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Meanwhile, static thermal simulation tests were conducted to simulate the heat
treatment process under different cooling rates, and corresponding samples were
prepared. Microstructure characterization and property tests were carried out us-
ing metallographic microscope, Vickers hardness tester and other equipment. Fi-
nally, the measured CCT curves were plotted and compared with the simulation
results. The results show that the microstructure changes regularly with the cool-
ing rate, and the final microstructure is lath martensite. The microhardness in-
creases sharply at first and then tends to be stable with the increase of cooling rate.
When the cooling rate exceeds 50°¢s, the microhardness stabilizes at 288-297HV,

which is consistent with the variation law of the simulation results.
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1. Introduction

As a microalloyed low-carbon bainitic steel, Q550D steel integrates high strength, excellent low-tempera-
ture toughness and weldability, and is widely used in heavy steel structures, bridge engineering, construction
machinery and other fields. With the development of industrial equipment toward extreme working conditions,
higher requirements have been put forward for the performance stability and reliability of Q550D steel [1-4]. Li
[5] et al. experimentally investigated the effect of cooling rate on the microstructure and properties of Q550 steel,
confirming that an increased cooling rate can promote bainitic transformation, refine the microstructure, and
thus enhance the material strength. Li [6] et al. conducted a study on the controlled rolling and controlled cool-
ing process of Q550D steel, and found that the mixing ratio of bainite and ferrite can be precisely regulated by
optimizing the cooling system, which provides an effective technical approach for improving the tensile prop-
erties of the material. Xu [7] et al. focused on the metal inert gas (MIG) welded joints of Q550D low-alloy high-
strength steel and 6252 armor steel, systematically analyzed the microstructural and mechanical property char-

acteristics of the weld zone, and provided a reference for the optimization of dissimilar steel welding processes
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and the strength-toughness matching of welded joints. Yang [8] et al. adopted a combined method of numerical
simulation and experimental verification to conduct an in-depth study on the preheating-free welding technol-
ogy of Q550 low-alloy high-strength steel applied in hydraulic structural components, clarified the influence
mechanism of process parameters on welding quality, and offered an important reference for the "simulation-
verification" process development idea of this steel grade. In summary, existing research on Q550D steel mainly
focuses on process optimization and performance improvement. The basic matching between strength and
toughness is achieved through adjustments to processes such as thermomechanical control process (TMCP),
welding process, or heat treatment process. As a core parameter of heat treatment, the cooling rate dominates
the final mechanical properties of the material by regulating austenite phase transformation kinetics, altering
grain size, phase composition, and microstructure morphology [9-14]. Although existing studies [5] have clari-
fied the correlation between cooling process and the microstructure and properties of Q550D steel, there are
still some deficiencies. Most studies focus on the effects of single process parameters such as cooling tempera-
ture and tempering system, and lack systematic exploration on the microstructure transformation law under
continuous cooling rate gradient. In particular, the critical cooling rate and microstructure evolution details of
the transition from granular bainite to lath bainite and martensite have not been clarified, which makes it diffi-
cult to accurately guide the refined regulation of process parameters. J]MatPro software, relying on its mature
thermodynamic models and extensively validated physical models, has been verified in the process simulation
of metallic materials [15-18] which provides a reliable tool for predicting the phase transformation behavior of
Q550D steel.

In this study, a dual-verification research approach of "simulation-experimentation” was adopted to inves-
tigate the microstructure evolution and property variation rules of Q550D steel within the cooling rate range of
1-100 °C/s. On the one hand, JMatPro simulations were performed to predict the critical phase transformation
temperatures, phase composition ratios and property change trends in advance, which provides a scientific
basis for the design of experimental schemes and reduces the blindness of experiments. On the other hand,
static thermal simulation experiments were utilized to accurately reproduce the microstructure transformation
during the actual cooling process. The phase transformation critical points were measured by the dilatometry
method, and the experimentally determined continuous cooling transformation (CCT) curves were plotted
combined with metallographic observations. Meanwhile, the microhardness under different cooling rates was
systematically tested. Finally, a quantitative relationship among cooling rate, microstructure and properties
was established. The reliability of the simulation results was verified by experimental data, and the model pa-
rameters were modified, thus making the research conclusions more credible. This study aims to fill the gap in
the quantitative research on the CCT behavior of Q550D steel over a wide cooling rate range, clarify the regu-
lation mechanism of cooling rate on microstructures such as bainite and martensite, and provide solid theoret-
ical support for the precise optimization of heat treatment processes of Q550D steel. It is of great practical sig-

