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Abstract: In the domain of fire-resistant steels, the characteristics of precipitates signifi-
cantly influence material properties. This study developed a novel heat treatment protocol
to concurrently achieve both interphase precipitation and random precipitation. Samples
were subjected to isothermal treatments at various temperatures and durations, while tech-
niques such as scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) were employed to thoroughly analyze the coarsening behavior of the two types
of precipitate and reveal their thermal stability differences. The results show that the
growth and coarsening rates of interphase precipitates are substantially lower than random
precipitates. Coarsening kinetics analysis reveals that the radius of random precipitates
follows a 1/3 power law with time at 600 ◦C and 650 ◦C, whereas the radius of interphase
precipitates adheres to a 1/6 power law at 600 ◦C and a 1/5 power law at 650 ◦C. Further-
more, interphase precipitation demonstrates excellent size uniformity, which hinders the
formation of a concentration gradient, thereby reducing the coarsening rate and enhancing
thermal stability. After prolonged tempering treatment, interphase precipitation maintains
a higher strengthening contribution than random precipitation. This study provides novel
insights and theoretical foundations for the design and development of fire-resistant steels.

Keywords: interphase precipitation; random precipitation; thermal stability;
coarsening behavior

1. Introduction
The behavior of precipitates in steels plays a crucial role in determining the me-

chanical properties, high-temperature performance, and long-term durability of these
materials [1–3]. These steels are widely used in demanding applications such as power
plants, high-temperature reactors, and turbine components, where their ability to withstand
elevated temperatures without significant degradation is critical [4–6]. Studies have shown
that precipitate formation and coarsening during heat treatment processes are pivotal in
optimizing steel properties by influencing the microstructure and controlling mechanisms
such as creep resistance, oxidation resistance, and thermal stability [7–9]. Precipitation
hardening in fire-resistant steels, or other steels requiring high-temperature performance,
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is typically achieved through the formation of fine, stable precipitates, such as carbides,
nitrides, and intermetallic compounds. However, prolonged exposure to high temperatures
leads to the coarsening of these precipitates, which can result in a reduction in the steel’s
strength and resistance to deformation.

The coarsening of precipitates is a thermally activated process involving atom mi-
gration within the precipitate matrix, driven by differences in chemical potential between
the precipitate and the surrounding matrix [6–9]. Understanding the mechanisms behind
precipitate coarsening is essential for optimizing the performance of fire-resistant steels
and other steels requiring high-temperature performance. Higher temperatures generally
accelerate coarsening, and this relationship has been extensively studied in fire-resistant
steels, where service conditions typically involve operation at elevated temperatures for
extended periods. Studies have shown that the rate of precipitate coarsening depends on
several factors, including temperature, alloying elements, and the initial size distribution
of precipitates [10–13]. Wang [8] and Dudko [9] find that controlled heat treatments can
significantly reduce precipitate coarsening, thereby enhancing the steel’s strength at ele-
vated temperatures. Furthermore, precipitate coarsening plays a crucial role in the creep
behavior of these steels. Kesternich [14] and Miyata [15] find that creep resistance is closely
linked to the size and distribution of precipitates, with finer precipitates effectively pinning
grain boundaries and dislocations, thereby improving resistance to deformation under
high-temperature stress. Therefore, a deeper understanding of the coarsening process
and its influencing factors can inform the design of steels with superior performance in
high-temperature environments.

Interphase precipitation, as a special type of precipitation, has garnered particular
interest from researchers [16–18]. The contribution of interphase precipitation to strength
at room temperature can reach approximately ~300 MPa [19]. Additionally, Yang’s research
finds that interphase precipitation plays a significant role in creep strengthening [20]. While
substantial progress has been made in understanding the mechanisms of interphase pre-
cipitation and its role in strengthening, the high-temperature stability of these precipitates
under service conditions remains largely underexplored. The stability of interphase precip-
itates at elevated temperatures is critical, as their coarsening or dissolution can result in the
loss of the beneficial strengthening effect, particularly during long-term high-temperature
exposure. Recent studies on precipitate coarsening have primarily focused on the bulk
behavior of precipitates in alloys, without distinguishing between the precipitates formed
during the phase transformation process and those formed in the bulk matrix. In contrast,
the high-temperature coarsening behavior of interphase precipitates remains inadequately
investigated. We have recently noted that interphase precipitation can effectively enhance
the fire resistance of steels, primarily through precipitation strengthening and dislocation
strengthening at elevated temperatures [21]. The aforementioned studies on interphase pre-
cipitation at elevated temperatures indirectly suggest that interphase precipitation exhibits
excellent thermal stability.

