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Abstract An increase of nitrogen content in a
0.02 wt%  Ti-containing carbon-manganese steel
resulted in a low coarsening rate of TiN particles in the
heat-affected zone (HAZ), which led to an accelerated
ferrite transformation instead of ferrite side plates
during weld cooling cycle. The mixed microstructure of
ferrite side plate, acicular ferrite and grain boundary
polygonal ferrite in the simulated HAZ produced
higher toughness. However, the increase of nitrogen
content gradually increased the free nitrogen content
in the HAZ and deteriorated HAZ toughness. Impact
energy of the simulated HAZ (with Atgs ~60 s)
at 20 °C deteriorated by about 97 J per 0.001 wt%
free nitrogen, in the free nitrogen range from
0.0009 wt% to 0.0034 wt%, even though the HAZ has
the tough mixed microstructure. Cooling time after
welding influenced the HAZ microstructure and
toughness as well, and maximum toughness was ob-
tained when cooling produced the tough mixed
microstructure. Therefore, for a high HAZ toughness,
both nitrogen content and cooling time should be
controlled to obtain the tough mixed microstructure
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and to keep the free nitrogen content low. The optimal
nitrogen content and cooling time from 800 °C to
500 °C were 0.006 wt% and between 60 s and 100 s,
respectively, in this experiment.

Introduction

Extensive studies have shown that titanium addition to
steel is one of the most effective methods of improving
the heat-affected zone (HAZ) toughness of the steel.
Fine TiN particles prevent the coarsening of austenite
grains in the HAZ and act as heterogeneous nucleation
sites for the ferrite transformation during the weld
cooling cycle, thereby resulting in a fine microstructure
[1-6]. To obtain a uniform distribution of fine TiN
particles, the steel processing and chemistry (titanium
and nitrogen contents) must be adequately controlled.
Kasamatsu et al. [7] investigated the effect of titanium
and nitrogen contents on the size and distribution of
TiN particles and showed that the number of the par-
ticles increases with an increase of nitrogen content.
Watanabe et al. [8] reported that TiN precipitated
profusely when the nitrogen content of a Ti-containing
steel was increased above 0.004 wt% and when the
rolling process was strictly controlled.

In general, steels with high nitrogen content are
expected to have low HAZ toughness due to the
presence of ‘free’ nitrogen in solid solution. Hannerz
[9] reported an increase of 2-4 °C in ductile-brittle
transition temperature per 10 ppm increase in nitrogen
in the HAZ of carbon-manganese steels. Cuddy et al.
[10] showed that steels containing titanium and nitro-
gen in excess of 0.02 wt% and 0.007 wt%, respectively,
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had poor HAZ toughness independent of the micro-
structure. Thus, even in Ti-containing steels, they
suggested that nitrogen levels must be kept low. Bang
and Jeong [11] also showed that the amount of TiN
increased with an increase of nitrogen content. How-
ever, if the nitrogen content increased above 0.01 wt%,
the detrimental effect of free nitrogen on the HAZ
toughness would be greater than the beneficial effect
caused by the stable TiN particles. Some other results,
however, are contradictory. Zajac et al. [12] showed
that high nitrogen steel (0.013 wt% N) has a higher
HAZ toughness than low nitrogen steel (0.003 wt% N)
if microalloying elements such as titanium and vana-
dium are carefully balanced in the composition and
when the welding parameters are selected adequately.
They showed that excellent HAZ toughness was
obtained for high nitrogen Ti-V steel when the cooling
time between 800 °C and 500 °C (Atg;s) was shorter
than 30 s. However, a sharp rise of impact transition
temperature (ITT) in this steel was observed when Afg/s
was longer than 30 s. This result was confirmed by Liao
et al. [13]. From all these previous results, it is clear
that the effect of nitrogen on the HAZ toughness of
Ti-containing steels is very complex depending on both
welding parameters and microalloying elements.

