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Abstract. In the present work, continuous cooling transformation (CCT) of coarse-grained heat-affected zone
(CGHAZ) and simulation of Charpy-sized impact specimens were performed using a Gleeble 3800 thermomechanical simulator. Results obtained from the dilation studies show signiﬁcant effect of cooling rates on
microstructure and low-temperature (–20 °C) Charpy impact toughness. Phase transformation temperatures (Ar3
and Ar1) and impact toughness decreased while hardness and amount of bainite increased with increasing cooling
rates. At slow cooling condition (\ 5 °Cs–1) quasi-polygonal ferrite and pearlite phases were observed in the
microstructure. At medium cooling rate (5–25 °Cs–1), bainite and quasi-polygonal ferrite were obtained in the
microstructure. For still faster cooling rates, microstructure was completely bainitic in nature. The
microstructures were conﬁrmed by hardness measurement where the hardness value for lower, medium and high
cooling rates were 191–196, 213–214 and 234–253 HV, respectively. Charpy impact toughness increased with
decrease in cooling rate due to the presence of softer ferrite phase.
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1. Introduction
To ensure adequate safety in long distance transportation of
highly ﬂammable pressurized natural gas and crude oil,
pipeline steels are preferred due to their high strength, good
weldability, impact toughness and better strength to weight
ratio [1]. Additionally, to ensure effective high-pressure
transportation, large diameters pipelines are fabricated
using thicker steels. API X70, a high-strength low-alloy
steel processed through thermomechanical controlled rolling, is being extensively used in new gas transportation
projects [2]. As pipelines go through cold regions and deep
oceans, good negative temperature toughness is required to
ensure safe use of pipeline steel. Hence, formation of soft
ferrite phase should be promoted whereas formation of
martensite and bainite should be minimized in order to
improve toughness [3]. Fusion welding is the most common
method for joining of such thicker sections.
Heat-affected zone (HAZ) is the region adjacent to weld
joints wherein the tailored microstructure of parent
Ajit Kumar Naik and Rakesh Roshan equally contributed to this
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material, obtained through thermomechanical controlled
processing (TMCP), is altered by the welding thermal cycle
[4]. HAZ is divided into four different sub-zones on the
basis of peak temperature experienced. The region close to
fusion line where temperature goes above 1250 °C and
austenite grain growth occurs is termed as coarse-grained
heat-affected zone (CGHAZ). The zone next to CGHAZ
where temperature goes above 1050 °C and ﬁne grains are
obtained is termed as ﬁne-grain heat-affected zone
(FGHAZ). The subzone of HAZ adjacent to FGHAZ where
temperature goes above 750 °C is termed as intercritical
heat-affected zone (ICHAZ) and the last farthest zone is
called subcritical heat-affected zone (SCHAZ) [5–7].
Due to high peak temperature, precipitate dissolution and
grain coarsening occurs in the CGHAZ [8]. This results in
reduced prior austenite grain boundary area, which suppresses the nucleation of ferrite and pearlite but facilitates
formation of detrimental phases like martensite and bainite,
causing reduction of toughness and improvement in hardness [9, 10]. Due to these reasons, CGHAZ becomes the
weakest portion of a welded joint and may cause premature
joint failure. Cooling rate plays a vital role during transformation of austenite into different phases with corresponding alteration of ﬁnal mechanical properties of the
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steel [9]. In an actual weld joint the geometry of HAZ
region is inclined and contains microstructural inhomogeneity, which makes it quite challenging to determine the
exact impact toughness of the CGHAZ region. Previous
studies have tried to address these issues through thermal
simulation (Gleeble thermomechanical simulator) wherein
uniform and homogeneous microstructure can be obtained
over the entire cross-section of test specimen. Similarly,
computational software like JmatPro also provides information about continuous cooling transformation (CCT)
behavior but it is based on assumptions and does not represent the real situation. CCT diagram generated through
dilatometry method provides adequate information about
the transformation of austenite into various product phases
[5]. This diagram helps ascertain desired welding parameters, which help avoid the formation of detrimental phases
like martensite in the CGHAZ to avoid hydrogen-induced
cracking [4].
According to API speciﬁcation, steels are manufactured
with two speciﬁcations (PSL-1 and PSL-2). API X70 comes
under PSL-1, whereas API X90 and X100 comes under
PSL-2. One of the major difference between these speciﬁcations is the carbon equivalent (CE), because it is
mandatory only for PSL-2 and not for PSL-1. Lower value
of CE is always preferred to obtain a good weld with less
crack susceptibility [11]. Hence, the major problem associated with the weldability of API X70 steel is its tendency
for cold cracking [12]. Hui et al [13] used API X70 steel to
investigate the effect of peak temperature on the Ti, Nb and
precipitate content in the solid solution. They found that
content of Ti and Nb in the solid solution increased with
temperature but the effect on precipitate is just opposite,
which suits for the undesired grain growth and generation
of brittle phases in CGHAZ.
Wang et al [14] studied the effect of heat input on
toughness of CGHAZ in API X100 steel. The authors
concluded that the presence of ﬁner M–A constituents at
low heat input (\15 kJ/cm) resulted in improved toughness
of CGHAZ. Zhou et al [15] studied the effect of heat input
on impact toughness and grain boundary formation of
CGHAZ in API X90 steel. The authors observed that proper
combination of grain boundaries and lath bainite at heat
input of 25 kJ/cm resulted in improved toughness. Wang
et al [16] observed the effect of cooling rate on impact
toughness and reported that reduced volume of lathmartensite, ﬁne M–A constituent and austenite grain at high
cooling rate resulted in improved toughness. Lee et al [17]
studied the effect of M–A constituents on the initiation and
propagation of crack in the ICHAZ of HSLA steel. It was