In the present investigation, to investigate the thermal stability of interphase precipita-
tion, a novel heat treatment method was developed to simultaneously induce both inter-
phase and random precipitation at varying temperatures. Following isothermal treatments
at different temperatures and durations, the coarsening behaviors and size uniformity of
the two types of precipitate were analyzed to investigate the differences in their thermal
stability and the underlying reason. The results of this study could provide an alternative
approach to the design and development of fire-resistant steels.
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2. Materials and Methods
Table 1 shows the chemical composition of the experimental steel measured using

Inductively Coupled Plasma (ICP) and Inert Gas Fusion (IGF). The experimental steel was
cast and rolled in the form of plate with a thickness of 14 mm. The experimental steel sam-
ples were homogenized in a quartz tube at 1200 ◦C for 72 h. Next, they were quenched in
water. Thermo-mechanical treatments were then carried out using a continuous annealing
simulator (ULVAC, Osaka, Japan). These heat treatment schedules are shown schematically
in Figure 1. The sample after austenitizing at 950 ◦C and isothermal heat treatment at
650 ◦C is hereafter referred to as S0. The sample held at 600 ◦C for 1 h is hereafter referred
to as S0-600 ◦C-1 h. Similarly, S0-600 ◦C-3 h and S0-600 ◦C-10 h are also named. The
samples subjected to isothermal holding at 650 ◦C for different durations were labeled
as S0-650 ◦C-1 h, S0-650 ◦C-3 h and S0-650 ◦C-10 h, respectively. SEM (scanning electron
microscope) micrographs and TEM (transmission electron microscopy) micrographs were
used to observe the precipitates. Specimens for microstructural studies were conducted
using 3 mm diameter thin foils and mechanically thinned to 0.05 mm and electropolished
using a solution of 5% perchloric acid and 95% alcohol at −25 ◦C. Then, a part of them was
etched with 3% nital solution and observed using a JSM-7001F field emission scanning elec-
tron microscope (JEOL Ltd., Tokyo, Japan). To avoid statistical errors caused by thickness
variations, SEM micrographs were used for the statistical analysis of the average diameter
and density of precipitates, with a minimum of 20 images being analyzed in each specimen.
Another part was used for confirmation of precipitate types by JEM-2100 TEM (JEOL Ltd.,
Tokyo, Japan). MATLAB software (R2021b) was used to programmatically process the SEM
images of the precipitates, making them more accessible for observation, statistical analysis,
and further interpretation. Microhardness measurements of ferrite were taken randomly
using a Vickers hardness tester (CAS, Shanghai, China) with a load of 0.01 kg.

Table 1. The chemical composition of the experimental steel (wt.%).

C Mn Si Ti S P Fe

0.07 1.30 0.18 0.10 0.009 0.012 Bal.
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3. Results
After being kept at a temperature of 1200 ◦C for a long period of time, the precipitated