This paper examines the effects of both nitrogen
content and weld cooling time on the simulated HAZ
toughness of Ti-containing carbon-manganese steel.
The steel was manufactured by thermomechanical
controlled processing (TMCP). Changes in simulated
HAZ toughness were interpreted in terms of both the
microstructure and amount of free nitrogen. The
presence of free nitrogen in the HAZ was confirmed by
internal friction measurement and the amount was
measured using the hydrogen hot extraction analysis.

Materials and experimental procedures

Five 0.14 wt% C-1.5 wt% Mn steels were melted using a
vacuum induction furnace with constant titanium con-
tent of 0.02 wt%. Nitrogen content was varied in the
range of 0.0006-0.016 wt%. After soaking the ingot at

900 °Cfor one hour, it was thermomechanically control-
rolled to the final thickness of 12.5 mm. The finish-
rolling temperature was 760 °C and the subsequent
accelerated cooling rate was 10 °C s~'. The steel exhib-
ited a very fine ferritic-pearlitic microstructure with a
small amount of bainite. Ferrite grain size was about
5 pm. The final chemical compositions and mechanical
properties of the plates are presented in Table 1. The
precipitates in the base plates and simulated HAZs were
observed using carbon extraction replicas and a scanning
transmission electron microscope (JEOL 2000CX
STEM) operating at 200 kV. Specimens for HAZ sim-
ulation measuring 10.2 x 10.2 X 55 mm were subject to
weld thermal cycles using a weld thermal cycle simulator
(Thermorestor W). The heating rate was 135 °C s to
the 1350 °C peak temperature. The cooling rates were
selected to give Afg;s values from 10 s to 150 s. These
temperature-time cycles simulated the thermal experi-
ence of the material near the fusion boundary of a 25 mm
plate when welded with heat input from 1.8 k] mm™' to
11.5 k] mm™'. After thermal cycling, standard 2 mm
V-notch Charpy impact test specimens were machined
and tested at —20 °C.

Internal friction measurement was carried out to
investigate the presence of free nitrogen in the HAZ.
Steel E (see Table 1) was gas metal arc (GMA) welded
with 4 k] mm™ heat input and the specimen was
obtained from the HAZ near the fusion boundary in
the form of a sheet of 1 X 5 x 110 mm. Care was taken
to avoid deformation and heating during specimen
preparation. The measurement was conducted using a
torsion pendulum type apparatus (Sinkuriko IFM
1500-M) in the temperature range of —-30-110 °C with a
pendulum frequency of 2.3 Hz. For the quantitative
measurement of free nitrogen, hydrogen hot extraction
analysis was carried out. Two grams of needle shape
millings from the simulated HAZ (Atg;s ~ 60 s) were
placed in a combustion boat and introduced into a tube
furnace set at 450 °C, with an argon flow of 0.3 1 min™".
Gas flow was then switched to hydrogen at 0.3 1 min".
After four hours, the gas flow was changed back to
argon and the sample was allowed to cool down in the
furnace. The nitrogen contents of the samples before
and after exposure to the hydrogen atmosphere were

Table 1 Chemical

Steels Chemical composition (wt%)

Mechanical properties

composition and mechanical

properties of steels used C Si MnP S Ti N TS (MPa) YS (MPa) El (%) Hy (1 kg) vE-20 (J)
A 0.13 0.11 1.53 0.01 0.005 0.04 0.02 0.0006 641 372 13 177 337
B 0.14 0.11 1.58 0.01 0.004 0.04 0.02 0.006 594 460 13 180 205
C 0.14 0.10 1.51 0.01 0.005 0.05 0.02 0.011 576 493 13 179 176
D 0.14 0.11 1.53 0.01 0.005 0.05 0.02 0.013 573 461 14 183 203
E 0.15 0.10 1.56 0.01 0.005 0.04 0.02 0.016 591 509 12 195 227
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then measured by the inert gas fusion process (LECO
TC-436). The free nitrogen value was given by the
difference between them [14].