nificance for promoting the application of high-performance materials in various engineering fields.

2. Experimental Materials and Research Methods
2.1. Experimental Materials

Industrial-grade Q550D steel with a thickness of 30 mm was selected as the experimental material. The
chemical composition of the tested steel was analyzed using a SPECTROLAB M7 direct-reading spectrometer,

and its main chemical components are presented in Table 1.
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Table 1. Main chemical composition of Q550D steel (wt%)

C Si Mn P S Al Ti Cr Nb B

0.089 0.26 1.53 0.015 0.0023 0.031 0.014 0.28 0.037 0.0004

2.2. Research Methods

JMatPro software was adopted for numerical simulation. The Thermodynamic Properties module was
used to calculate the thermodynamic phase diagram of the tested steel, so as to clarify the equilibrium phase
composition and phase transformation temperature. The Phase Transformations module was employed to plot
the TTA, TTT and CCT curves, analyzing the evolution law of room-temperature microstructure under different
cooling rates. Combined with the calculation results of phase transformation kinetics, the Mechanical Properties
module was utilized to calculate the microhardness and tensile mechanical properties of the tested steel under
different cooling rates, thus predicting the mechanical properties of the steel at varying cooling rates.

Static thermal simulation experiments were conducted on a Gleeble-3500 thermal simulation testing ma-
chine. The machined samples were cylindrical with dimensions of 3 mm x 10 mm. According to the phase
diagram characteristics of low-carbon low-alloy steel, the samples were heated to 930 °C at a rate of 10 °C/s.
This austenitizing temperature was selected to ensure the complete dissolution of proeutectoid phases such as
pearlite and ferrite, while avoiding abnormal growth of austenite grains caused by excessively high tempera-
ture, which would otherwise affect the subsequent transformed microstructure and properties. In accordance
with the TG15-62/2:1-2023 standard, a holding time of 3 minutes was set to fully eliminate the internal temper-
ature gradient of the samples and ensure a homogeneous austenite structure. Subsequently, the samples were
cooled to room temperature at cooling rates of 1 °C/s, 10 °C/s, 20 °C/s, 30 °C/s, 40 °C/s, 50 °C/s, 70 °C/s, and
100 °C/s, respectively. During the experiments, the cooling process was precisely regulated by the closed-loop
temperature control system of the Gleeble-3500 testing machine to maintain a linear and constant cooling rate
throughout the entire cooling stage. The start and finish temperatures of phase transformation under different
cooling rates were determined by recording the dilatation-temperature curves during cooling and in conjunc-
tion with the tangent method. The microstructures of the samples after continuous cooling transformation were
observed using an Axioscope 5 optical microscope (OM). Microhardness tests were performed with a ZHV1
Vickers hardness tester under a load of 100 g and a dwelling time of 10 s. For each sample, measurements were

taken at 5 different positions, and the average value was adopted as the final hardness value.