concluded that mean free path for crack initiation and
propagation was reduced due to the segregation of alloy
elements like Mn, Cr and Ni at the interface of quasipolygonal ferrite. Yang et al [18] observed the effect of
heat input on the fracture toughness of CGHAZ of HSLA
steel. The authors concluded that M–A constituent can
arrest the micro-cracks but its volume decreased with
increase in heat input. Chen et al [19] performed thermal
simulation of welding on API X70 steel and concluded that
effect of welding energy on toughness of FGHAZ is less as
compared with CGHAZ. Hence CGHAZ is the most susceptible and critical zone and further study is needed.
Welding is the most commonly used fabrication process
for API steel. Therefore, it is critical to understand the
behavior for selected API X70 for different welding thermal cycles. This investigation aims to ascertain the effect of
cooling rate on transformation behavior, microstructure,
hardness and low-temperature (–20 °C) impact toughness.
In addition to this, CCT diagram applicable to weld
CGHAZ was constructed based on the result of dilation
analysis, microstructure and hardness.

2. Experimental procedure
To study the effect of cooling rate on microstructure and
impact toughness of CGHAZ through HAZ simulation, API
X70 steel 16 mm thick was selected. The selected API X70
steel was manufactured by thermomechanical controlled
processing through a hot strip mill. Table 1 shows the
chemical composition of the API X70 steel.
Cylindrical samples 6 mm in diameter and 71 mm in
length were used for dilatometry study. For HAZ simulation of impact toughness, square cross-sectioned specimens
of dimension 10 mm 9 10 mm 9 71 mm were used.
Standard Charpy impact toughness specimens (10 mm 9 10
mm 9 55 mm) as per ASTM E 23 were prepared from the
HAZ simulated samples. Physical simulations were conducted using a Gleeble 3800 thermomechanical simulator.
A K-type thermocouple was welded at the middle length of
specimens for instantaneous temperature measurement to
control the programmed thermal cycle. Figure 1 shows the
programmed thermal cycle applied here for simulation of
CGHAZ. In the present study, heating rate of 200 °Cs–1,
peak temperature of 1300 °C pertaining to CGHAZ and 12
different cooling rates between 1.25 and 62.5 °Cs–1 were
chosen (table 2). To record the dilation change, a linear
variable displacement transducer type dilatometer was
attached at the mid-section. The cooling rate was controlled

Table 1. Chemical composition of API X70 base material (in wt%).
C
0.024

Si

Al

Mn

Cr

Ni

Mo

Nb

V

Ti

P

S

N

Cu

0.205

0.039

1.6

0.26

0.15

0.146

0.056

0.034

0.014

0.016

0.003

0.006

0.012
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by the value t8/3, which is the cooling time from 800 to 300
°C. The dilation test was conducted in a partial vacuum of
approximately 10–3 Torr.
For microstructural analysis, one specimen from each
condition was cut along the plane where the thermocouple
was welded. These samples were mounted and polished
using standard metallography procedure. To reveal the
microstructural features, samples were etched with freshly
prepared 2% Nital solution and Lapera reagent was used to
identify M–A constituents. An optical microscope (Leica
DM6000M) and a scanning electron microscope (FEG
Zeiss SUPRA25) were used for microstructural evaluation.
ImageJ software was used to calculate M–A constituent
fraction. For low-temperature impact test, specimens were
immerged in a bath of liquid nitrogen and acetone for 20
min to maintain a temperature of –20 °C and Charpy impact
test was conducted immediately after removal of the
specimens from the bath.

