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1. Introduction

Weight reduction is a key factor in automobile fuel effi-
ciency improvement and consequently CO2 emission reduc-
tion. This weight reduction is applicable to all automobile 
parts, including suspension components such as coil springs 
and leaf springs. For weight reduction of spring steels, it is 
essential to improve their mechanical strength and tough-
ness. One effective means of improving the mechanical 
strength and toughness of steels is the grain refinement of 
austenite (γ), according to the Hall-Petch relationship.1) This 
relationship is generally applicable not only to yield stress, 
but also to ultimate tensile stress and cleavage fracture 
toughness.2) The grain refinement of steels can be achieved 
via various methods, such as cyclic heat treatment,3–6) micro 
alloying,7–12) ausforming,13) recrystallization after large 
strain deformation,14) mechanical milling,14) accumulative 
roll-bonding,15) and so on. From the viewpoints of appli-
cability to mass production and economic efficiency, micro 
alloying and cyclic heat treatment are the most promising 
methods.

It has been shown that the addition of small amounts of 
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The effects of fine precipitates on the austenite grain refinement of micro-alloyed steel during cyclic 
heat treatment were investigated under different solution treatments. After three rounds of cyclic heat 
treatment of Ac3 and Ar3 transformations of the as-received steel rod with rapid heating and cooling, the 
austenite grain size was 3–10 μm. On the other hand, three rounds of cyclic heat treatment after solution 
treatment at 1 300°C reduced the austenite grain size to 2–5 μm. The as-received sample included AlN–
Ti(C,N)–MnS composite particles with a mean diameter of 30 nm and a number density of 11 μm−3, and 
the mean diameter did not change during cyclic heat treatment. Thus, it was considered that the reduction 
in austenite grain size without solution treatment was caused by the increase in the nucleation site of 
austenite phase with increasing number of cycles, due to the refinement of the prior austenite grains with 
martensitic structure during the cyclic heat treatment. When solution-treated at 1 300°C, the AlN–Ti(C,N)–
MnS composite particles were solved, and they were precipitated during the cyclic heat treatment with a 
mean diameter of 12 nm and an increased number density of 85 μm−3. Thus, it was considered that the 
further reduction in austenite grain size with solution treatment was caused by the pinning effect of the 
fine precipitates, in addition to the increase in the number of austenite phase nucleation sites with increas-
ing number of heat treatment cycles.
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Al, V, Nb, Ti, and N, called “micro alloying,” results in 
the dispersion of fine precipitates of carbide, nitride, and 
carbo-nitride, such as AlN, V(C,N), Nb(C,N) and Ti(C,N) 
in steel.7–12) These precipitates then act as pinning particles, 
preventing grain growth. Selecting a suitable heat treatment 
is key to achieving uniformly distributed fine precipitates. 
In general, as-solidified steel contains coarse precipitates, 
which are fully or partially solved during a hot-rolling or 
heating process. Subsequently, precipitation occurs during 
cooling after the solution treatment, re-heating, or aging 
process, where the heating conditions greatly affect the 
precipitation behavior. It is known that continuous gradual 
cooling after hot-rolling often generates coarse inhomoge-
neous precipitates. In contrast, when a sample is re-heated 
at lower temperature after quenching from high temperature, 
fine homogeneous precipitates tend to be formed because of 
the increased nucleation frequency under a high degree of 
supersaturation.10,16,17)

Cyclic heat treatment has been applied to the spheroidiz-
ing of cementite18) and the grain refinement of steels.3–6) 
Grange first reported that cyclic heat treatment of steel 
through the Ac1 to Ac3 range could reduce its γ grain size, 
where the sample was rapidly heated and cooled within 3 
min.5) For effective grain refinement, the maximum heat 
treatment temperature should be kept relatively low (but 
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higher than the temperature of complete austenization), and 
quenching should be performed immediately after heat treat-
ment. In the case of AISI 8640 steel (Ni–Cr–Mo-alloyed 
carbon steel), the γ grain size was reduced to 3.3 μm after 
four rounds of rapid cyclic heat treatment.5,19) Because the 
grain boundary of the former phase acts as the nucleation 
site of the new phase, the finer initial γ grain size reduces the 
final γ grain size.20) Thus, cyclic heat treatment can reduce 
the γ grain size. In addition, rapid cooling from austenite to 
martensite is considered to accelerate the nucleation rate and 
reduce the γ grain size.6)