3. Simulation Results and Analysis

3.1. Simulation and Analysis of Thermodynamic Phase Diagram

The calculated thermodynamic phase diagram of Q550D steel is shown in Figure 1. As can be seen from
Figure 1, the equilibrium phase diagram of Q550D steel consists of 11 distinct phase regions, including liquid
phase, austenite, ferrite, MnS, TisC,S,, a small amount of phosphide (MsP), and various types of carbides
(M(C,N), MB,Cs,, cementite, M;Cs, M23Cs). The liquidus temperature is 1517.6 °C, at which d-ferrite begins to
precipitate from the liquid phase. With the decrease of temperature, a peritectic reaction takes place. When the
temperature drops to 1477.7 °C, the liquid phase disappears completely, and y-austenite with a face-centered

cubic (FCC) structure is formed, thus completing the transformation from liquid phase to solid phase. Subse-
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quently, when the temperature decreases to approximately 1359.9 °C, a tiny amount of Mn-containing precipi-
tate (MnS) begins to appear. In the temperature range of 1192.3 °C to 844.6 °C, trace amounts of Ti,C,S; start to
form, and the content of Ti,C,S, reaches a peak of about 0.01 % at 844.6 °C. When the temperature drops to
126.5 °C, the MnS phase disappears completely. In contrast, y-austenite begins to transform into low-tempera-
ture ferrite at 838.6 °C, and when the temperature decreases to 684.2 °C, austenite is completely converted into
ferrite and a small amount of carbides. The equilibrium phase composition of Q550D steel at room temperature
is mainly 98.3 % ferrite phase, along with a small amount of carbides (M (C,N), cementite, etc.), TisC,S, and
phosphide M;P.
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Figure 1. Thermodynamic phase diagram of Q550D steel calculated by JMatPro software

3.2. Simulation Results and Analysis of TTT Curve

Figure 2 shows the TTT curve calculated by JMatPro software. As can be seen from Figure 2, after the alloy
is austenitized, the maximum precipitation temperatures of ferrite, pearlite and bainite during cooling are
838.7 °C, 697.8 °C and 603.6 °C, respectively. During these phase transformation processes, the “nose tempera-
ture” of pearlite is 607 °C, and undercooled austenite begins to precipitate pearlite after holding at this temper-
ature for 77.8 s; the “nose temperature” of bainite is 517 °C, and undercooled austenite starts to precipitate
bainite after holding at this temperature for 1.8 s; the martensite start temperature is 437.5 °C, the 50 % marten-
site transformation temperature (Mso) is 405.0 °C, and the 90 % martensite transformation temperature (Moo) is
329.5°C.

The characteristics of the TTT curve indicate that the undercooled austenite of Q550D steel mainly under-
goes ferrite-pearlite transformation in the medium-high temperature range 600-800 °C, bainite transformation
dominates in the medium-low temperature range 500-600 °C, and martensite transformation occurs in the low
temperature range (<437.5 °C), which is consistent with the phase transformation characteristics of low-carbon

bainitic steel.
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Figure 2. The TTT curve of Q550D steel calculated by JMatPro software

3.3. Simulation Results and Analysis of CCT Curve

Figure 3 shows the continuous cooling transformation curve of undercooled austenite in Q550D steel cal-
culated by JMatPro software. As can be seen from Figure 3, during the continuous cooling process of Q550D
steel, the minimum precipitation temperatures of ferrite, pearlite and bainite are 488.8 °C, 517.4 °C and 477.4 °C,
respectively; the martensite start temperature (Ms) is 431.4 °C, and the martensite finish temperature (M) is
322.9 °C. When the quenching cooling rate is higher than 70 °C/s, the martensite content in the room-tempera-
ture microstructure reaches 99 %, which can be regarded as achieving a full martensite microstructure with the

material fully quenched.
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Figure 3. The CCT curve of Q550D steel calculated by JMatPro software
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As can be seen from Figure 3, the room-temperature phase composition contents under different cooling
rates are presented in Table 2. As can be seen from Table 2, when the cooling rate is 1 °C/s, the bainite content
reaches 19.90 %. With a further increase in the cooling rate, the contents of ferrite and pearlite continue to de-
crease while the bainite content keeps rising. When the cooling rate increases to 10 °C/s, the martensite content
is close to half of the total phase composition. At a cooling rate of 20 °C/s, the room-temperature microstructure
is dominated by martensite, with the mass fraction of bainite accounting for only about 5 %, accompanied by a
tiny amount of retained austenite. When the cooling rate increases to above 70 °C/s, the mass fraction of mar-
tensite is approximately 99 %, containing almost no bainite, and the content of retained austenite stabilizes at
0.01 %. It can be concluded that the increase in undercooling, i.e., the elevation of cooling rate, promotes the
transformation of austenite to martensite. The proportion of martensite increases significantly with the rising

cooling rate, while the bainite content shows a trend of first increasing and then decreasing.

