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Abstract: A series of simulated on-fire processing experiments on Q345R steel plates was conducted, and the plates’ Brinell hardness, ten-
sile strength, and impact energy were tested. Microstructure morphologies were systematically analyzed using a scanning electron micro-
scope with the aim of investigating the effect of the steel’s microstructure on its performance. All examined performance parameters exhib-
ited a substantial decrease in the cases of samples heat-treated at temperatures near 700°C. However, although the banded structure decreased 
with increasing treatment temperature and holding time, it had little effect on the performance decline in fact. Further analysis revealed that 
pearlite degeneration near 700°C, which was induced by the interaction of both subcritical annealing and conventional spherical annealing, 
was the primary reason for the degradation behavior. Consequently, some nonlinear mathematical models of different mechanical perform-
ances were established to facilitate processing adjustments. 
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1. Introduction

Q345R steel has been widely used to manufacture pres-
sure vessels [1]. As Q345R steel is a low-alloy structural 
steel, it must exhibit excellent mechanical performance to 
satisfy practical requirements for such applications. There-
fore, much attention has been devoted to improve the me-
chanical properties of Q345R steel without substantially in-
creasing its cost [2–4]. In recent years, the effects of trace 
elements (e.g., V, Nb, and Al) [5] and cooling rate during 
processing [6] have been extensively investigated. Zhao [7] 
studied the relation between different rolling processes and 
the microstructure and properties of the resulting steel. 
However, the influence of microstructure on the steel’s me-
chanical performance and the corresponding relation equa-
tions remain unsolved issues. In the case of Q345R, a 
banded structure that contains alternating ferrite and pearlite 
bands is commonly observed [8]. This banded structure usu-
ally forms during the austenite-to-ferrite transformation 
when the as-rolled steel plates are gradually cooled [9]. Ac-
tually, the formation mechanism is related to the original 

segregation of substitutional alloying elements into the liq-
uid phase during dendritic solidification [9–10]. However, 
eliminating these bands through long-term, high-tempera-
ture homogenization is difficult because of the low diffusion 
rates of the substitutional elements [11]; consequently, heat 
treatments are not economically feasible. Furthermore, an-
other important phenomenon known as pearlite degenera-
tion has also aroused researchers’ interest. The typical char-
acteristic of pearlite degeneration is the spheroidization of 
cementite [12]. Studies on the static spheroidization of sili-
con-containing steel have shown that the spheroidization 
rate is controlled by the diffusion of carbon at the Fe–Fe3C 
interface [13]. Generally, subcritical annealing and inter-
critical annealing would result in such a transformation [14]. 

Because the service states of Q345R steel plates are 
strongly affected by their processing conditions, a system-
atic analysis of the effects of processing conditions is im-
portant. In this study, a series of on-fire processing experi-
ments was conducted to study the influence of processing 
conditions and the mechanism of performance degradation. 
Furthermore, nonlinear mathematical models of the relevant 
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relations were established to facilitate the development of 
production technologies. 

2. Material and methods

The material studied in this paper was as-rolled Q345R
steel. The chemical composition (wt%) was C, ≤0.20; Si, 
≤0.55; Mn, 1.20–1.60; P, ≤0.025; S, ≤0.015; Alt, ≥0.02; Fe, 
balance. In the experiments, the steel plates were first ma-
chined to dimensions of 200 mm × 200 mm × 20 mm and 
then heat-treated isothermally in an SX-5-10 resistance fur-
nace (Shanghai Shuli Instrument Co., Ltd.) at 550, 700, 800, 
and 950°C for 0.5 h, 2 h, and 5 h at each temperature, fol-
lowed by being cooled in air. 

