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Abstract: In order to provide important guidance for controlling and obtaining the optimal
microstructures and mechanical properties of a welded joint, the continuous cooling transformation
diagram of a new low-carbon Nb-microalloyed bainite E550 steel in a simulated coarse-grain
heat-affected zone (CGHAZ) has been constructed by thermal dilatation method in this paper.
The welding thermal simulation experiments were conducted on a Gleeble-3800 thermo-mechanical
simulator. The corresponding microstructure was observed by a LEICA DM2700M. The Vickers
hardness (HV) and the impact toughness at —40 °C were measured according to the ASTM E384
standard and the ASTM E2298 standard, respectively. The experimental results may indicate that the
intermediate temperature phase transformation of the whole bainite can occur in a wide range of
cooling rates of 2-20 °C/s. In the scope of cooling rates 2-20 °C/s, the microstructure of the heat-affected
zone (HAZ) mainly consists of lath bainite and granular bainite. Moreover, the proportion of lath
bainite increased and granular bainite decreased as the cooling rate increasing. There is a spot of
lath martensite in the microstructure of HAZ when the cooling rate is above 20 °C/s. The Vickers
hardness increases gradually with the increasing of the cooling rate, and the maximum hardness is
323 HV1y. When the cooling time from 800 °C to 500 °C (tg5) is 5-15 s, it presents excellent —40 °C
impact toughness (273-286 ]) of the CGHAZ beyond the base material (163 J).

Keywords: SH-CCT diagram; low-carbon bainite E550 steel; welding heat affected zone; thermal
expansion method; low temperature impact toughness; vickers hardness

1. Introduction

At present, a series of new higher strength steel with 440-690 MPa is developing and applying
to meet the needs of hull and offshore platform structure manufacturing [1]. Both hull and offshore
platform structures are heavily welded with thick steel plates. They serve in the marine environment.
Steel for those structures needs to have superior comprehensive properties, such as high strength,
low-temperature impact toughness, seawater corrosion resistance, and good field weldability [2].
Studies have shown that a new type of ultra-low carbon bainite (ULCB) steel can meet those requirements
of excellent comprehensive properties and more cost-effective [3-5]. The chemical composition design
ideas of ULCB steel is a low carbon equivalent with additions of micro-alloying elements including
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molybdenum (Mo), niobium (Nb), titanium (Ti), nickel (Ni), and copper (Cu) [6-8]. On the one
hand, the composition design of the low carbon equivalent of steel can improve the toughness and
weldability; on the other hand, ultra-low carbon content inhibits the formation of cementite (Fe;C),
thus avoiding the development of galvanic coupling between the ferrite (anode) and cementite
(cathode) phases resulting in higher corrosion rates [9,10]. Meanwhile, ULCB steel was produced by
applying reasonable thermo-mechanical controlled process (TMCP) and quenching and tempering
(QT) technology [11-13]. Thus, the superior performance of ULCB steel can be obtained through
solid solution strengthening, grains refining and precipitation strengthening, as well as through
elevated hardenability and corresponding adjustment of the transformation microstructures [14,15].
However, the heating and cooling process of during steel welding is different from steel producing.
The microstructure and performance of welded joint changes inevitably. As for the newly developed
high-strength ULCB steel, it is a challenging task to ensure that the performance of the welded joint is
not lower than that of the parent material. The welding heat-affected zone (HAZ), which suffers rapid
heating and rapid cooling process, is the weak zone at the joint. The performance of the HAZ is greatly
changed with the occurring of a very unbalanced continuous cooling transformation behavior and the
arising of more complex abnormal microstructure. Therefore, it is of great significance to investigate the
phase transition and microstructure of HAZ and further propose measures to control the phase change
and organization. The solid-state phase transformation and final HAZ microstructure are affected
by many factors, including steel composition, the steel rolling process, austenite grain coarsening
characteristics, plate thickness, and the welding conditions [16,17]. For steel of certain composition,
specification, and method of production, its transformation, microstructure, and properties of HAZ
are mainly affected by welding thermal cycle parameters, such as heating rate, peak temperature,
and welding heat input, especially the post-welding cooling rate [18-20]. To ensure the welding quality,
welding efficiency, and cost reduction [21,22], the appropriate heat cycle parameters should be adopted
in the offshore engineering industry. The continuous cooling transformation curve of the welding
heat-affected zone (SH-CCT) is a helpful tool to display the phase transformation behavior of a material
in the welding process [23,24]. It can be applied to optimize welding process parameters, relieve
welding cracks, and lay down a standard of heat treatment after welding. In spite of the study of phase
transformation behavior in CGHAZ becoming a key issue for research [25,26], SH-CCT diagrams vary
with chemical composition of steels [27]. It is, therefore, necessary to understand the microstructural
and microhardness changes within different sub-regions of the HAZ for different heat inputs in new
high-strength microalloyed steel [28]. As a new type of steel, the SH-CCT of low-carbon bainite E550
steel in this paper has not been reported. This is the reason to establish the SH-CCT diagram of the
specific E550 steel [29].