Table 2. Room-temperature phase composition of Q550D steel at different cooling rates

Cooling
rate/(°C-s-1) 1 10 20 30 40 50 70 100
Ferrite/% 79.44 28.47 12.39 5.48 2.85 1.78 0.78 0.29
Pearlite/% 0.65
Bainite/% 19.91 26.30 4.98 1.86 0.97 0.60 0.29 0.11
Austenite/% 0.01 0.01 0.01 0.01 0.01
Martensite/% 45.21 82.62 92.65 96.07 97.61 98.91 99.58

3.4. Simulation Results and Analysis of Mechanical Properties
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Figure 4. Mechanical properties of Q550D steel calculated by the JMatPro software

The simulation results of mechanical properties of Q550D steel are shown in Figure 4. As can be seen from
Figure 4, the yield strength, tensile strength and microhardness exhibit the same variation trend with the cool-
ing rate, which can be divided into two stages. In the first stage, when the cooling rate is less than 10 °C/s, the

yield strength, tensile strength and microhardness increase almost linearly. This is because at low cooling rates,

335 https://doi.org/10.64486/m.65.4.2


https://doi.org/10.64486/m.65.4.2

Metalurgija | Metallurgy Vol. 65 No. 4 / 2026

the room -temperature microstructure is dominated by ferrite and a small amount of pearlite, which have rela-
tively low hardness and strength. In the second stage, when the cooling rate exceeds 10 °C/s, the increasing rate
of yield strength, tensile strength and microhardness gradually slows down. Especially when the cooling rate
ranges from 30 °C/s to 100 °C/s, the three parameters basically tend to be stable. This is due to the fact that the
core microstructure transformation in this stage is martensitic transformation, with a large number of disloca-
tions and twins existing inside the material. Through the synergistic effect of dislocation strengthening, twin
strengthening, and solid solution strengthening, the strength and hardness of the material reach a relatively
high level.

4. Experimental Results and Analysis

4.1. Microstructure Analysis

The room-temperature microstructures of Q550D hot-rolled steel plates under different cooling rates are
shown in Figure 5. As can be seen from Figure 5, with the increase of cooling rate, the microstructure transforms
from ferrite + pearlite to bainite and martensite. When the cooling rate is 10 °C/s, a large amount of granular
bainite appears in the microstructure, accounting for approximately 25.8 %. The ferrite content decreases, and
its morphology gradually transforms from the original coarse polygonal shape to fine lath-like, while pearlite
disappears completely. At a cooling rate of 20 °C/s, the proportion of bainite reaches 50 %, and its morphology
transforms into lath-like, presenting a mixed state of granular and lath-like structures with further refined mi-
crostructure. When the cooling rate is 30 °C/s, martensite emerges in the microstructure, and the contents of
both ferrite and bainite decrease. At a cooling rate of 40 °C/s, the microstructure is dominated by lath martensite,
accounting for about 52.6 %, while the contents of ferrite and bainite continue to decrease, with the ferrite con-
tent only accounting for 25.4 %. When the cooling rate further increases to the range of 50 °C/s ~ 100 °C/s, the
microstructure is almost entirely composed of martensite; moreover, with the increase of cooling rate, the size
of martensite lath packets becomes smaller and smaller, and the microstructure refinement effect is significant.
The mixed microstructure of granular bainite and lath bainite can achieve a balance between strength and
toughness [19, 20].
4.2. CCT Curve Analysis