Several mechanical tests were conducted after the afore-
mentioned heat treatment to reveal the variation in per-
formance with variation of the heat-treatment parameters. 
The surface hardness was tested using an XHB-3000 Brinell 
hardness tester. Tensile tests and Charpy V-notch impact 
tests were subsequently performed at room temperature us-
ing MTS-800 (Mechanical Testing and Sensing Systems 
Corporation) and JB-W (Beijing Time High Technology Co., 
Ltd.) testing machines, respectively.  

Specimens with dimensions of 10 mm × 10 mm × 20 mm 

for microstructure analysis were cut from the bulk processed 
steel plates. The microstructure morphologies were ob-
served using a 9XB-PC optical microscope (Shanghai Opti-
cal Instrument Factory) and a JSM-6510A scanning electron 
microscope (Japan Electron Optics Laboratory Co., Ltd.).  

3. Results and discussions

3.1. Mechanical properties of Q345R steel 

Fig. 1 shows the variation trends of Brinell hardness (HB), 
impact energy (Ak), and tensile strength (Rm) as functions of 
heat-treatment temperature. As evident in the figure, most of 
the curves exhibit a similar trend, i.e., the curves remain rela-
tively stable for treatment temperatures from room tempera-
ture to 550°C, decrease sharply for treatment temperatures 
between 550°C and 700°C, and again increase when the 
treatment temperature exceeds 700°C. The mechanical per-
formance of the steel samples treated under the corresponding 
conditions depends primarily on temperature and weakly on 
the holding time. Therefore, given the economic feasibility 
and safety requirements, the processing temperatures should 
avoid close to 700°C and the holding time should be as short 
as possible while maintaining the predominant properties of 
the steel.  

Fig. 1.  Mechanical performance of Q345R
steel under different simulated on-fire proc-
essing conditions: (a) Brinell hardness; (b) im-
pact energy; (c) tensile strength. 
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Notably, the processing conditions used in this work are 
focused primarily on the influence of heat treatments. Other 
factors, such as the load on the plates and surface oxidation, 
are not considered. 

3.2. Microstructure of Q345R 

3.2.1. Banded structure of Q345R 

Fig. 2 reveals the metallographic characteristics of Q345R 
steel. The banded feature is obvious, especially under the con-
ditions of low temperature or inadequate treatment time. In the 
images, the dark and white zones are pearlite and ferrite, re-
spectively. In accordance with Chinese standard GB/T 
13299—1991 “Microstructure assessment methods of steels”, 
the banded levels were measured under different conditions; 
the results are reported in Table 1. The levels clearly remain 
stable from 550°C to 700°C and then begin to decrease at 
higher treatment temperatures and longer treatment time. In 
the case of the sample treated at 950°C for 5 h, the banded 
structure level is only approximately 1B; i.e., the pearlite and 
ferrite are evenly distributed. As shown in Fig. 2, elimination 
of these bands requires a higher temperature and an adequate 
holding time. 

Fig. 2.  Variation of the banded structure with processing 
conditions (temperature or time). 

Table 1.  Banded levels of the tested specimens in different 
states 

Time / h 550°C 700°C 800°C 950°C 

0.5 4B 4B 4B 3.5B
2 4B 4B 3B 1.5B
5 4B 4B 2B 1B

The banded structure originates from original heterogene-
ous segregation of alloy elements during dendritic solidifica-
tion. Because of the relatively high Mn and Si contents, den-
dritic segregation is prone to occur during the solidification 
process; i.e., alloy elements are inclined to segregate to inter-
dendritic sites. However, in the subsequent hot-forming proc-
ess, a homogeneous state is difficult to achieve through diffu-
sion because of the low diffusion coefficient of Mn. Thus, a 
certain degree of banded segregation will continue to exist. 