3. Results and discussion
3.1 Dilatometry curve analysis
Dilatometry curves were generated from the data recorded
by the Gleeble 3800 thermomechanical simulator, where
instant temperature and LVTD strain (dL/Lo) were taken
along X-axis and Y-axis, respectively. Figure 2 shows the
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tangent method used here to determine the phase transformation temperatures in heating (Ac1, Ac3) and cooling
(Ar3, Ar1) thermal cycles where Ar3 and Ar1 correspond to
5% and 95% transformed fraction of austenite, respectively [8]. When the specimen is heated from room temperature, thermal expansion takes place and dilation
increases linearly till ferrite to austenite transformation
starts (Ac1). When phase transformation (a–c) starts,
dilation decreases, the curve starts moving downwards and
it continues until the completion of phase transformation
process (Ac3). The decrease in dilation takes place due to
the change in packing density of ferrite and austenite.
Ferrite has body centered cubic (BCC) crystal structure
with packing density of 68%, but austenite has face centered cubic (FCC) crystal structure having packing density
of 74%. After Ac3, again dilation increases up to peak
temperature due to thermal expansion of austenite. During
cooling, dilation decreases linearly up to Ar3 due to thermal contraction. At Ar3, dilation again starts increasing
due to austenite–ferrite transformation and continues till
Ar1. On completion of the phase transformation during
cooling, dilation again starts decreasing due to thermal
contraction and ﬁnally stops when it reaches below 300 K.
Variation of critical temperatures during cooling followed
a trend (Ar1 and Ar3 decreased with increasing cooling
rate) that indicates the microstructural dependence on
cooling rate variation. For slow cooling rates (1.25–5
°Cs–1) the ranges of Ar3 and Ar1 temperatures were

Figure 1. Programmed thermal cycle.

Figure 2. Dilatometry curve.

Table 2. Process parameters and specimen dimensions in current investigation.
Sample geometry
Diameter 6 mm, length 71 mm
Cross-section 10 mm 9 10 mm, length 71 mm

Cooling rate
1.25, 2.5, 3.3, 5, 6.6, 8.3, 10, 16.6, 25, 33.3, 50, 62.5 °Cs–1
5, 10, 16.6, 33.3, 50, 62.5 °Cs–1
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Figure 3. (a) Cooling curves of selected cooling rates and (b) ﬁrst derivative curve.

Figure 4. (a) Optical image of base material and (b) SEM image of base material.

715–694 and 537–483 °C, respectively. As the cooling
rates increased from 5 to 100 °Cs–1, Ar3 and Ar1 decreased
and were in the range 694–599 and 483–439 °C, respectively. The shifting of Ar3 to lower temperature at rapid
cooling condition can be attributed to the increased
austenite stability [20]. At slower cooling condition, sufﬁcient time is available above 800 °C to promote diffusional transformation; thereby it shifts Ar3 towards high
temperature [21]. Average values of Ac1 and Ac3 temperature are 773±10 and 953±9 °C, respectively. Figure 3
shows the cooling curves of four selected cooling rates,
which also represent the decreasing trend of Ar3 and Ar1
with increasing cooling rate.

During cooling, austenite transforms into multiple phases
depending on the cooling rate. Hence, the ﬁrst derivative of
cooling curve provides adequate information about the
presence of various product phases after transformation
[5, 21, 22]. However, ﬁrst derivative analysis cannot be
performed directly on the dilatometry curves due to presence of short and long period background noise [21]. The
short period noise arises due to difference in controlled and
actual temperatures in heating and cooling thermal cycles
but long period noise is attributed to inertia change due to
strain produced by temperature and transformation [21]. In
the present work, a low-pass ﬁlter (FFT) and a Loess
computational ﬁlter were used for the removal of short and
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Figure 5. Optical micrographs of (a) 62.8 °Cs–1, (b) 25 °Cs–1, (c) 5 °Cs–1 and (d) 1.25 °Cs–1.