elements were basically all dissolved into the matrix. Then, after austenitizing at 950 ◦C
and isothermal heat treatment at 650 ◦C, the microstructure shown in Figure 2 was obtained.
The microstructure primarily consisted of ferrite, with a small amount of bainite present.
This is consistent with the phase transformation behavior observed in the study [22]. The
corresponding process is shown in stage II of Figure 1. During isothermal transformation at
650 ◦C, as described in the previous studies [23,24], due to the coordination of the moving
speed of the front of the phase boundary and the enrichment of the precipitating elements
on the slip planes of step planes, a large amount of interphase precipitation appeared
during the early stage. However, it was difficult to observe interphase precipitation in
the later stage, and a large amount of random precipitation occurred. After isothermal
transformation at 650 ◦C for 15 min, the samples were subsequently held at 600 ◦C and
650 ◦C for 1 h, 3 h, and 10 h, respectively. The corresponding process is shown in stage
III of Figure 1. At this stage, due to the higher diffusion rate and higher energy of grain
boundaries, carbides tended to precipitate easily at the grain boundaries, resulting in a
significant amount of precipitation at these locations [25]. However, this study primarily
focuses on interphase and random precipitates within the grains and thus will not discuss
this in further detail. The selection of these two temperatures was primarily based on the
environmental temperatures encountered during the fire-resistant testing of the steel [26].
Through TEM observation and energy-dispersive X-ray spectroscopy (EDS) analysis, it
can be seen that the precipitates in sample S0 were mainly interphase precipitation (as
indicated by the white dashed lines in Figure 3a) and random precipitation (as indicated
by the white circles in Figure 3a). The EDS analysis in Figure 3b confirms that the pre-
cipitates were primarily TiC, and previous research also verified that the carbide was the
MC (M = Mo/Ti/V/Nb) carbide (Metallic Carbides) with an NaCl-type crystal structure,
which will not be elaborated in this article [21–23,27,28].
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Figure 3. TEM micrographs (a) and EDS analysis (b) of the precipitates in sample S0.

In order to avoid the influence of thickness, SEM micrographs were used instead of
TEM micrographs to observe the precipitates. Figures 4 and 5 present the SEM micrographs
of precipitates at different holding times at 600 ◦C and 650 ◦C, along with corresponding
images processed using the MATLAB program. We can observe that there are rows of
interphase precipitation and random precipitation. The method of equivalent area circle
was adopted to measure the size of the precipitates. A program written in MATLAB was
utilized to count the number of pixel points of each independent precipitate (black spot)
in the binarized image. The pixel count was then converted into the actual area using a
calibration scale. Each precipitate was approximately regarded as a perfect circle, and its
diameter was calculated based on the area, which was taken as the approximate diameter
of the precipitate. Figures 4 and 5 clearly show that precipitate coarsening and growth
occurred more slowly with partitioned precipitation compared to random precipitation.
Additionally, higher temperatures accelerated this coarsening and growth process. After
10 h at 650 ◦C, the coarsening trend became particularly evident.
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4. Discussion
4.1. Coarsening Kinetics

In order to investigate the coarsening behavior of different precipitates at various
temperatures, it is essential to quantify the precipitate size at different holding times and
temperatures. The precipitate size, represented by the equivalent circular diameter in this
study, varies with the holding time, as shown in Figure 6. The error bars indicate the
maximum and minimum values within the 99% confidence interval of the measured data.
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Interphase precipitation occurs at the phase boundary during the early stage of phase
transformation when held at 650 ◦C for a period of time; its size is slightly bigger than
random precipitation. According to statistical analysis, the average diameter of interphase
precipitation of sample S0 was ~15.2 nm, while the random precipitation was ~11.3 nm.
With the increase in holding time, the size of the interphase precipitates was gradually
increased. The average diameter of the interphase precipitates was still only ~19.8 nm at
600 ◦C for 10 h, and increased by ~30%. The average diameter of the interphase precipitates
was ~22.2 nm at 650 ◦C for 10 h, and increased by ~46%. This indicates that interphase
precipitation is more likely to grow at 650 ◦C compared to 600 ◦C. In contrast, with the
increase in holding time, the average size of random precipitates increased significantly at
600 ◦C, especially for 3 h to 10 h, and the average diameter increased by ~52%. During the
initial three hours of the holding process, the precipitate size increased slowly. However,
a noticeable acceleration in growth occurred after just one hour at 650 ◦C. From 1 and
10 h, the average diameter of the random precipitates grew by ~90%. Based on the above,
interphase precipitation grew more slowly than random precipitation at both 600 ◦C and
650 ◦C, with no significant increase in average size over the entire 10-h period. In contrast,
random precipitation at 600 ◦C exhibited a sharp increase in growth rate starting from
3 h. At 650 ◦C, this rapid growth phase began earlier, and the increase in growth rate was
more pronounced.