As mentioned above, micro alloying and cyclic heat treat-
ment are considered to be effective methods of steel grain 
refinement. However, the effects of fine precipitates on 
grain refinement in the case of combined micro alloying and 
cyclic heat treatment remain unclear, in spite of the indus-
trial importance of this method. Therefore, the relationships 
between γ grain size and fine precipitates were investigated 
in this study under different solution treatments and differ-
ent cyclic heat treatments of micro-alloyed spring steels. In 
addition, the mean diameter, number density, and volume 
fraction of fine precipitates were quantitatively analyzed via 
transmission electron microscopy (TEM), including direct 
observation and thickness evaluation.

2. Experimental Procedures

The spring steel used in this study was a micro-alloyed JIS 
SUP-12 steel, 0.55C-1.55Si-0.8Mn-0.001S-0.8Cr-0.025Al-
0.003Ti-0.003N (in mass%). The sample was hot-rolled and 
then annealed at 900°C for 1 h. The steel was a 15-mm-
diameter rod, which was sectioned in the forging direction 
to obtain rod-like samples with dimensions of ϕ3 mm × 
L10 mm. Each rod-like sample was cyclically heat-treated 
as shown in Fig. 1, using a heating transformation measure-
ment apparatus (Formastor-F, Fuji Electronic Industrial Co., 
Ltd.). The heating of each sample, from room temperature 
to 780°C, was repeated three times; some samples were 
solution-treated at either 1 100°C or 1 300°C for 20 s before 
the cyclic heat treatment. The heating and cooling were 
performed within 20 s. The cyclic heat-treated samples were 
sectioned in the transverse direction, mechanically polished, 
and etched by 4 mass% picric acid solution at 323 K. The 
microstructure of each section was observed via scanning 
electron microscopy (SEM, ProX, Phenom-World B.V.).

The precipitates in each sample were investigated using 

a scanning transmission electron microscope (STEM, Titan3 
G2 60–300, FEI Company). To prepare the STEM samples, 
disc-like samples cut from the rod-like samples were pol-
ished down to a thickness of <20 μm and ion-milled with 
5 kV Ar ions using a precision ion polishing system (PIPS, 
model 691, Gatan Inc.). High-angle annular dark field 
(HAADF) imaging was employed for observation. To avoid 
the effects of diffraction, a large acceptance angle of the 
STEM detector between 126 and 200 mrad was used. The 
probe current was set to around 0.35 nA. To analyze the 
number density and volume fraction of the precipitates, the 
sample thickness at each observed area was quantitatively 
estimated via electron energy loss spectroscopy (EELS). 
For the thickness calibration, three samples, with different 
thicknesses ranging from 80 to 300 nm, were prepared using 
a focused ion beam-equipped SEM (FIB-SEM, JIB-4600F/
HKD, JEOL), and low-loss spectra obtained via EELS were 
calibrated using the known thicknesses of these samples. 
The thermodynamic phase calculation was performed using 
Thermo-Calc software version 2018b, with the TCFE9 
database.21)