In this study, the expanding curves and SH-CCT of E550 steel were obtained by dilatometry
and microscopic testing under different cooling rate. The transformation behavior, the evolution of
microstructure, hardness, and low temperature impact toughness of CGHAZ are all studied. This study
can provide references for understanding and controlling the microstructure and properties of such an
ULCB steel during the welding process.

2. Materials and Methods

2.1. Experimental Material

The experimental material was cut from E550 platform steel which was produced by TMCP and
QT. Its chemical composition is listed in Table 1 and the original microstructure mainly consisted
of granular bainite (GB) and some lath bainite ferrite (LBF), as shown in Figure 1. This steel has
the following mechanical properties: Rel = 624 MPa, Rm = 717 MPa, 6 = 21%, Agy (=40 °C) > 165],
240 HVyy. Specimens were machined into three sizes: the ¢ 3 X 10 mm size specimens for measuring
the A¢1 and A3 point, another samples as shown in Figure 2 for determining the SH-CCT, and the third
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sample of 11 X 11 X 60 mm3 was used to measure low-temperature impact toughness after welding
thermal simulation and further machining.

Table 1. Chemical composition of experimental steels (wt%).

Steel C Si Mn P S Nb Ni Cr Mo Ti Cu
E550 0.063 0.26 1.38 0.0081 0.0016  0.044 0.65 0.40 0.22 0.017 0.35

Figure 1. Original microstructure of E550 (a grade of steel) steel.
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Figure 2. Dimension of the sample for determining continuous cooling transformation diagram of the
simulated coarse-grain heat-affected zone (SH-CCT.).

2.2. Experimental Method

The points of A¢1 and A.3 were measured by a Formaster-FII dilatometer (Fuji Industry Inc, Tokyo,
Japan): the sample was heated with heating rate 20 °C/s from room temperature to 250 °C, then heated
to 1150 °C with a heating of 0.05 °C/s, after that, the critical point was determined according to the
inflection point of the thermal expansion curve.

On a Gleeble-3800, specimens were heated at 100 °C/s from room temperature to the peak
temperature (Tp1) of 1320 °C, holding for 1 s, then cooled to 900 °C at 20 °C/s, and finally cooled to
room temperature at different cooling rates ranging from 0.1-40 °C/s, in which the cooling time from
800 °C to 500 °C (tg/5) is from 7.5-3000 s accordingly. The scheme for SH-CCT of experimental steel
was shown in Figure 3. The cooling transformation temperature point was determined according to
the inflection point of the cooling curve. The SH-CCT diagram of E550 steel was plotted according to
the transformation points coupled with the microstructure characteristic and the hardness result at
different cooling rates.
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Figure 3. The scheme for the SH-CCT of experimental steel.

Specimens were heated at 100 °C/s from room temperature to the peak temperature 1320 °C,
holding for 1 s, then cooled at different linear rates ranging from 2-60 °C/s, in which tg5 is from 5 s to
150 s accordingly, as shown in Table 2. After that, specimens were machined into 10 x 10 X 55 mm?
standard Charpy V-Notch (CVN) samples and —40 °C impact toughness were measured according to
the American Society for Testing Material (ASTM) E2298 standard. Three parallel samples are set at
each observation point.