The formation mechanism of the banded structure can be in-
terpreted through the diffusion behaviors of C, Mn, and Si in 
the Fe matrix. As presented in Fig. 3, the distribution of alloy 
elements over a wide range appears as an undulating curve. 
The peaks of this curve indicate a greater content of Mn, thus 
leading to undulating distributions of the Ar3 temperature 
among different regions. During the cooling process, ferrite 
first forms in bands with a high Ar3 temperature and carbon is 
forced into the adjacent low-Ar3 austenite because of the low 
solubility of carbon in ferrite; these processes lead to the for-
mation of carbon-rich and carbon-depleted layers [15]. The car-
bon concentration gradually increases at the segregation region 
of the alloy elements, and austenite in these carbon-rich or 
Mn- rich regions finally transforms into pearlite or proeutectoid 
ferrite and pearlite, resulting in a banded distribution of ferrite 
and pearlite. However, at higher on-fire temperatures such as 
800°C or 950°C, the microstructure undergoes considerable 
changes, as shown in Fig. 4; i.e., the bands decrease or even dis-
appear but the performance of the steel changes little. Thus, the 
performance of Q345R steel is not sensitive to ferrite and pear-
lite existing in a banded distribution. In fact, certain mechanical 
properties such as tensile strength, yield strength, or elongation 
are not substantially affected by microstructural banding, pri-
marily because the direction of the main working force of a 
pressure vessel is the rolling or transversal direction, allowing 
the anisotropic effects in the thickness direction to be ignored. 

Fig. 3.  Schematic of Mn segregation and the corresponding 
banded structure. 

3.2.2. Degeneration of pearlite 

The most significant feature for Q345R treated at 700°C is 
pearlite degeneration. The typical characteristics are the break- 
up of lamellar cementites and spheroidization of cementite par-
ticles, as shown in Fig. 5. This figure shows chains of discrete, 
broken-up cementite in the sample treated at 700°C for 0.5 h, 
rod-shaped structures in the sample treated at 700°C for 2 h, 
and a series of spheres or approximately spherical particles in 
the sample treated at 700°C for 5 h. Thus, pearlite degenera-
tion tends to increase with increasing treatment time. 
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Fig. 4.  Microstructures of Q345R steel heat-treated at 950°C for 2 h (a) and 5 h (b). 

The CCT (continuous cooling transformation) curves of 
Q345R were calculated using the Jmat-Pro software on the 
basis of the Fe-based data in its database; the results are plot-
ted in Fig. 6. The calculated curves indicate that the values of 
A1 and A3 approach 701.2°C and 828.3°C, respectively. 

Fig. 6.  CCT diagram for Q345R steel. 

Several models have been proposed to explain the mecha-
nism of spheroidization of lamellar cementites, including 
capillarity-induced perturbation theory, grain-boundary ther-
mal groove theory, and fault migration theory [16]. In the case 
of the as-rolled Q345R steel plates, high-density dislocations 
exist in the pearlite. After gaining sufficient activation energy 
during high-temperature recovery, slip dislocations in cemen-
tite will climb directly, leading to rearrangement or cancela-
tion of different kinds of dislocations and subsequent forma-
tion of subgrains. A sub-boundary groove due to local equilib-
rium of surface tension introduces curvature to the lamellar 
cementites at the interface, thus causing a distinction of cur-
vature between grooves and neighboring flat interfaces [16]. 
Because the saturated concentration, as indicated by the 
Gibbs–Thomson effect, increases with increasing curvature of 
the surface of cementites, it will result in a concentration gra-
dient between the two sites. The mathematical formula for the 
Gibbs–Thomson effect is given as follows: 

Fig. 5.  Degenerated pearlites of Q345R
steel heat-treated at 700°C for 0.5 h (a),
2 h (b), and 5 h (c). 
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where r is the radius of curvature and αC  is the saturated 
concentration when r tends to infinity. In response to the con-
centration gradient, carbon dissolved in α-solution at the 
grooves will spread to the adjacent flat, gradually leading to 
dissolution of the groove and eventually to break-up of the 
lamellar plates. Ostwald ripening, i.e., the growth of larger 
particles and dissolution of smaller particles, then occurs. The 
whole aforementioned process results in the degeneration of 
pearlite, as demonstrated in Fig. 7. Tian and Kraft [17] have 
summarized the main points of these models on the basis of 
their experimental results, which showed that the recession of 
lamellar terminations, expansion of holes, growth of fissures, 
and the thickening of lamellae together contribute to the final 
shape of the degenerated pearlite. At a treatment temperature 
of 700°C, the rate of the spheroidization process increases 
with time because of the sufficient dissolution of terminations 
and the rapid diffusion of carbon. A high degree of degenera-
tion is therefore achieved. 