Results and discussion

To study the effect of nitrogen content on TiN pre-
cipitates, carbon extraction replicas were used to
observe particle size distributions in the base plate and
the simulated HAZ (Atg;s ~ 60 s) of two steels with
different nitrogen content, Steels B (0.006 wt% N) and
E (0.016 wt% N). The number of particles in the size
range of less than 5 nm to 100 nm was counted at 5 nm
class intervals within an area of approximately 8.4 pm?>.
Typical TEM micrographs are shown in Fig. 1. The
mean particle size and number density of the particles
are presented in Table 2, indicating little differences
between the two base plates. The mean particle size
found in Steels B and E are 7.2 and 8.4 nm, respec-
tively. The corresponding number densities of the
precipitates are 2.1 x 10* and 1.7 x 10° mm™2, respec-
tively. However, significant differences were shown in
the HAZ with 16.8 nm and 10.3 nm mean particle size,
and 0.3 x 10 mm™ and 1.1 x 10> mm™ number den-
sity, respectively. Compared to those in the base plate,
the particles in the HAZ of both steels were coarser.
However, the degree of coarsening in the two HAZ’s
was different, with less coarsening in Steel E that had
higher nitrogen content.

Fig. 1 Typical TEM
micrographs of carbon
extraction replicas from
Steels B and E (Afgs is 60 s
for HAZ) i e

Base
plate

HAZ

@ Springer

Steel B (0.006 wt% N)

Table 2 Mean particle size and number density of TiN particles
in the base plate and HAZ of steels B and E

Steels Mean particle size Number density (/mm?)
(nm)*
Base plate HAZ Base plate HAZ
B 7.2 16.8 2.1 x 10° 0.3 x 10°
E 8.4 103 1.7 x 108 1.1x 108

*The shortest edge length in cuboid

In general, a larger volume fraction of fine particles
will result in more effective grain growth inhibition,
thus Steel E is expected to have smaller austenite grain
size, which will accelerate phase transformations in the
HAZ during weld cooling cycle. Indeed this effect of
high nitrogen content was reported in other experi-
ments. Zajac et al. [12] showed that the austenite grain
size is about three times smaller in high nitrogen steel
(0.013 wt% N) than in steel with 0.003 wt% N, despite
similar manufacturing process and level of titanium
and vanadium. Continuous cooling transformation
(CCT) diagrams of Steels B and E were constructed
and compared to study the effect of nitrogen content
on HAZ phase transformations. After austenitizing at
1350 °C for 5 s, the hollow cylindrical shaped speci-
mens were cooled with various cooling rates to obtain
dilatation curves. Figure 2 shows CCT diagrams of
both steels. As expected, the transformation curves of
high nitrogen steel (Steel E) are shifted to shorter

Steel E (0.016 wt%N)
.. . 3
. .
- = &
100.00 nm ' ¢ 100.00 nm
*
= = L
. - - L
. ’
] & s v . : .
L ] . . %
" :
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Fig. 2 CCT diagrams of Steels B and E. Solid line: Steel B,
broken line: Steel E

times, indicating accelerated phase transformations in
the HAZ. The observed low coarsening rate of TiN
particles in Steel E can readily be explained using the
Wagner equation. Under the condition of diffusion
control, the rate of change of the particle radius, dr/dt,
is directly related to the concentration of the rate-
limiting species. The Wagner equation is given as: [15]

r —ry = 8DyQXt/9RT

where D is the diffusion coefficient of the rate-limiting
species, y the interfacial energy between the matrix and
particle, Q the molar volume and X the concentration
of the rate-limiting species. R is the universal gas
constant and 7 is the temperature. In the case of TiN
particles, the relevant solutes are titanium and nitro-
gen. As the diffusion coefficient of titanium is many
orders of magnitude lower than that of nitrogen, tita-
nium is the rate-limiting species. Using the solubility
product of TiN given below, [16]

0.020

Solubility product curve of TiN at 1350°C

Stoichiometric line of Steel E

Stoichiometric line of Steel B

0.000

0.000 0.010 0.015 0.020

Ti (wt. %)