3. Results and Discussion

Figure 2 shows SEM images of γ grain structures 
obtained at different heat treatments. As the number of the 
cycles increases, the grain size decreases in samples both 
with and without solution treatment. The as-received rod 
was slowly cooled after annealing; thus, the microstructure 
of the as-received sample consisted of pearlite colonies, 
ranging in size from 30 to 40 μm. Table 1 summarizes 
the γ grain size under each condition. After one round of 
cyclic heat treatment without solution treatment, γ grains 
with sizes of 3–30 μm formed. The three rounds of cyclic 
heat treatment reduced the grain size to 3–10 μm. Although 
not shown here, further cyclic heat treatment did not result 
in substantial changes in grain size. When the as-received 
sample was solution-treated at 1 100°C and subjected 
to three rounds of cyclic heat treatment, the γ grain size 
decreased slightly, to 2–10 μm. After solution treatment at 
1 300°C, the γ grain size ranged from 200 to 300 μm, as 
shown in Fig. 2(d). The sample after one round of cyclic 
heat treatment had a duplex microstructure consisting of fine 
and coarse grains with a grain size ranging from 2 to 60 μm, 
and three rounds of heat treatment brought about a homoge-
neous, small grain size range of 2–5 μm. Thus, it was found 
that a combination of a high-temperature solution treatment 
and repeated cyclic heat treatment was highly effective for 
γ grain refinement. The low-temperature heat treatment 
after the high-temperature solution treatment resulted in the 
precipitation of fine second-phase particles, which strongly 
retarded the grain boundary migration, as pinning particles 
are known to do.

To investigate the effects of the heat treatment on the 
precipitation state of the pinning particles, the precipitates 
were investigated via SEM and TEM. Figures 3(a) and 3(b) 
show SEM images of the as-received sample, which were 
acquired using backscattered electron composition imag-
ing. The observed texture corresponds to the channeling 
contrast of subgrains. Coarse MnS and Ti(C,N) precipitates 
with sizes of 100–300 nm are evident in the as-received Fig. 1. Heat pattern of the cyclic heat treatment.
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sample. It is considered that these coarse precipitates were 
formed during a hot rolling or annealing process. Figure 3(c) 
shows an HAADF-STEM image of the as-received sample. 
The striped bright contrast in Fig. 3(c) corresponds to the 
cementite phase in a perlite structure, where Mn, Cr, and C 
were concentrated. Precipitates with sizes of around 30 nm 
are visible, as indicated by the arrows in Fig. 3(c), and these 

small precipitates are significantly more numerous than the 
coarse particles observed by SEM. Figures 4(a) and 4(e) 
show the enlargement of these small precipitates in the as-
received samples and the corresponding energy dispersive 
spectroscopy (EDS) mappings for Figs. 4(b)–4(d) and Figs. 
4(f)–4(h), respectively. It is clearly evident that the precipi-
tates consisted of Al, Ti, and Mn. Based on further investi-
gation via elemental mapping of S and N as well as electron 
diffraction, these particles were found to be AlN, Ti(C,N), 
and MnS. In most cases, these particles had combined with 
each other to form AlN–Ti(C,N)–MnS composite particles. 
It is considered that these particles precipitated during cool-
ing after the hot rolling or annealing step. Because several 
kinds of precipitates can be generated at lower temperature, 
composite particles often form in steels.16) It has previously 
been reported that the precipitation of AlN can be enhanced 
by the existence of MnS because the interfacial energy 
between AlN and MnS is small.22)

The number density, mean diameter, and volume frac-

Fig. 2. SEM images of samples (a) as-received, (b) 780°C ×  1, (c) 780°C ×  3, (d) solution-treated at 1 300°C, (e) 
780°C ×  1 after 1 300°C solution treatment, and (f) 780°C ×  3 after 1 300°C solution treatment.

Table 1. γ grain size range under each heating condition.