long period noise, respectively. After smoothening, ﬁrst
derivative analysis of the cooling curves was performed to
recognize the peaks of each phase during cooling.
Depending on the type of transformation, three types of
peaks are obtained generally. They are single peak, superimposed double peak and separated double peak where
single peak indicates the presence of only one phase or
multiple phases having similar transformation kinetics.
Superimposed double peaks represent the presence of
middle phase like bainite. Separated double peaks show the
presence of two phases having completely different transformation kinetics like ferrite and martensite [21]. Figure 3(b) shows the ﬁrst derivative analysis of four different
cooling rates where the transformation peaks shift towards
high temperature, indicating the increasing probability of
presence of phases having diffusional transformation
kinetics with decreasing cooling rate.

3.2 Microstructure analysis
Figure 4(a, b) show the optical and SEM micrographs of the
as-received API X70 material. The parent material
microstructure consists of polygonal ferrite with 2–3%
pearlite. Figure 4(b) shows the pearlite in the form of white
elongated bands.
Optical and SEM images of CGHAZ after simulations at
the selected cooling rates are shown in ﬁgures 5 and 6,
respectively. At slower cooling rates (1.25–5 °Cs–1), ferrite
and pearlite were observed. At 1.25 °Cs–1, microstructure
was completely ferrite (quasi-polygonal ferrite) with small
fractions of degenerated pearlite. In addition to this, M–A
constituent is observed (ﬁgure 7(b)) but its amount is
negligible as compared with ferrite and pearlite. The
incubation period required for nucleation of a new phase is
quite higher at slower cooling rates, as compared with
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Figure 6. SEM micrographs of (a) 62.8 °Cs–1, (b) 50 °Cs–1, (c) 5 °Cs–1 and (d) 1.25 °Cs–1.

Figure 7. M–A constituent at (a) 62.8 °Cs–1 and (b) 1.25 °Cs–1.
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Figure 8. Optical images of M–A constituents at (a) 5 °Cs–1, (b) 33.3 °Cs–1 and (c) 62.5 °Cs–1.

Figure 9. Vickers hardness with 300 g load at different cooling
rates.

medium and higher cooling rates, thereby promoting the
formation of diffusional phases like ferrite and pearlite [8].
For medium cooling rates (5–25 °Cs–1), mixed
microstructures consisting of bainite, quasi-polygonal ferrite and M–A constituents were observed. Evidence of
bainite was ﬁrst observed at the cooling rate of 5 °Cs–1,
which can be considered as the transition point for bainite
nucleation. Optical and SEM micrographs (ﬁgures 5 and 6)
show that amount of bainite increases continuously with
cooling rate. For high cooling conditions (25–62.5 °Cs–1)
the microstructure was completely bainitic with small
amounts of M–A constituents (ﬁgure 7(a)). During bainitic
transformation, ferrite nucleates on the austenite grain
boundary and carbide precipitation occurs inside or outside
the ferrite depending on the temperature range [5]. Earlier
authors report that a small amount of M–A constituents
nucleates in the bainite dominant morphologies.
During rapid cooling condition, niobium precipitates
retard the nucleation of ferrite and lower the transformation
start temperature, promoting diffusion-less transformation
[20, 23]. M–A constituent is the combination of untampered martensite embedded in carbon-rich retained
austenite [24]. Evidence of the presence of M–A constituents in the impact toughness specimens was found in
all cooling conditions. Figure 8 shows the presence of M–A
constituents at slow, medium and high cooling rate. Since
there is no signiﬁcant change in the distribution, size and
morphology of M–A constituent with different cooling
conditions, it does not affect impact toughness remarkably.

3.3 Mechanical properties

Figure 10. Variation of impact toughness with cooling rate.