The size of the precipitates shows a certain variation rule with time, and there is an
equation proposed by some research on the variation of precipitate size with time [29].(

r3
t − r3

0

)
=

K
RT

V2CDγt (1)

where, rt and r0 represent the average particle radius at time 0 and t, respectively; D is
the diffusion coefficient of the solute in the matrix; γ is the interfacial energy between the
precipitate and the matrix; C is the solute concentration at equilibrium; V represents the
molar volume of the precipitate; and K is a constant.

To fit the exponential relationship between the precipitation radius and time,
Equation (1) is simplified, using N as the time exponent and K’ as the constant, to ob-
tain Equation (2). (

rN
t − rN

0

)
= K’t (2)

Based on the fitting results of Equation (2) shown in Figure 7, the time exponent for
random precipitates at 600 ◦C is N = 3 with a correlation of 0.982, and the time exponent
for interphase precipitates at 600 ◦C is N = 6 with a correlation of 0.999. According to the
statistical results in this paper, the average size of the random precipitates at 600 ◦C follows
the 1/3 power law of t, while the average size of the interphase precipitates at 600 ◦C
is close to the 1/6 power law of t. Similarly, based on the fitting results of Equation (2)
shown in Figure 8, the time exponent for the random precipitates at 650 ◦C is N = 3 with
a correlation of 0.977, and the time exponent for the interphase precipitates at 650 ◦C is
N = 5 with a correlation of 0.993. According to the statistical results in this paper, the
average size of the random precipitates at 600 ◦C or 650 ◦C follows the 1/3 power law of
t, while the average size of the interphase precipitates at 600 ◦C is close to the 1/6 power
law of t and at 650 ◦C is close to the 1/5 power law of t. According to relevant theories,
the 1/3 power law of t applies to the later stage of second-phase particle precipitation in a
supersaturated solid solution, where the coalescence process plays a dominant role. At this
stage, the supersaturation of the matrix becomes very small, and the growth of the grains
occurs primarily through the incorporation of smaller grains by larger ones [30–32]. The
1/4 power law of t applies to the precipitates on the grain boundary and the 1/5 power
law of t applies to the precipitates on dislocation [30–32]. During the coarsening process,
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solute diffusion is governed by a characteristic distance related to the spatial distribution
of the particles, which is influenced by the volume fraction of the precipitates [31,32].
Consequently, this affects the coarsening rate. It can be seen from the results that the
exponent of the precipitate radius and time of random precipitates are consistent with those
of supersaturated precipitates; the interphase precipitates are smaller than the precipitates
on dislocation or the grain boundary; and the growth and coarsening rates of interphase
precipitates are slower than that of random precipitates.
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4.2. The Effect of Precipitate Size Uniformity

As analyzed above, it can be seen that, whether at 600 ◦C or 650 ◦C, the growth and
coarsening rates of interphase precipitation are significantly smaller than that of random
precipitation. The same trend is observed during holding at both temperatures. Therefore,
the following discussion will focus on analyzing the reasons behind the different growth
and coarsening behaviors of the two types of precipitate at 600 ◦C.

First, an analysis will be conducted based on the density of the two types of precipitate.
In view of the unique distribution, we adopted the linear density approach to determine
the density of interphase precipitates. It can be seen from Figure 9 that the linear density
of the interphase precipitates decreased from 3 h to 10 h at 600 ◦C, while the area density
of the random precipitates decreased to a certain extent from 1 h to 3 h at 600 ◦C, and the
decrease was more obvious after 3 h. Combined with the average diameter and density
of precipitates, we can determine that the coarsening rate of interphase precipitates is
significantly slower than that of random precipitates.
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Figure 9. Variation of the average density of precipitates with different isothermal holding times at
600 ◦C in the microalloyed steels.

It is well known that interphase precipitation is formed on the slip planes of step
planes of the phase boundary between ferrite and austenite. If the phase transformation
temperature is constant, the size of the precipitates will be relatively uniform. If the phase
transformation temperature is constant, the slip planes of step planes will disappear quickly,
and the elements will not accumulate on it, which will lead to further growth of interphase
precipitates. Thus, the size of the interphase precipitates is relatively uniform. However,
due to the different formation times, the size difference of the random precipitates is obvious.
From Figure 10, we can clearly identify that the full width at half maximum (FWHM) of the
diameter distribution diagram of the interphase precipitates is significantly smaller than
that of the random precipitates. The FWHM reflects the uniformity of precipitate sizes. A
smaller FWHM indicates that the sizes of the precipitates within the statistical range are
more consistent. Therefore, it can be concluded that the interphase precipitates have a more
uniform size than the random precipitates.