Table 2. Welding heat simulation parameters.

Heating Rate Tpl Holding Time Tgs
©C/s) O (s) (s)
100 1320 1 5,10, 15, 30, 60, 100, 150

The observation of metallographic structures was made by a Leica DM2700M (Made in Leica
Microsystems Inc., GER; Supplied by Leica Microsystems (Shanghai) Trading Co., Ltd., Changning,
China). The Vickers hardness (HV) was measured by an HVS-50 (Laizhou Huayin Experimental
Instrument Co., Ltd., Laizhou, China) under the condition of 98 N load and 15 s dwell time according
to ASTM E384.

3. Results

3.1. Comparison of Austenitic Transformation Temperature of Test Steel under Different Heating Rate

The @ — B phase transformation critical temperatures of tested steel under different heating rates
are presented in Figure 4. It can be seen from Figure 4, when the steel is heated at 0.05 °C/s, the critical
temperature of A.; and A¢3 are 696 °C and 870 °C, respectively; when the steel is heated at 100 °C/s,
the transformation of base metal bainite organization to austenite starts at 780 °C and ends at 920 °C.
The start temperature of @ — § phase transformation under the condition of rapid heating rate 100 °C/s
is delayed about 84 °C compared to quasi-equilibrium state (when the heating rate is 0.05 °C/s) and
the end temperature of the phase transition is delayed about 50 °C. The phase transformation range
narrows 34 °C. Obviously, the austenitic temperature in simulated welding conditions is significantly
higher than the austenitic temperature in the quasi-equilibrium state, and the phase transition time is
shortened. This phenomenon will have an important effect on the subsequent cooling transformation
behavior and products of austenite. The carbides in the steel lack sufficient time to fully dissolve under
the condition of rapid heating. The concentration distribution of carbon and alloy elements in the
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austenite is uneven because of the atoms of carbon and alloy elements has insufficient time to diffuse.
The corresponding carbon-poor zone and carbon-rich zone are formed [30]. The carbon-rich zone is
more likely to form a carbon-rich M-A constituent in the subsequent cooling process. The amount, size,
and distribution of M-A components have great influence on hardness and toughness.
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Figure 4. Curve of austenite transformation critical temperatures of tested steel at different heating rates.
3.2. SH-CCT Diagram

The SH-CCT diagram of tested E550 steel is presented in Figure 5. In the diagram, F is ferrite, B is
bainite, and M is martensite. It can be seen that the cooling rate has an obvious effect on the o —
phase transformation temperatures. From Figure 5, the phase transformed into bainite completely can
occur in a wide range of cooling rates in the range 2-20 °C/s. Moreover, the initial temperature of the
bainite phase transition decreases as the cooling rate increases. This indicates that the steel can obtain
a single bainite microstructure within a relatively wide heat input range which corresponds to the
cooling rate. Furthermore, as the cooling rate increases, the bainite phase transition begins to decrease
in temperature, the microstructure may be refined, and the performance may be improved. Here, it is
worth noting that it is difficult hard to observe other types of phase transformation except the bainite
transition in the expansion curve, but a small amount of martensite is found in the microstructure
when the cooling rate surpasses 20 °C/s actually.

To further confirm the experimental results, the point of the bainite transformation starting
temperature (Bs) and the point of martensite transformation starting temperature (Ms) of the
experimental steel can be estimated according to Equations (1) and (2) [31,32]:

Bs (°C) = 745 — 110 w(C) — 59 (Mn) — 39 (Si) — 68 (Cr)— )
1066 (Mo) + 170(Mn)(Ni) + 60(Cr)? + 296 (Mo)? @

Ms(K) = 764.2 — 302.60(C) — 30.60(Mn) — 16.4a(Ni) — 8.9w(Cr)+ ,
2 40 (Mo) — 11.30(Cu) + 858 (Co) + 7.4w(W) — 1450 (Si) @

where, w(C), w(Mn), w(Si), w(Cr), w(Mo), w(Ni), w(Cu), w(Co), w(W) represents the mass percentages
of elements C, Mn, Si, Cr, Mo, Ni, Cu, Co, and W, respectively. We put the chemical composition of
the experimental steel into Equations (1) and (2). The calculated Bs and Ms are about 613.6 °C and
412.2 °C, respectively. The estimated Bs is close to the experimental Bs, which is about 605 °C at a
2 °C/s cooling rate. Meanwhile, the calculated Ms also has a certain reference value.