780°C ×  1 3–30 μm

780°C ×  3 3–10 μm

1 100°C +  780°C ×  3 2–10 μm

1 300°C 200–300 μm

1 300°C +  780°C ×  1 2–60 μm

1 300°C +  780°C ×  2 3–30 μm

1 300°C +  780°C ×  3 2–5 μm

Fig. 3. (a, b) SEM images and (c) HAADF-STEM image of the as-received sample.
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tion of the precipitates, obtained from STEM analysis, are 
summarized in Table 2. The coarse precipitates observed 
by SEM were not included for these analyses because their 
number density was quite low. The number density and 
volume fraction were obtained by calculating the absolute 
sample thickness at each observed area, using the calibrated 
low-loss EELS data. Here, the mean diameters indicate the 
whole diameters of the composite particles including dif-
ferent kinds of precipitates. The number density and mean 
diameter of the as-received sample were 11 μm −3 and 33 
nm, respectively, and these values were not significantly 
affected by three rounds of cyclic heat treatment. Therefore, 
it is considered that almost equilibrium amounts of the 
precipitates had already formed in the as-received sample. 
When the cyclic heat treatment was repeated three times, 
the γ grain size slightly decreased from 3–30 to 3–10 μm, as 
shown in Table 1. Since the size and amount of precipitates 
did not significantly change after three rounds of cyclic heat 
treatment without solution treatment, the slight decrease in γ 
grain size after the cyclic treatment should be ascribed not 
to a change in the pinning effect, but rather to the increased 
nucleation of γ grains during the cyclic heat treatment. It 
has been reported that because the grain boundary of the 
former phase acts as a nucleation site for the new phase, the 

refinement of the initial γ grain size results in refinement of 
the final γ grain size.20)

Figure 5 shows a HAADF-STEM image and correspond-
ing STEM-EDS mappings of the sample solution-treated 
at 1 100°C. A cubic-shaped Ti(C,N) particle can be seen, 
whereas AlN is not observable. According to the thermody-
namic calculation results shown in Fig. 6 and Table 3, AlN 
disappeared at 1 100°C, while Ti(C,N) and MnS existed at 
this temperature. As shown in Table 2, the mean size and 
number density of the precipitates slightly decreased in the 
sample solution-treated at 1 100°C compared to those in the 
as-received sample, which should be due to the decrease in 
AlN.

Figure 7 shows HAADF-STEM images of the sample 
after solution treatment at 1 300°C, followed by cyclic 
heat treatment. After solution treatment at 1 300°C, no 

Table 2. Number density, mean diameter, and volume fraction of 
precipitates obtained from STEM analysis.

Sample Number 
density, μm −3

Mean 
diameter, nm

Volume 
fraction

As received 11 33 0.040%

780°C ×  1 11 27 0.027%

780°C ×  3  7 33 0.023%

1 100°C  7 21 0.008%

1 300°C – – –

1 300°C +  780°C ×  1  4 < 10 0.005%

1 300°C +  780°C ×  3 85 12 0.014%

Fig. 4. HAADF-STEM images and corresponding STEM-EDS mapping of the as-received sample. (Online version in 
color.)

Fig. 5. (a) HAADF-STEM image and (b–d) corresponding 
STEM-EDS mapping of the sample solution-treated at 
1 100°C. (Online version in color.)
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Table 3. Summary of volume fractions at 780°C and solution 
temperature of each precipitate as determined by per-
forming thermodynamic calculations.

AlN Ti(C,N) MnS Total

Volume fraction at 780°C 0.0365% 0.0113% 0.0103% 0.0581%

Solution temperature 1 068°C 1 282°C 1 263°C

Fig. 6. Volume fraction of each precipitate determined by per-
forming thermodynamic calculations. (Online version in 
color.)

Fig. 7. HAADF-STEM observations of (a) solution-treated at 1 300°C, (b) 780°C ×  1 after solution treatment, and (c) 
780°C ×  3 after solution treatment.

precipitates were observed in the sample before cyclic heat 
treatment (Fig. 7(a)), and fine particles with sizes of around 
10 nm were observed in the cyclic heat-treated sample. The 
number of precipitates increased with increasing number 
of cycles (Figs. 7(b) and 7(c)). When the number of cycles 
increased from one to three, the number density of the 
precipitates increased from 4 to 85 μm −3, which is greater 
than that of the precipitates without solution treatment (7–11 
μm −3), as shown in Table 2. The EDS analysis results 
shown in Fig. 8 reveal that these precipitates are composite 
particles, including AlN, Ti(C,N), and MnS particles. Com-
pared to the precipitates of the as-received sample shown 
in Fig. 4, the MnS particles are clearly visible. In the case 
of the as-received sample, the coarse MnS particles initially 
grew at high temperature and AlN was precipitated at lower 
temperature during gradual cooling after the hot rolling 
process and subsequent annealing process. In contrast, the 
precipitation of AlN, Ti(C,N), and MnS occurred simulta-
neously in the solution-treated sample, which is considered 
to be a reason for the increased MnS in the fine precipitate. 
In particular, the precipitates after one round of cyclic heat 
treatment after solution treatment at 1 300°C mainly con-
sisted of MnS particles. According to the thermodynamic 

