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ABSTRACT. In order to evaluate the de-
gree of HAZ softening in fine-grained
ferritic-pearlitic steel manufactured by
TMCP, variations of HAZ microhardness
and tensile strength with different heat
inputs were investigated. The degree of
softening was also predicted using an es-
tablished microstructural evolutional
model and a rule of mixtures. All speci-
mens welded with higher than 1 kJ/mm
heat input showed a softened zone that
had a lower hardness than that of the base
metal. Even though softened zone width
increased continuously to 10 kJ/mm, the
minimum hardness in a softened zone de-
creased slightly after a rapid decrease of
up to 6 kJ/mm. Due to the softening ef-
fect, welded-joint tensile specimens were
broken at the HAZ instead of the base
metal. The reduction in tensile strength
was similar to that for hardness and
showed a maximum of 20% at 6 kJ/mm
heat input. The degree of HAZ softening
calculated with a modified microstruc-
tural evolution model and a rule of mix-
tures showed reasonably good agreement
with a measured one.

Introduction

It is well known steel strength and
toughness increases with the refinement
of grain size. As shown in Fig. 1, extrapo-
lation of experimental results obtained so
far indicates the yield strength and frac-
ture appearance transition temperature
(FATT) of steel can reach about 800 MPa
and –300°C, respectively, if its grain size
is refined to 1 µm (Ref. 1). This effect re-
sults in advantages in welding  high-
strength steel if the reduction in  strength
and toughness in the heat-
affected zone (HAZ) is prevented or
minimized, as discussed below. In gen-

eral, since high-strength steel has a rela-
tively high carbon content and various al-
loying elements such as Cu, Ni, Cr, Mo,
etc., to ensure its strength, it has a ten-
dency to form hard and brittle mi-
crostructural constituents in the HAZ.
Therefore, the steel has to be preheated
before welding to eliminate the risk of
hydrogen-assisted cracking. However, if
the steel is strengthened only by the re-
finement of its grain size, it can be
welded without preheating because of its
low content of carbon and other alloying
elements.

Several endeavors have been made to
achieve such fine grain size. One of the
most widely used techniques to refine
ferrite grain size is a thermomechanically
controlled-rolling and accelerated-cool-
ing process (TMCP). The finest ferrite
grain size currently obtainable by TMCP
is limited to about 5 µm, as shown in Fig.
1. However, if ferrite nucleated at the
grain boundaries during cooling have dif-
ferent orientations, they could grow
without coalescence and result in an even
finer microstructure. From this view-
point, VN precipitates at the grain
boundaries are being studied extensively
because of the potency of nucleating fer-
rite with random orientations (Ref. 2). A
multiaxial deformation technique has

also been considered for refining steel
grain size (Ref. 3). This technique is ex-
pected to introduce extra slip systems  in
addition to a primary slip system in a
FCC crystal structure, {110}<111>,
thus giving high strains in austenite
grains during rolling.

One anticipated problem in welding
such fine-grained steel is the reduction of
HAZ strength and toughness. As the fine
microstructure is lost during the weld ther-
mal cycle, HAZ strength and toughness are
expected to decrease to below that of the
base metal. Therefore, it is desirable to
weld it with low-heat-input welding
processes such as laser beam and narrow-
gap welding (Ref. 4). As it has been re-
ported titanium oxide is very stable at high
temperatures and, thus, effectively inhibits
grain growth and heterogeneously nucle-
ates ferrite in the HAZ, dispersion of fine
titanium oxides in the steel has also been
considered (Ref. 1). No matter which
process is used, to use fine-grained steel
safely in welded structures, it is important
to know the degree of reduction in HAZ
strength and toughness.

The objective of this study was to esti-
mate the degree of HAZ softening in
fine-grained, ferritic-pearlitic steel man-
ufactured by TMCP. The degree of HAZ
softening was also predicted using an es-
tablished microstructural evolutional
model and a rule of mixtures.

Materials and Experimental
Procedures

A fine ferritic-pearlitic microstructure
with a small amount of bainite was ob-
tained by the TMCP of carbon-man-
ganese steel with a composition of 0.14%
C-0.25% Si-1.10% Mn. After soaking a
50-mm-thick, vacuum-melted ingot for 
1 h at 1100°C, its thickness was reduced to
25 mm by rolling at 950°C, and then re-
duced to a final thickness of 5 mm at
750°C. The accelerated cooling rate after
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finish rolling was 10°C/s. The ferrite grain
size obtained by the process was about 4
µm (Fig. 2), which is much smaller than
that of conventionally rolled steel,
namely 10~20 µm. The tensile strength,
yield strength, elongation (GL = 25 mm),
and hardness of the steel obtained were
630 MPa, 480 MPa, 18%, and 200 VHN,
respectively.