Metals 2025, 15, x FOR PEER REVIEW 9 of 14 
 

 

 

Figure 9. Variation of the average density of precipitates with different isothermal holding times at 
600 °C in the microalloyed steels. 

It is well known that interphase precipitation is formed on the slip planes of step 
planes of the phase boundary between ferrite and austenite. If the phase transformation 
temperature is constant, the size of the precipitates will be relatively uniform. If the phase 
transformation temperature is constant, the slip planes of step planes will disappear 
quickly, and the elements will not accumulate on it, which will lead to further growth of 
interphase precipitates. Thus, the size of the interphase precipitates is relatively uniform. 
However, due to the different formation times, the size difference of the random precipi-
tates is obvious. From Figure 10, we can clearly identify that the full width at half maxi-
mum (FWHM) of the diameter distribution diagram of the interphase precipitates is sig-
nificantly smaller than that of the random precipitates. The FWHM reflects the uniformity 
of precipitate sizes. A smaller FWHM indicates that the sizes of the precipitates within the 
statistical range are more consistent. Therefore, it can be concluded that the interphase 
precipitates have a more uniform size than the random precipitates. 

 

Figure 10. Distributions of precipitate diameter determined from the SEM images of the microal-
loyed steels held at 600 °C for various times: (a–d) are the statistical diagrams of random precipita-
tion; (e–h) are the statistical diagrams of interphase precipitation (FWHM: the full width at half-
maximum). 

As is known to all, the coarsening of precipitates follows the Lifshitz–Slyozov–Wag-
ner (LSW) theory [30,33]. LSW theoretical analysis is based on the Gibbs–Thompson equa-
tion, which is expressed by: 

Figure 10. Distributions of precipitate diameter determined from the SEM images of the microalloyed
steels held at 600 ◦C for various times: (a–d) are the statistical diagrams of random precipitation;
(e–h) are the statistical diagrams of interphase precipitation (FWHM: the full width at half-maximum).

As is known to all, the coarsening of precipitates follows the Lifshitz–Slyozov–Wagner
(LSW) theory [30,33]. LSW theoretical analysis is based on the Gibbs–Thompson equation,
which is expressed by:

Cr = C0 exp
[

2σVm

rRT

(
1 − C0

Cp − C0

)]
(3)
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where Cr is the atomic fraction of solute in the matrix at the precipitate interfaces of radius
r, σ is the specific interfacial energy of the matrix–precipitate boundary, Vm is the molar
volume of the precipitate, C0 is the equilibrium atomic fraction of Ti in the matrix, and Cp is
the equilibrium atom fraction of Ti in the precipitates. The precipitate in this study is TiC, so
the value of Cp is 1/2. However, the atomic fraction of Ti in the matrix is very low compared
with that in the precipitates, and C0 can be ignored. Thus, the exponential term can be
simplified to 4σVm

rRT . 4σ is ~1 J/m2; the order of magnitude of Vm is ~10−5 m3/mol, and the
order of magnitude of RT is ~105 J/mol. Therefore, when the radius of the precipitate is
greater than 0.1 nm, 4σVm

rRT is less than 1; the exponential function can be expanded in power
series and the high-order term can be omitted such that

Cr − C0 ≈ C0

(
4σVm

rRT

)
(4)

From Equation (4), we can conclude that the smaller the size of precipitates, the higher
the concentration of Ti in the precipitates. Figure 11 illustrates the differences in the size
of the two types of precipitates and the atomic concentration profiles in their vicinity.
The Ti atoms diffuse from the small-size precipitates to the large-size precipitates. This
diffusion process destroys the concentration balance around the precipitates, resulting in
the continuous dissolution and contraction of the small-size precipitates and the continuous
growth of the large-size precipitates. However, the size distribution of the precipitates is
uniform, and the concentration gradient does not occur easily. Accordingly, the coarsening
rate of the interphase precipitates is slower than that of the random precipitates, and the
thermal stability is higher.
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random precipitation.