Fig. 7.  Schematic illustrating the degeneration of pearlite 
during subcritical annealing. 

Given that 700°C is in the range of the critical fluctuation 
around the Ar1 temperature of Q345R, the process of conven-
tional spheroidization should not be ignored. Fig. 8 illustrates 
the difference between the two spheroidization processes. In 
conventional spheroidization annealing, insufficient austeniti-
zation always results in certain number of undissolved carbide 
particles remaining in austenite at temperatures above the A1 
temperature. In addition, in the subsequent slow-cooling stage 
at temperatures below A1, these particles become cementite 
nuclei, resulting in the formation of final spherical carbides 
[18]. O’Brien and Hosford [14] concluded that the subcritical 
process requires substantially less time for spheroidization 
than the conventional process and will greatly reduce energy 
consumption if adopted. 

The ability of spheroidal carbides to block dislocation 
movement is less than that of lamellar carbides. Thus, disloca-
tions will pile up at the interface of lamellar carbides and must 

achieve a greater force or activation energy to overcome this 
block. However, dislocations in the face of spheroidal carbide 
particles can bypass such blocks and continue to migrate. The 
strengthening effect is diminished because of the decrease in 
phase boundaries or increase in the degree of spheroidization. 

Fig. 8.  Comparison between conventional and subcritical 
spheroidization annealing. 

3.3. Nonlinear mathematical modeling 

3.3.1. Basic principle of the nonlinear regression method 

The nonlinear regression model is shown as follows: 

( , )f y ξ θ ω (2) 

where y is a dependent variable; ξ = [ξ1, ξ2, , ξk ]
T is a vector 

composed of k independent variables; θ = [θ1, θ2, , θp ]
T is a 

vector composed of p undetermined parameters; and ω is the 
deviation of random variables following a normal distribution. 

Assume that n groups of independent observed values exist: 
(ξi, yie), i = 1, 2, , n, where ξi = [ξ1i, ξ2i, , ξki ]

T and yie are the 
observed values corresponding to ξi. According to the princi-
ple of least squares, θ̂ , the optimal estimation of θ, can be 
determined optimally using the following objective function: 

2

1

( ) min ( ) min ( )
n

ie i
i

ˆ


  S θ S θ y y (3) 

where yi = f(ξi, θ). 
Because of the nonlinearity of the regression model, the 

optimization problem turns to solving the nonlinear equations 
formed by G(θ) = 0, the gradient of S(θ). Solving these 
nonlinear equations directly is difficult. In reference to the 
Gauss–Newton method and Marquardt method, we adopted 
the Newton–Raphson iteration method to solve the equations 
after linearization of the objective function.  

Assuming that the m1-th result of the iteration and the 
correction amount are 1mθ and mβ , respectively, the m-th it-
eration result can be determined using the following formula: 

1m m m θ θ β (4) 

Substituting Eq. (4) into Eq. (3) and then conducting the 
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Taylor expansion at 1mθ to take its linear term, we obtain the 
following equation: 
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Let B be an n-dimensional column vector whose compo-

nents are 1( )m
ij ie if ,  B y ξ θ . Likewise, let A be an n × p  

matrix whose components are 1
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where i =1, 2, , n; j = 1, 2, , p. Thus, the equations com-
posed of gradient G(θ) = 0 of Eq. (5) can be written as 

Aβ B                                  (6) 

