1%Ni- 
0.2%Mo-0.04%V and was manufac- 
tured by the RQ process. The thickness 
of both steels is 30 mm, and the tensile 
strength of Steel 5 and conventional steel 
is 612 and 657 MPa, respectively. Figure 
11 shows the variation of impact ab- 
sorbed energy in the HAZ of both steels 
with temperature. The applied thermal 
cycle for HAZ simulation was described 

in the experimental procedures. It shows 
that the HAZ toughness of Steel 5 is im- 
proved markedly. The energy transition 
temperature (Tr E) of Steel 5 is -37°C, 
whereas that of the conventional steel is 
about 7°C. The microstructures of both 
steels before the welding thermal cycle 
show little difference, having a mixed 
microstructure of ferrite and bainite. 
However, the microstructure of the HAZ 
after the welding thermal cycle is quite 
d i f f e ren t -  Fig. 12. Steel 5 has a mixed 
microstructure of ferrite and bainite, 
while the conventional steel has a bai- 
nite dominant microstructure. There- 
fore, it is clear that the high HAZ tough- 
ness of Steel 5 is due to the morphology 
and distribution of ferrite. 

The cold cracking susceptibility of 
each steel was characterized by the y- 
groove cracking test. A detailed method 
of the testing is regulated 
in the JIS Z3158. If a 
specimen shows no 300 
cracking in the test, no ~ • s, 
cracking is expected in 
the real structures be- ~,2s° 
cause the restraint of the N 
test is much more severe ~< 2oo-~ 
than in most real struc- 
tures (Ref. 13). Welding 
was performed at 190 A, 
22 V and 15 cm/min 
with a low-hydrogen 
electrode (AWS 
E9016G, 1.4 mm). The 
specimen was left for 
two days after welding 
and then sliced into five 
pieces. A crack ratio 
(crack length/bead 
height) of each cross 
section was measured 
and averaged. When 
welded without preheat- 

ing, the conventional steel shows a 40% 
crack ratio while Steel 5 shows no crack- 
ing, implying that Steel 5 could be 
welded without cold cracking in the real 
structures. Figure 13 shows the results of 
Vickers hardness measurement across 
the HAZ and weld metal at 0.5-ram in- 
tervals. It shows that the maximum hard- 
ness of the HAZ of Steel 5, 309 Hv, is 
much lower than that of the conventional 
steel, 380 Hv. Therefore, the absence of 
cold cracking in Steel 5 even without pre- 
heating is attributed to the low hardness 
in the HAZ. 

Conclusions 

The effect of boron on the harden- 
ability during quenching and on the 
welding cooling cycle of direct 
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Fig. 11 - -  Variation of  the impact absorbed energy in the HAZ for 
Steel 5 and conventional high-carbon steel with temperature. 
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Fig. 12 - -  Optical microstructures for Steel 5 and con- 
ventional high-carbon steel. A and B - -  base metal; C and 
D - -  HAZ. 

quenched low-carbon steel containing 
aluminum, titanium and boron was in- 
vestigated. The weldab i l i t y  and HAZ 
toughness of low-carbon steel wi th  a 
control led amount of boron was also 
characterized and compared with a con- 
ventional high-carbon steel. The main re- 
sults obtained are as follows: 

1) Assuming other harden- 
abi l i ty  effects are maintained 
constant, the hardenabi l i ty of 
direct quenched steel can be 
predicted by the calculated 
content of soluble boron at the 
start cooling temperature using 
thermodynamic analysis. 

2) The hardenability of the 
HAZ, however, was also influ- 
enced by the soluble nitrogen at 
the welding peak temperature. 
Only when the soluble boron to 
soluble nitrogen ratio at the 
welding peak temperature was 
kept below 0.2 did the HAZ 
show a ferrite dominant  mi- 
crostructure and higher than 
100 J of absorbed energy at 
-20°C. 

3) Soluble boron combines 
with soluble nitrogen to form 
boron nitrides during the weld- 
ing cool ing cycle, resulting in 
the reduction of soluble boron, 
wh ich influences the harden- 
abil ity of the HAZ. 

4) Unl ike a convent ional 
high-carbon steel, a low-carbon 
steel conta in ing a control led 
amount of boron showed no 
cold cracking, even w i thou t  
preheating, and a high HAZ 
toughness with an energy transi- 
tion temperature of -37°C.  
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