Vickers hardness variation of CGHAZ with different
cooling rates is shown in ﬁgure 9. Hardness increases with
increase in cooling rates. Initially, rapid increase of hardness takes place up to 16.7 °Cs–1 and then it increases
slowly up to 62.5 °Cs–1. Maximum and minimum hardness
values of 253 and 191 VHN were obtained at highest and
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Figure 11. SEM images of fracture surface at (a) 5 °Cs–1, (b) 33.3 °Cs–1, (c) 62.5 °Cs–1 and (d) base material.

lowest cooling rates, where the corresponding microstructures are bainitic and ferritic, respectively. Kumar et al [9]
also found a similar trend of hardness and reported that, in
rapid cooling, the sample remains above Ac3 temperature
for shorter time duration, which is not sufﬁcient for
austenite grain growth to occur as compared with slow
cooling. Therefore size of prior autenite grains reduces with
increase in cooling rate, which affects the hardness and
microstructure of the sample [9]. Hardness of API X70 base
material at room temperature was 208 VHN. Vickers
hardness values at slower cooling rates are lower than those
of the parent material. Similar phenomena were also
observed by Kumar et al [9] and Yue et al [4]. This can be
attributed to the higher fraction of ferrite at slow cooling
condition.
Low-temperature (–20 °C) impact toughness decreases
with increase in cooling rate (ﬁgure 10). API X70 parent
material toughness at –20 °C was 281 J. Microstructural
variations can be attributed to the reduction in impact
toughness with increasing cooling rate. At the higher

cooling rate (50–62.5 °Cs–1), the microstructure is
completely bainitic. However, at slow cooling rate, ferrite dominant microstructure was observed. Bainite formation reaction is a temperature-dependent phenomena.
The transformation ranges of temperature for lower and
upper bainite are 250–450 and 550–400 °C, respectively
[25]. In the present work all the transformation occurred
in the upper bainate region, which has coarser carbide
precipitate, thereby leading to reduction in toughness
[25, 26]. Better toughness at slower cooling rate can be
attributed to the presence of ferrite dominant
microstructure. Toughness of medium cooling rate lies in
between due to existence of mixed microstructure of
ferrite and bainite.

3.4 Fractography analysis
SEM images of fractured surfaces of three simulated and
parent material specimens are shown in ﬁgure 11. For all the
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Figure 12. CCT diagram for CGHAZ in API X70 steel (Fs:
ferrite transformation start temperature, Ps: pearlite transformation
start temperature, Bs: bainite transformation start temperature, Ms:
martensite transformation start temperature).

cooling conditions, shear dimples were observed on the
fracture surface indicating shear ductile fracture [27]. Some
micro-dimples were also observed within the sheared dimples. Maximum amount of micro-dimples was observed on
the fracture surface of base metal. In shear ductile fracture,
internal shearing of the voids occurs. The shear ductile mode
involves impingement of slip bands on impurity and inclusions, creating local strain concentration to nucleate the voids
[27]. For API X70 base material, major portion of fracture
surface consisted of shear ductile dimples.

3.5 CCT diagram
CCT diagram is a proper way to understand the effect of
different welding conditions on microstructural development. CCT diagram (ﬁgure 12) of CGHAZ for API X70
steel was deduced from the result of dilation analysis,
microstructure and hardness. Transformation start temperatures for ferrite, pearlite, bainite and martensite were
determined by JMatPro software using chemical composition [23]. In the present study, the major transformation
occurred between 431 and 710 °C. For slow and medium
cooling condition, transformation commenced in the ferrite
region and ﬁnished in the bainatic region. At high cooling
rate, transformation started in the pearlite region and ended
in bainatic region.

4. Conclusion
In the present study, the effect of cooling rate on
microstructures and impact toughness of CGHAZ of API
X70 steel was investigated by HAZ simulation using a
Gleeble 3800 thermomechanical simulator. Some major
conclusions of the present work are summarized.
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1. Based on the result of dilation analysis, microstructure
and hardness, CCT diagram for weld CGHAZ was
determined. The microstructure and properties of
CGHAZ at different cooling rates can be predicted by
this diagram for optimization of welding parameters.
2. At high cooling rate (62.5–50 °Cs–1), the microstructure
was completely bainitic. When the cooling rate ranged
between 50 and 5 °Cs–1, mixed microstructure of ferrite
and bainite was observed. At slow cooling rate (5–1.25
°Cs–1) microstructure was completely ferritic.
Microstructural changes were also reﬂected in the
hardness proﬁle.
3. Higher toughness was obtained for slower cooling
condition due to the presence of soft ferritic microstructure. The presence of upper bainite at higher cooling
rates resulted in reduced toughness. This behavior of
upper bainite can be related to the presence of coarse
carbide particles.
4. For all the cooling conditions, shear dimples were
observed on the fracture surface indicating shear ductile
mode of failure.
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