When the steel is cooled with a cooling rate of 0.1-2 °C/s, proeutectoid ferrite comes into being.
There are two distinct transitions which correspond to ferrite phase transformation and bainite phase
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transformation, respectively. Furthermore, the beginning temperature of the ferrite phase transition
decreases with the increasing of the cooling rate. The finished temperature of the ferrite transformation
is not clear in the cooling curve obtained by the experiment, however, it is found that ferrite and bainite
coexist in the actual metallographic observation, so the ferrite phase transition temperature range
and bainite phase transformation temperature range overlap in the corresponding SH-CCT diagram.
Ferrite transformation is not complete. Bainite transformation has already begun.
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Figure 5. SH-CCT diagram of the tested E550 steel.
3.3. Microstructure in CGHAZ

Optical microstructures of the CGHAZ at each given cooling rate in the experiment are presented
in Figure 6. It can be observed that when the steel is cooled at 0.1-1 °C/s (tg5 = 3000-300 s),
the microstructure is dominated by granular bainite and a portion of ferrite. When the cooling rate is
0.1 °C/s, the continuous phase transition product is GB and a portion is quasi-polygonal ferrite (QF)
with a rough fuzzy boundary, the original austenite grain boundary contour is faintly discernible.
There are small residual austenite residues in the matrix and a large amount of dark bead shape
martensite-austenite (M-A) group at the boundary of the polygon ferrite or granular bainite, as shown
in Figure 6a. With the increase of the cooling rate, the acicular ferrite emerges, and some of the original
austenite grain boundary is visible, the content of ferrite was reduced and the content of GB increased,
the shape of the tissue is changed from the elongated lath to short and thin lath, and the size of
the M-A group with granular or column shape is finer, as shown in Figure 6b—d. When the steel is
cooled at 2-20 °C/s (tg;5 = 150-15 s), as shown in Figure 6e—i, the microstructure is dominated by lath
bainite and GB. This means that all the bainite tissues can be obtained over a wider range of cooling
rates. It provides a wider range of heat input options for welding. Austenite grain boundaries can
be observed to be very clear. In the interior of the original austenite grain, the grain is divided into
different regions by lath bundles in different directions. Furthermore, with the increasing of the cooling
rate, the content of granular bainite was reduced and the content of lath bainite increased, the size of
lath inside the grain gets smaller as the length becomes shorter and width narrows. The faster the
cooling rate, the finer the lath bundle. The fine M-A groups are distributed in a needle-like arrangement
among the lath or among the lath bundle. When the steel is cooled at 40 °C/s, the main microstructure
is the lath bainite and lath martensite, and there are large granulated carbides in the microstructure.
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Figure 6. Microstructures of simulated coarse-grain heat-affected zone (CGHAZ) at different cooling
rates: (a) 0.1 °C/s; (b) 0.2 °C/s; (c) 0.5 °C/s; (d) 1 °C/s; (e) 1.5 °C/s; (f) 2 °C/s; (g) 3 °C/s; (h) 5 °C/s;
(i) 7.5 °C/s; (j) 15 °C/s; (k) 20 °C/s and (1) 40 °C/s.

The above results show that the low-carbon bainite E550 steel austenite has strong stability in the
cooling process. The transformation mechanism of bainite is not a simple polygonal ferrite boundary
nucleation but a complex transitional phase transition. The bainite microstructure has complex and
diverse transitional morphological characteristics.