0.005

Fig. 3 Solubility diagram for titanium nitride, showing the effect
of nitrogen content in the steel on the soluble titanium content in
the HAZ at 1350 °C

log [Ti][N] = —16192/T + 4.72

the concentration of soluble titanium in the HAZ can
be calculated. Figure 3 shows the solubility product
curve at 1350 °C peak temperature. The stoichiometric
lines of TiN in Steels B and E, which pass through the
composition of each steel, are also shown in the figure.
At equilibrium, the intersection between the solubility
product curve and the stoichiometric line will indicate
the soluble titanium and nitrogen content in the HAZ
at 1350 °C. From the figure, the soluble titanium con-
tent is about 0.0005 wt% for Steel E, much lower than
the 0.0041 wt% for Steel B. Therefore, an increase of
nitrogen content in steel results in low soluble titanium
concentration and low coarsening rate of TiN particles,
thus accelerating austenite decomposition in the HAZ.

The impact toughness of simulated HAZ of the
steels is given in Table 3. Atg/s is constant at 60 s. The
table also contains nitrogen content in the base plate
and free nitrogen content in the HAZ, which is dis-
cussed later. Figure 4 shows the variation of the sim-
ulated HAZ impact absorbed energy with nitrogen
content in the base plate. After an initial low value of
48 J for 0.0006 wt% N, impact toughness value
increased up to 270J at 0.006 wt% N, and then
decreased to 24 J at 0.016 wt% N. The optical micro-
structures in each HAZ were classified according to
schemes proposed in the literature [17]. Table 4 shows
the measured volume fraction of microstructural con-
stituents in each HAZ. While ferrite side plates (i.e.,
upper bainite and Widmanstétten ferrite) are dominant
in Steel A, a mixed microstructure of ferrite side plates
(SP), acicular ferrite (AF) and grain boundary or
polygonal ferrite (F) is observed in all other steels. As
example, Figure 5 shows typical HAZ optical micro-
graphs of Steels A and B. Each microstructural con-
stituent is identified in the Fig. (5B). Even though all
HAZ’s, except Steel A, have the same type of mixed
microstructure, the volume fractions of each micro-
structural constituent in these simulated HAZ’s are
different. The volume fraction of grain boundary
polygonal ferrite (F) increased with an increase of
nitrogen content, 43% in Steel E and 12% in Steel B.
This difference supports the observation of the effect
of nitrogen on the acceleration of ferrite transforma-
tion in the HAZ discussed above. As Steel A has low
nitrogen content (0.0006 wt%), it shows a microstruc-
ture predominated by ferrite side plate and a low HAZ
toughness. In contrast, Steel B with its higher nitrogen
content (0.006 wt% ) shows a mixed microstructure and
a high HAZ toughness. Comparison of SEM micro-
graphs of Steels A and B in Fig. 6 shows that the

@ Springer
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Table 3 Impact toughness of

Free nitrogen
content in HAZ (wt%)

Impact absorbed
energy (J)

0.0001 36.9, 39.7, 68.0 (48.2)*
0.0009 199, 291.1, 319.5 (269.9)
0.0029 120.2, 70.1, 41.3 (77.2)
0.0034 21.2, 36.5, 19 (25.6)
0.0050 20.5, 25.3,27.2 (24.3)

simulated HAZ of the steels Steels Elt;;)sg:nlz(t):t(eviltto/ )
at —20 °C (Atgs = 60 s) P °
A 0.0006
B 0.006
C 0.011
. . D 0.013
*Average values are given in E 0016
parenthesis )
s 450
OL, L] L] L]
© 4001
o
W 3504
& 3004
2 2501
o
§ 200+
§ 1504
2 1004
©
© 50+
«
2 o0 T T T
E 0.000 0.005 0.010 0.015 0.020

Total N content (wt. %)