The value of correction is obtained by solving Eq. (6). 
3.3.2. Nonlinear mathematical model for the properties of 
Q345R treated at different temperatures 

To predict relevant mechanical properties under other con-
ditions for later production reference, we attempted to estab-
lish nonlinear mathematical models for these properties. No-
tably, because the influence of treatment time on the Brinell 
hardness is relatively weak, only on-fire temperature is con-
sidered here. A nonlinear model is given as follows when t is 
constant: 

2
1

3

HB( ) ( )
exp( 1000)m

p
T f T p

p T /
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
, t = const   (7) 

where HB is the Brinell hardness, T is the experimental tem-
perature, and p1, p2, p3, and m are undetermined parameters. 
Using the least-squares principle, we fitted the experimental 
data nonlinearly and optimized the fit through the Leven-
berg–Marquardt (LM) method. The undetermined parameters 
for different treatment time were then optimally estimated; the 
results are reported in Table 2. Notably, to increase the num-
ber of samples, we conducted a linear interpolation between 
experimental values obtained for samples treated for 2 and 5 h 
to obtain another value for a sample treated for 3.5 h. The HB 
curve for Q345R based on this mathematical model is pre-
sented in Fig. 9. 

Table 2.  Undetermined parameters of the nonlinear model 
for Brinell hardness 

Holding time / h p1 p2 p3 m 
0.5  162.8 0.145 –1.018 12.400 
2  160.4 0.159 –1.032 10.310 

3.5  
5  

155.8 
154.9 

–0.00669 
–0.00608 

–2.722 
–2.726 

–0.0041 
–0.0082 

Fig. 10 shows a comparison between the calculated data 
obtained from the nonlinear mathematical model and experi-
mental HB data for different heat-treatment holding time. The 
results show that the fitted curves reflect the basic trend of the 

experimental data. In addition, the maximum relative error 
(Max RE) between them is less than 4%, fully demonstrating 
that the prediction accuracy of the model satisfies the engi-
neering requirements.   

Fig. 9.  HB curves of Q345R based on the mathematical model. 

The aforementioned nonlinear model was further applied to 
fit the tensile strength and impact energy. Eqs. (8) and (9) 
show the fitting relations between the treatment temperature 
and the tensile strength and impact energy, respectively.  
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       (9) 

Fig. 11 shows a comparison between the calculated and 
tested values of tensile strength and impact energy for Q345R 
plates thermally treated for 0.5 h. Because relatively few test 
points are available, the fitting curves obtained by the models 
do not exactly match the experimental data. However, the 
Max REs between the fitting points and the experimental 
points are still less than 4%. Therefore, these nonlinear models 
provide some correlation to practical applications. 

The previously discussed mathematical modeling demon-
strates the applicability of nonlinear regression to numerical 
simulation and further optimization. The choice of a suitable 
model, such as the Levenberg–Marquardt method employed 
here, can greatly improve the convergence precision and rate 
of the iterative.  

4. Conclusions

(1) Elimination of the banded structure by diffusion in
Q345R steel plates requires a high temperature and sufficient 
holding time. However, the elimination of the banded struc-
ture has little effect on performance degradation in cases 
where the heat treatment temperature is approximately 700°C. 
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Fig. 11.  Comparison between calculated and tested values of tensile strength (a) and impact energy (b) for Q345R steel plates 
heat-treated for 0.5 h. 

(2) The annealing temperature for processing should be 
substantially greater or substantially lower than 700°C to 
prevent the sharp decrease of many properties that occurs 
near this temperature. Further, pearlite degeneration, which 
leads to diminished performance of the steel, also occurs 
near 700°C. The results reveal that the subcritical spher-
oidization annealing and conventional spheroidization an-
nealing may together contribute to the degeneration of pear-
lite.  

(3) Some nonlinear mathematical models of different 

mechanical properties were established to predict the rele-
vant performance of Q345R steel under other conditions 
encountered in practical applications. 
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