3.4. Hardness and —40 °C Impact Toughness of CGHAZ

Figure 7 demonstrates the CGHAZ hardness and —40 °C impact toughness curves of the E550
steel under different cooling rates. It is evident that, in terms of hardness, the results are consistent for
both the samples for the SH-CCT test and samples for the impact test despite their different shapes and
sizes (Figure 7a,b). As the cooling time tg/5 increases, the cooling rate becomes slower and the hardness
of the sample decreases gradually. When the tg5 below 150 s, the CGHAZ hardness is significantly
increased with the decreasing of cooling time tg/5, and the maximum hardness is 323 HVy when the
cooling rate is 40 °C/s; when tg/5 is above 150 s, the hardness values had little change, but the sample
hardness is lower than the base metal hardness which is 240 HVyg, in other words, there is a clear
softening phenomenon. It should be pointed out that excessive hardening and softening in the HAZ
may, respectively, make the steel potentially susceptible to cold cracking and ductile fracture [28].

As for impact toughness, when the time tg/5 is within 5-15 s, it shows excellent impact toughness
(273-286]) of the CGHAZ beyond the base material (163 ]). However, when tg/5 exceeds 30 s, the Charpy
energy values present a sharp decline trend, when tg5 is within 60-150 s, impact toughness of CGHAZ
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(8-23]) is much lower than that of the base material. It means that welding should not be carried out
within the heat input range corresponding to the time scope (tg/5 is within 60-150 s).
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Figure 7. Effect of cooling time tg/5 after welding on the impact toughness and hardness. (a) Hardness
of CGHAZ of samples for SH-CCT test (b) —40 °C impact toughness and hardness of CGHAZ of
samples for impact testing (BM: base metal).

Combined with the previous analysis, it can be seen that, when the cooling rates are about 20 °C/s
(tg/5 is about 15 s), the optimum microstructure of the CGHAZ, which is a mixture of fine lath bainite
and granular bainite, is expected to display an excellent balance between toughness and hardness.

4. Discussion

The microstructure and performance of the product phase transition are closely related to
the chemical composition and phase transition behavior [19]. The tested low-carbon bainite E550
steel contains micro-alloying elements such as niobium (Nb) and molybdenum (Mo). The Mo-Nb
combination makes the austenite more stable, and bainite transformation easily occurs, which can
inhibit the formation of grain boundary ferrite, and acicular ferrite appears at the high transformation
temperature. The bainite transition is a transitional phase transition. When the cooling rate is low,
the phase transition temperature is high, namely, the transformation tends to occur via a diffuse
mechanism. When the cooling rate increases, the phase transformation is apt to be controlled by the
shear mechanism. Thus, the cooling rate changes from low to high, and the following microstructures
will appear in the CGHAZ of E550 steel: Polygonal ferrite (PF) — QF — GB — BF — lath martensite (LM).
Although from the SH-CCT diagram the transformation type is simple, the transition microstructure
type is extremely rich, in fact, and there are different forms of the carbon-rich phase.

In addition, the properties, especially toughness, are affected by residual stresses. Welding residual
stresses are formed owing to localized heating and cooling during welding. Locked-in residual stresses
of HAZ is disadvantageous to the toughness of steel. The magnitudes of the residual stress depend on
the austenite transformation temperature and the thermal shrinkage [33]. Low carbon concentration
promotes the transition at a higher temperature than the martensite transition at a lower temperature.
Thus, the stress associated with the phase transition is reduced in ULCB steel. This is one of the reasons
why ULCB steel has better toughness in general.

The microstructure characteristics and residual stress are all affected by the cooling rate of the
continuous cooling process. Accordingly, the microstructure and performance of steel have the
characteristics of changing with the cooling rate.
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As mentioned above, when the cooling rate is slow, such as 0.1 °C/s, the microstructure of the
sample mainly consists of GB and partially of QF. Much of the retained austenite in the tissue and
granular M/A group dispersed in the matrix of the ferrite. QF is formed at a higher temperature, and its
formation mechanism is the massive transformation. At the interface of the new phase and the parent
phase, the atoms diffuse for a short distance; the chemical composition of the new phase is the same as
in the parent phase. The transformation of granular bainite belongs to the mixed transition mechanism
of shear and diffusion, and its special microstructural morphology is related to its continuous cooling
transformation and low carbon content. The continuous cooling transformation of granular bainite
has occurred in a wide temperature range, making the ferrite morphology in the matrix irregular;
the low carbon content makes the retained austenite size of the bainite subunit too small to observe,
and the single bainite is difficult to recognize. When the cooling rate is slow, carbon atoms have plenty
of time to diffuse from the a/y interface frontier to the y phase, as a result, the carbon content of the
retained austenite is increased and stable carbon-rich austenite forms. Part of carbon-rich austenite
would transform into high-carbon martensite during the following cooling process. Thus, granular
M/A islands form. Compared with the uniform and fine matrix structure, the welding material formed
coarse PF and GB grains because of the slow cooling rate. Moreover, the M/A group in the matrix has a
larger size, so the properties are obviously softened.