4.3. Properties and Evolution Behavior

Through observation and analysis, it can be seen that the coarsening growth rate
of the interphase precipitates is slower than that of the random precipitates. The most
important role of precipitates in steel is to strengthen through precipitation strengthening,
and the level of the precipitation-strengthening contribution is mainly determined by the
size and density of the precipitates. This paper estimates the precipitation-strengthening
contribution ∆τorowan through the Orowan–Ashby Equation (5) [34].

∆τorowan= 0.26
(

Gb
r

)
f1/2ln

( r
b

)
(5)

where G is the shear modulus (80,300 MPa) [35], r is the average radius of the precipitates
(shown in Figure 6a), b is the Burgers vector (0.248 nm), and f is the area percentage of
the precipitates (the volume percentage of the precipitates is converted based on the linear
density and area density in Figure 9). The results are shown in Table 2.
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Table 2. The volume fraction of precipitates and precipitation-strengthening contribution.

Type of
Precipitates

S0 S0-600 ◦C-1 h S0-600 ◦C-3 h S0-600 ◦C-10 h
f/% ∆τorowan f/% ∆τorowan f/% ∆τorowan f/% ∆τorowan

RP 0.027 47 0.03 42.9 0.024 35.2 0.012 18.8
IP 0.035 43.6 0.033 41 0.032 38.5 0.027 28.1

As shown in Table 2, in sample S0, although the volume fraction is small due to
the smaller size of the random precipitates, the precipitation-strengthening contribu-
tion of random precipitation is higher than that of interphase precipitation. As the
tempering time at 600 ◦C increases, the precipitation-strengthening contribution of ran-
dom precipitation decreases substantially. Compared to its value before tempering,
the precipitation-strengthening contribution of interphase precipitation decreases from
~43.6 MPa to ~28.1 MPa after 10 h of tempering, a reduction of ~35.6%, while that of ran-
dom precipitation decreases by ~60%. The calculation results indicate that interphase
precipitation maintains a higher precipitation-strengthening contribution after prolonged
tempering compared to random precipitation. It is precisely due to the superior thermal
stability of interphase precipitation that the hardness of the experimental steel did not
decrease sharply with the increase in holding time at 600 ◦C. The results of microhardness
measurements are presented in Table 3.

Table 3. The Vickers hardness values of different samples.

Sample S0 S0-600 ◦C-1 h S0-600 ◦C-3 h S0-600 ◦C-10 h

HV0.01 181.7 ± 4.5 175.6 ± 1.3 176.6 ± 1.9 174.0 ± 1.5

In conclusion, we can clearly understand the precipitation processes of interphase
precipitation and random precipitation from Figure 12. Additionally, it also illustrates
the growth and coarsening rules of interphase precipitation and random precipitation
under different tempering times. When held at 950 ◦C, it is completely transformed into
austenite, and then at 650 ◦C, the ferrite phase transformation occurs, forming interphase
precipitation. Afterwards, random precipitation is formed within the ferrite. During the
subsequent holding process at 600 ◦C or 650 ◦C, the interphase precipitation has superior
thermal stability than random precipitation, and its growth and coarsening rates are slower.
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5. Conclusions
In conclusion, this paper studies the thermal stability and coarsening behavior of

interphase precipitation and random precipitation by analyzing the changes in size and
density of different types of precipitate at elevated temperatures. The conclusions are
summarized as follows.

(1) At an elevated temperature, the coarsening rates of interphase precipitates are signifi-
cantly lower than random precipitates. As the temperature increases, the coarsening
of interphase precipitates progresses at a slower rate.

(2) The coarsening behavior of random and interphase precipitates at 600 ◦C and 650 ◦C
follows distinct power laws, with random precipitates adhering to a 1/3 power
law and interphase precipitates following 1/6 and 1/5 power laws at 600 ◦C and
650 ◦C, respectively.

(3) Interphase precipitation forms on the slip planes at the phase boundary and exhibits
a uniform size, with an FWHM of 9.8, whereas random precipitation shows a pro-
nounced size distribution due to varying formation times, with an FWHM of 15.1. The
uniform size of interphase precipitates makes it challenging to form a concentration
gradient, leading to slower coarsening and enhanced thermal stability.
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