Single-pass gas metal arc welding
(GMAW) using ER80S-G welding wire
and CO2 as the shielding gas was per-
formed with heat input varying between 1
and 10 kJ/mm. While only one plate was
used to weld at a heat input of  1 and 2
kJ/mm, two plates were used to weld at
heat inputs from 4 to 10 kJ/mm to prevent
excessive melt-through. Joint configura-
tions for the welds made at 2 and 4 kJ/mm

heat input are shown in Fig. 3.
After welding was completed, hard-

ness and tensile test specimens were
taken from the mid-thickness of the sin-
gle plates. When two plates were used,
specimens were taken from the mid-
thickness of a lower plate. Microhardness
distributions across the base metal, HAZ,
and fusion zone were measured on a
transverse section using a diamond pyra-
mid indenter with a 1-kg load. Tensile
specimens with a gauge length of 50 mm
and a thickness of 3 mm were tested at
room temperature. Synthetic HAZs were
produced using an induction heating
weld thermal cycle simulator to investi-
gate the effect of cooling time on HAZ
microstructural evolution. Peak tempera-
ture (Tp) of the thermal cycle was 1350°C.

Cooling times at 800 to 500°C (∆t) varied
from 5 to 40 s. Thermal cycle specimens
were 5 x 3 mm Φ cylinders. After the ther-
mal cycle, volume fractions of various mi-
crostructural constituents were measured
from more than 1000 points using a light
microscope at 500X. Classified mi-
crostructural constituents were marten-
site, bainite, and ferrite/pearlite.

Results and Discussion

Estimation of HAZ Softening

Measurement of microhardness distri-
bution showed all specimens had a soft-
ened zone with a lower hardness than that
of the base metal. Figure 4 shows a typical
microhardness distribution of a weldment
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Fig. 1 — Variations in the yield strength and fracture appearance transition tem-
perature (FATT) of steel as a function of ferrite grain size.

Fig. 2 — Optical microstructure of the experimental steel.

Fig. 3 — Plate preparation and joint configuration of welded joints.
A — 2 kJ/mm heat input; B — 4 kJ/mm heat input.

Fig. 4 — Microhardness distribution of a welded joint with 2 kJ/mm heat input.
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welded with 2 kJ/mm heat input. After
showing a relatively constant hardness of
205 VHN in the weld metal, hardness de-
creased continuously to a minimum value
of about 165 VHN, then increased again to
200 VHN in the base metal. The width of
the softened zone extended 8~10 mm in
this welding condition. Figure 5 shows the
microstructures at different locations in
the HAZ. With increased distance from
the fusion boundary, the amount of bainite
decreased and only ferrite/pearlite is
shown at 5 mm from the fusion boundary,
where the minimum hardness was ob-
tained. Ferrite grain size at that location,
however, is larger than that of the base
metal and shows about 6 µm. With a fur-
ther increase in distance, ferrite grain size
became smaller and the base metal mi-

crostructure is shown at 8 mm. These vari-
ations in microhardness can be explained
with the microstructural observation.

Variations in softened zone width as a
function of heat input are shown in Fig. 6.
After showing 6~8 mm at 1 kJ/mm, the
width increased continuously with an in-
crease in heat input and reached 23~24
mm at 10 kJ/mm. However, the variation
of minimum hardness in the HAZ was
different from that of the softened zone
width. It decreased slightly after a rapid
decrease to 153~160 VHN at 6 kJ/mm —
Fig. 7. Observations showed all except
one specimen that was welded with 1
kJ/mm heat input had only a
ferrite/pearlite microstructure at the lo-
cation of minimum hardness, but ferrite
grain size was different at each heat input.

It grew with increased heat input and
showed about 6.8 µm at 6 kJ/mm and then
grew a little more with an increase in heat
input. Therefore, it can be seen that even
though the width of the softened zone in-
creased continuously up to 10 kJ/mm in
this experiment, the degree of softening
in the HAZ is almost saturated at 80% at
6 kJ/mm.

In general, a welded structure is de-
signed for fracture to occur in the base
metal. If, however, severe HAZ softening
occurred after welding, fracture would
occur in the HAZ instead of the base
metal. Tensile tests were carried out to
confirm the softening effect. After ma-
chining tensile test specimens, the loca-
tion of the HAZ in each specimen was
identified through macroetching and mi-
crohardness measurements and then in-
dicated on the specimen. The tests
showed all specimens broke at the HAZ
except one welded with 10 kJ/mm heat
input. Figure 8 shows typical broken spec-
imens. Tensile specimens welded with 10
kJ/mm were broken in the weld metal;
their weld metal hardness was as low as
140 VHN due to the high heat input. As
this was lower than the minimum hard-
ness of the softened HAZ (150~158
VHN, as shown in Fig. 7), fracture oc-
curred in the weld metal instead of the
softened HAZ. Figure 9 shows the varia-
tions in measured welded-joint tensile
strength as a function of heat input. After
having shown 564~568 MPa at 1 kJ/mm,
it decreased continuously with increased
heat input up to 6 kJ/mm and then
changed little. This trend was similar to
that of the minimum hardness shown in
Fig. 7. It can be seen again that the max-
imum degree of softening in terms of ten-
sile strength was also about 20%. Ac-
cording to Ito’s works (Refs. 5–7),