When the cooling rate is 0.2-2 °C/s, the acicular ferrite is present, and the change of the cooling
rate causes the variation of the relative ratio of the granular bainite and the ferrite. The proportion of
ferrite reduced and the proportion of granular bainite increased with the increasing of the cooling rate.
Meanwhile, the volume fraction of M/A also increased and the grain size decreased. This can be due to
the increasing of the cooling rate making it difficult for carbon atoms in the austenite to diffuse and the
carbon-rich austenite is small in scale; thus, the size of M/A is reduced.

When the steel is cooled at 2-20 °C/s (tg;5 = 150-15 s), the transformation product is dominated by
lath bainite and granular bainite, especially when the cooling rate exceeds 15 °C/s, the microstructure
of the welded coarse crystalline zone is dominated by thin parallel growth lath bainite. Thus, high
hardness and high impact toughness obtained at high cooling rates is attributed to these factors: on the
one hand, the rapid cooling rate contributes to the formation of lath bainite. The content of lath bainite
with a high density dislocation rises with the increasing of the cooling rate, and the strength and
hardness of lath bainite are higher than that of granular bainite; on the other hand, the microstructure
becomes gradually fine with the lath length becoming shorter, and the width is narrowed with the
increase of the cooling rate, and M-A is fined in lath bainite grain. When the steel is cooled at 40 °C/s,
lath martensite in the tissue appears, so the hardness and impact toughness are higher. In addition,
lath martensite has a self-tempering effect, and carbon nitride precipitation of niobium can prevent
grain boundary migration to refine grains. All these are beneficial to increase the hardness and
impact toughness.

5. Conclusions

In present study, through simulation of welding thermal cycles and observation of microstructures
in the CGHAZ, the continuous cooling transformation behavior of the simulated CGHAZ was
studied, and SH-CCT diagrams of the new E550 steel was constructed. The correlation between the
microstructure and its properties was analyzed. The following conclusions can be drawn:

The start temperature of @ — y phase transformation under the condition of a rapid heating rate
(100 °C/s) is delayed about 84 °C, and the end temperature of phase transformation is delayed about
50 °C compared to the quasi-equilibrium state (0.05 °C/s). This phenomenon has an important effect
on the subsequent cooling transformation behavior and products of austenite.

The phase transforming into bainite completely can occur in a wide range of cooling rates of
2-20 °C/s. This provides a wider range of heat input options for welding.

When the cooling rate changes from low to high, the following microstructures will appear in the
CGHAZ of the tested E550 steel: PF - QF — GB — BF —» LM.
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The hardness of the CGHAZ is improved with the decreasing of cooling time tg/5, the maximum
hardness is 323 HV;y when the cooling rate is 40 °C/s; there is a clear softening phenomenon when tg5
is above 150 s.

When the time tg5 is 5-15 s, the —40 °C impact toughness of the CGHAZ (273-286]) is greater
than that of the base material (161 J); when tg/5 is among 60-150 s, impact toughness of CGHAZ (8-23])
is much lower than that of the base material. This means that welding should not be carried out within
the heat input range corresponding to the time scope (tgs is 60-150 s).

When the cooling rates are about 20 °C/s (tg/5 is about 15 s), the optimum microstructure of the
CGHAZ, which is a mixture of fine lath bainite and granular bainite, is expected to display an excellent
balance between toughness and hardness.
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