Fig. 4 HAZ impact absorbed energy at —20 °C as a function of
nitrogen content in steel (Afg;s ~ 60 s)

improvement of the HAZ toughness in Steel B can be
attributed to fine AF. However, even though Steels C,
D, and E have the same type of mixed microstructure
as Steel B, their HAZ toughness is very low, clearly
indicating that nitrogen content plays an important
role even if HAZ has tough mixed microstructures.
To study the reason why Steels C, D, and E have low
HAZ toughness, the presence of free nitrogen in the
HAZ was investigated both qualitatively and quanti-
tatively. Free nitrogen can exist in the HAZ when
nitrogen is in excess of that required for stoichiometry
with titanium. Free nitrogen can also exist by the dis-
solution of nitrides during the weld thermal cycle. In
this study, the presence of free nitrogen in the HAZ
was confirmed first by the internal friction measure-
ment. Examining GMA ferritic weld metal using the

Table 4 Volume fraction of microstructural constituents in
simulated HAZ of the steels (Atgs = 60 s)

Steels F* AF* SP* P*
A 0 16 84 0
B 12 34 47 7
C 19 26 47 8
D 26 26 37 11
E 43 19 20 18

*F, AF, SP and P means grain boundary or polygonal ferrite,
acicular ferrite, ferrite side plates and pearlite, respectively

@ Springer

internal friction method, den Ouden [18] showed that
the internal friction spectrum could be separated into
two normal Snoek peaks and four additional peaks due
to the presence of Mn. In this study, internal friction of
HAZ was measured using specimens obtained from the
HAZ of GMA welded Steel E. Data interpretation
followed den Owuden’s procedure. The measured
internal friction curve was separated into five different
peaks, after subtracting the background, as shown in
Fig. 7. The N2 and C peaks with internal friction of
3.89 x 10™* and 0.18 x 107, respectively, are normal
peaks of nitrogen and carbon, and N1, N3 and N4
peaks with internal friction of 1.60 x 107, 1.69 x 10~*
and 0.34 x 107, respectively, are extra peaks of nitro-
gen due to the presence of manganese. The N2 peak

Ly

1

Dotwecatd ik
B

Fig. 5 Typical microstructures of (a) Steel A and (b) Steel B.
The various microstructural constituents indicated in the figure
are defined in the text
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Fig. 6 Typical SEM micrographs of (a) Steel A and (b) Steel B

corresponding to nitrogen is most prominent in the
HAZ of Steel E.

Hydrogen hot extraction analysis determined
quantitatively the free nitrogen content in the HAZ of
each steel. After simulating the weld thermal cycle of

7
A separated peak ]
6+ O measured peak 4
1 )
5- g ]
&
- S
> 44 @ N2 Q% -
T 8§ 3
O 3- ] % 4
2] &/ \% -
‘8&& @ o
14 2 Q 4
& ® 3
0- SRR /A 327

22 24 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 44 46
1000/T (°K)
Fig. 7 Separation of measured internal friction curve of HAZ of

Steel E into its component peaks. Dot: measured peak, solid
lines: separated peaks

Atgs ~ 60 s, samples were prepared and analyzed fol-
lowing the procedure mentioned before. The measured
contents in Table 3 increased gradually with increasing
nitrogen content in the base plate. Steel E with the
highest nitrogen content (0.016 wt%) in this series of
experiments showed about 0.005 wt%, which is about
30% of the added content. From this result, the low
HAZ toughness of Steels C, D, and E can be attributed
to their larger amounts of free nitrogen. To differen-
tiate the effect of free nitrogen on the HAZ toughness
from the effect of microstructure, the impact-absorbed
energies of Steels B, C, and D were compared. The
impact toughness data of Steel E was excluded in the
comparison because its volume fractions of micro-
structural constituents are quite different from those
observed in the others, e.g. 43% of grain boundary
polygonal ferrite (F) as compared with 12, 19, and 26%
in Steels B, C, and D. As shown in Fig. 8, impact
toughness decreased linearly with increasing free
nitrogen; Steel B with 0.0009 wt% free nitrogen had
270 J while Steel D with 0.0034 wt% had only 26 J.
The slope of the line in the figure indicates that the
HAZ impact absorbed energy at —20 °C with the mixed
microstructure decreased by about 97 J per 0.001 wt%
free nitrogen.