Fig. 5 — Optical microstructures at the different locations in a welded joint with 2 kJ/mm heat
input. The following are distances from the fusion boundary: A — fusion boundary; B — 1 mm;
C — 3 mm; D — 5 mm; E — 6 mm; F — 8 mm.

Fig. 6 — Variations in softened zone width as a function of heat input. Fig. 7 — Variations in minimum HAZ hardness as a function of heat
input.
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strength of a welded joint with a softened
HAZ can increase up to the base metal
value because of the constraints of plastic
deformation on the softened HAZ by a
hard base metal if the thickness and/or
width of the tensile specimen is large
enough compared to the softened zone
width. The reason why the effect of plas-
tic deformation constraints on the soft-
ened HAZ is not seen in this experiment
is believed to be because the tensile spec-
imen’s thickness was small, 3 mm, com-
pared to the softened zone’s width of
6~24 mm. In fact, this was confirmed by
the theoretical considerations reported
elsewhere (Ref. 8).

Prediction of the Degree
of HAZ Softening

If the effect of plastic deformation
constraint is not expected in a welded
structure, it is important to predict how

much of the HAZ is softened
during welding. The degree of
HAZ softening was calculated
and compared with a measured
one. After predicting volume
fractions of microstructural con-
stituents in the HAZ using an es-
tablished microstructural evolu-
tion model, HAZ hardness was
calculated using a rule of mix-
tures. J. Ion, et al. (Refs. 9, 10),
modeled HAZ microstructural
evolution after analyzing contin-
uous cooling transformation (CCT) dia-
grams for a wide range of conventionally
rolled structural steels. This study showed
the model could be used for fine-grained
steel as well if the effect of fine grain size
was considered. According to the model,
the volume fractions of martensite (Vm),
bainite (Vb), and ferrite/pearlite (Vfp) in
coarse-grained HAZ (Tp 1350°C) that
form during cooling time ∆t are given by

the following equations:
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Fig. 8 — Typical fracture appearance of tensile specimens broken in the
weld HAZ.

Fig. 10 — Variation of calculated and measured volume fractions of mi-
crostructural constituents in the HAZ with ∆t (peak temperature 1350°C.)

Fig. 9 — Variations in tensile strength of the weld joint as a function of
heat input.

Fig. 11 — Typical optical microstructures of steel quenched
at 1350°C. A — Experimental steel; B — conventionally
rolled steel.
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where ∆t1/2
m is the time required for 50%

martensite/50% bainite transformation
to occur and ∆t1/2

b is the time required for
50% bainite/50% ferrite/pearlite trans-
formation to occur. After analyzing CCT
diagrams for a number of steels, they ob-
tained empirical relationships between
∆t1/2

m and ∆t1/2
b and steel composition as

follows:

where ∆t1/2
m and ∆t1/2

b have units of sec-
ond and Ceq is calculated using the IIW
formulation. ∆t1/2

m and ∆t1/2
b for the steel

used in this experiment are 19.62 and
122.69, respectively. Figure 10 shows
variations of calculated volume fractions
for each microstructural constituent with
∆t using the above equations. Solid and

open circles in the figure represent ex-
perimentally determined values at ∆t 5,
20, and 40 s. It shows the measured val-
ues are different from the calculated
ones. It is believed this discrepancy is due
to the fine ferrite grains of the steel used.
As mentioned previously, the empirical
relationships obtained by Ion, et al., in
Equations 4 and 5 are based on conven-
tionally rolled steels that do not have as
fine grain size as 4 µm. Therefore, ∆t1/2

m

and ∆t1/2
b for the experimental steel

should be smaller than the calculated val-
ues, 19.61 and 122.69, since the harden-
ability is lower because of the fine grain
size. To confirm the lower hardenability
of experimental steel, the prior austenite
grain size of the steel was measured and
compared with that of conventionally
rolled steel. Ferrite grain size of the con-
ventionally rolled steel was 12 µm. Figure
11 shows the austenite grain size of both
steels when quenched at 1350°C. It is
clear the average grain size of the experi-
mental steel, 86 µm, is much smaller than
that of the conventionally rolled steel,
160 µm. In fact, if ∆t1/2

m and ∆t1/2
b of the

experimental steel are corrected as only
half the calculated values of convention-
ally rolled steel, we obtain the best agree-
ment between measured and calculated
volume fractions. This means if ferrite
grain size is refined to 4 µm, phase trans-

formation during cooling in the HAZ is
accelerated to make the time required for
half the transformation to occur to be
only half that of conventionally rolled
steel.