Based on the inflection points of the curves depicting variations of thermal expansion and temperature
with time for Q550D steel under different cooling rates, which were obtained from thermal simulation tests, the
tangent method was adopted to determine the phase transformation temperatures at different cooling rates.
Combined with the metallographic microstructure morphology, the CCT curve of Q550D steel was constructed
and is shown in Figure 6. As can be seen from the figure, with the increase of cooling rate, the initial phase
transformation temperature decreases gradually. When the cooling rate reaches above 5 °C/s, bainite micro-
structure appears and gradually becomes the dominant phase; at this time, the microstructure is mainly com-
posed of ferrite and bainite, and pearlite basically disappears. When the cooling rate increases to above 20 °C/s,
martensite microstructure begins to form, and the room-temperature microstructure is mainly a mixture of
martensite, bainite and ferrite. When the cooling rate exceeds 40 °C/s, ferrite disappears, and the microstructure
is primarily a mixture of martensite and bainite. The overall variation trend of the phase transformation law
reflected by the measured CCT curve is consistent with that simulated by JMatPro, which verifies the reliability

of the simulation.
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Figure 5. Room-temperature microstructure of Q550D steel under different cooling rates

(a) 1 °C/s; (b) 10 °C/s; (c) 20 °C/s; (d) 30°C/s; (e) 40 °C/s; (f) 50 °C/s; (g) 70 °C/s; (h) 100 °C/s
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Figure 6. CCT diagrams of the Q550D steel

4.3. Microhardness Analysis
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Figure 7. Microhardness of the Q550D steel under different cooling rates

Figure 7 shows the microhardness curve of Q550D steel under different cooling rates. As can be seen from
Figure 7, the microhardness increases gradually with the rise of cooling rate. The main reason is that the increase
in cooling rate refines the microstructure; meanwhile, the content of granular bainite increases gradually, and
the strengthening effect of bainite leads to the improvement of hardness. With a further increase in cooling rate,
the bainite content continues to rise and its morphology gradually transforms into lath bainite, which further
refines the microstructure and thereby results in a continuous increase in microhardness. When the cooling rate
exceeds 20 °C/s, martensite begins to appear in the microstructure. As the cooling rate increases further, the

martensite content rises gradually while the contents of ferrite and bainite continue to decrease, and the phase
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transformation strengthening effect of martensite further improves the hardness.

When the cooling rate reaches 100 °C/s, the microstructure is almost entirely composed of martensite, and
the microhardness remains basically unchanged, with only a slight increase caused by the refinement of mar-
tensite lath packets. This is consistent with the rule that the mechanical properties tend to be stable in the sim-
ulation results. The measured microhardness stabilizes at 288-297 HV, corresponding to a tensile strength of
approximately 685-725 MPa, which meets the application requirements of Q550D steel in the field of steel struc-

tures.

5. Conclusions

1. The thermodynamic phase diagram, TTT and CCT curves of Q550D steel were simulated and calculated
by means of JMatPro software, and its phase transformation characteristic parameters were clarified: the
liquidus temperature is 1517.6 °C, Al= 697.9 °C, A3= 838.7 °C, the martensite start temperature (Ms) is
431.4 °C, and the martensite finish temperature (M) is 322.9 °C. A full martensite microstructure can be
obtained when the cooling rate is higher than 70 °C/s.

2. The microstructure of Q550D steel evolves regularly with the cooling rate. When the cooling rate ranges
from 40 °C/s to 100 °C/s, a martensite-dominated microstructure is formed, and the martensite laths are
refined with the increase of cooling rate. The microhardness increases sharply at first and then tends to be
stable with the increase of cooling rate, which is highly consistent with the evolution law of the microstruc-
ture.

3. Theoverall trend of the measured CCT curve is consistent with that of the simulation results, which verifies
the reliability of JMatPro software in predicting the phase transformation behavior of Q550D steel.
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