The effect of cooling time on the HAZ toughness
was studied using Steel B. Table 5 shows the impact
toughness of simulated HAZ when Atg;s was varied
from 10 s to 200 s. Impact toughness increased gradu-
ally with increasing cooling time but exhibited a maxi-
mum value of 320 J at 100 s. Optical microstructure
observation showed only upper bainite at 10 s, a mixed
microstructure of SP, AF and fine F at 60 and 100 s, and
a mostly coarse F at 150 and 200 s. These results mat-
ched well with the CCT diagram shown in Fig. 2.
Therefore, it is clear that both nitrogen content and

450 T T T T T T
400
350 1
300
250
200
150 4
100 1

50 1

0 L) L] L] L] L] L]
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007

Free N content (wt. %)

Impact absorbed energy at -20°C (J)

Fig. 8 HAZ impact absorbed energy at —20 °C as a function of
free nitrogen content in HAZ (Afg/s ~ 60 s)
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Table 5 Impact toughness of simulated HAZ of steel B at —
20 °C

Atgs(s) Impact absorbed energy (J)
10 62.8,20.8, 71.4 (51.7)*
30 209.5, 211.5, 210.5 (210.5)
60 199, 291.1, 319.5 (269.9)
100 383.6, 222.6, 354.7 (320.3)
150 175.6, 210, 145.1 (176.9)
200 181.9, 223.1, 255.9 (220.3)

*Average values are given in parenthesis

weld cooling time should be controlled to obtain the
mixed microstructure for high HAZ toughness. If
nitrogen content is too low and/or the cooling time
is too short, ferrite side plate dominant microstructure
is obtained and toughness is low. On the other hand, if
nitrogen content is too high and/or the cooling time
is too long, coarse grain boundary polygonal ferrite is
obtained and toughness is deteriorated. This transfor-
mation behavior explains why the high nitrogen steel
(0.013 wt% N) has a lower impact transition tempera-
ture than low nitrogen steel (0.003 wt% N) for Afgs
shorter than 30 s [12]. In this experiment, maximum
toughness was obtained for the mixed microstructure of
SP, AF and fine F when nitrogen content is 0.006 wt%
and Atg/s is 60-100 s. As nitrogen influences the HAZ
toughness because of the presence of free nitrogen,
nitrogen content should be kept low even if the desir-
able tough mixed microstructure is obtained. The
optimal content of 0.006 wt% nitrogen in this experi-
ment is in fact close to that required for stoichiometric
combination with the titanium content of 0.02 wt%.

Conclusions

The effects of nitrogen content and weld cooling time
on the simulated HAZ toughness of Ti-containing
carbon-manganese steel were investigated and inter-
preted in terms of both microstructure and amount of
free nitrogen present. The main results obtained are as
follows.

(1) An increase of nitrogen content resulted in a low
coarsening rate of TiN particles in the HAZ due to the
low concentration of soluble titanium. This caused an
acceleration of ferrite transformation instead of ferrite
side plate in the HAZ. Higher HAZ toughness was
obtained in the mixed microstructure of ferrite side
plate, acicular ferrite and grain boundary polygonal
ferrite.

(2) Anincrease of nitrogen content increased the free
nitrogen content in the HAZ and deteriorated HAZ

@ Springer

toughness despite the optimal mixed microstructure.
Impact absorbed energy of the simulated HAZ (Atg,
5s~60s) at -20 °C decreased by about 97J per
0.001 wt% free nitrogen in the free nitrogen range from
0.0009 wt% to 0.0034 wt%.

(3) Cooling time after welding also influenced the
simulated HAZ microstructure and toughness, and
maximum toughness resulted at the cooling rate to
form the optimal mixed microstructure. Therefore, for
a high HAZ toughness, both nitrogen content and
cooling time should be controlled to obtain the mixed
microstructure as well as low free nitrogen content.
The optimum conditions for 0.02 wt% titanium con-
tent were 0.006 wt% nitrogen and 60-100 s Afgs.
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