For calculation of volume fractions in
HAZ with any Tp other than 1350°C, the
transformation time was corrected as fol-
lows (Refs. 9, 10):

where (∆t1/2
m)p and (∆t1/2

b)p are the time
required for half the transformation to
occur in HAZ with any Tp other than
1350°C. g and gp are austenite grain size
at 1350°C and any Tp other than 1350°C,
respectively. By incorporating Equations
6 and 7 into Equations 1 through 3, Vm,
Vb, and Vfp in HAZ with any Tp and ∆t can
be calculated. Vm, Vb, and Vfp at the loca-
tion of minimum hardness in the HAZ
welded with 1 and 4 kJ/mm heat input
were calculated first. Tp and ∆t at the lo-
cation of minimum hardness in each heat
input were measured directly by embed-
ding a thermocouple in the HAZ. Figure
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Fig. 12 — Thermal cycles measured at the location of minimum hardness when
welded with 1 and 4 kJ/mm.

Fig. 13 — Optical microstructures quenched at different
peak temperatures. A — 1150°C; B — 1100°C.
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12 shows typical measured thermal cy-
cles; Tp and ∆t at the location are about
1150°C and 30 s in 1 kJ/mm and 1100°C
and 60 s in 4 kJ/mm. Austenite grain sizes
at Tp of 1150°C and 1100°C were mea-
sured by gas quenching from the temper-
atures. They are 35 and 27 µm, respec-
tively, as shown in Fig. 13. Using all this
information, it is possible to calculate the
volume fractions of each microstructural
constituent. The calculated Vm, Vb, and
Vfp are 0, 0.369, 0.631 in 1 kJ/mm and 0,
0.002, and 0.998 in 4 kJ/mm. This indi-
cates ferrite/pearlite constituent is pre-
dominant at the location of minimum
hardness when welded with 4 kJ/mm,
which was confirmed by the optical mi-
crostructural observation mentioned pre-
viously. Now the hardness of the location
can be calculated using a rule of mixtures:

H = HmVm+HbVb+HfpVfp (8)

where Hm, Hb, and Hfp refer to Vickers
hardness (VHN) of the martensite, bai-
nite, and ferrite/pearlite microstructures,
respectively. The following relationships
were used for the hardness of each mi-
crostructure (Ref. 11): 

Hm = 127+949C+27Si+11Mn
+8Ni+16Cr+21logV’ (9)

Hb = –323+185C+330Si+153Mn
+65Ni+144Cr+191Mo
+(89+53C–55Si–22Mn–10Ni–

–20Cr–33Mo)logV’ (10)

Hfp = 42+223C+53Si+30Mn
+12.6Ni+7Cr+19Mo

+(10–19Si+4Ni+8Cr+130V)
logV’ (11)

where V’ is the cooling rate at 700°C
(K/h) and it is about 58,000 and 27,000
K/h in each heat input, as shown in Fig.
12. The final calculated hardness is 176
VHN for 1 kJ/mm and 143 VHN for 4
kJ/mm. These values are in reasonably
good agreement with measured values,

171~174 for 1 kJ/mm and 159~161 VHN
for 4 kJ/mm, within a 10% error. There-
fore, it can be seen the degree of HAZ
softening in fine-grained steel can be pre-
dicted using an established microstruc-
tural evolution model and a rule of mix-
tures if the time required for half the
transformation to occur in the HAZ is
corrected adequately.

Conclusions

In order to evaluate the degree of
HAZ softening in fine-grained ferritic-
pearlitic steel manufactured by TMCP,
variations of HAZ microhardness and
strength with heat input were investi-
gated. The degree of softening was also
predicted using an established mi-
crostructural evolutional model and a
rule of mixtures. The important results
obtained are as follows:

1) Even though the softened zone
width increased continuously to 10
kJ/mm, the minimum hardness in the
softened zone decreased slightly after a
rapid decrease up to 6 kJ/mm. Due to the
softening effect, welded-joint tensile
specimens were broken at the HAZ in-
stead of in the base metal. The reduction
of tensile strength was similar to that of
hardness and showed a maximum of 20%
at 6 kJ/mm.

2) As a consequence of the accelera-
tion of phase transformation in HAZ due
to fine grain size, the time required for
half the transformation of the steel to
occur was only half that of conventionally
rolled steel.

3) The minimum hardness in a soft-
ened zone calculated with a modified mi-
crostructural evolution model and a rule
of mixtures showed reasonably good
agreement with a measured one within a
10% error when welded with 1 and 4
kJ/mm heat inputs.
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