calculation results shown in Fig. 6, MnS is much more 
supersaturated than AlN, implying that MnS precipitates 
first, followed by AlN and finally Ti(C,N)–MnS–AlN 
combined particles. In the case of the as-received sample, 
precipitation occurred during cooling after the hot rolling 
or annealing step, and the mean size of the precipitates was 
around 30 nm. The mean size of the solution-treated sample, 
on the other hand, was reduced to 10 nm, which might be 
related to the fine MnS generation at 780°C.

It should be noted that the number density of the pre-
cipitates increased from 4 to 85 μm −3 when the number of 
the cycles increased from one to three and that precipitates 
of AlN and Ti(C,N)–AlN composite without MnS attach-
ment were observed in the sample after solution treatment 
at 1 300°C and three rounds of cyclic heat treatment. If 
the initially nucleated MnS acted as a nucleation site for 
further precipitation of AlN and Ti(C,N), the number den-
sity of the precipitates might not increase dramatically, and 
all precipitates should contain the MnS core. However, as 
already described, precipitates without MnS attachment 
were observed in the sample after three rounds of cyclic 
heat treatment, which suggests that a new nucleation site for 
further precipitation might be generated during every heat 
treatment cycle. If the precipitation mainly occurred after 
reverse transformation to γ during cyclic heat treatment, 
the γ grain boundaries could be possible candidates for the 
precipitate nucleation sites, and the cyclic heat treatment 
with α-γ transformation could generate numerous new γ 
grain boundaries during each heating cycle. In addition, 
dislocations might also act as nucleation sites for the pre-
cipitates. It was previously reported that grain boundaries 
and dislocations in austenite can act as nucleation sites for 
MnS precipitation in 3% Si steel and that deformation at 
high temperature can accelerate MnS precipitation.23) When 
the quenched sample was heated, precipitation could also 
occur in the martensite during heating. In this case, the 
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sub-grain boundary is a possible nucleation site for precipi-
tation. The increase in the amount of fine precipitates after 
solution treatment at 1 300°C and three rounds of cyclic 
heat treatment is considered to have been achieved by the 
increased number of precipitate nucleation sites generated 
by cyclic heat treatment, although the precipitate nucleation 
site remains unclear.

In summary, based on the results displayed in Tables 1 
and 2, it appears that cyclic heat treatment is effective for 
γ grain refinement and that solution treatment increases the 
effects of the cyclic heat treatment because of the precipita-
tion of fine particles, which suppress the grain growth of the 
γ phase nucleated by cyclic heat treatment.

Finally, let us discuss the effect of pinning on the γ grain 
structure. Table 3 summarizes the volume fraction at 780°C 
and solution temperature of each precipitate, according to 
thermodynamic calculations. The total volume fraction for 
AlN, Ti(C,N), and MnS at 780°C is 0.0581%, which is 
larger than the measured values for the samples after three 
treatment cycles, both with and without solution treatment, 
as shown in Table 2. The volume fraction of precipitates in 
the sample after three heat treatment cycles after solution 
treatment at 1 300°C is 0.014%, which is low compared to 
the volume fraction of 0.023–0.040% observed in the sam-
ples without solution treatment. Hence, the complete pre-
cipitation of nitride and sulfide particles cannot be achieved 
only by the present cyclic treatment. It is expected that a 
strong effect of pinning on γ grain growth may be obtained 

by promoting the precipitation of pinning particles. This 
point is discussed below based on the Zener pinning model.

When the grain growth is completely inhibited by the 
particle pinning, the grain size can be calculated by using 
the Zener equation, Eq. (1),24) and the results obtained in 
this manner were then compared to the measured results.

 d K
r

fV
=  .................................. (1)

The Zener equation is generally used to describe the 
effects of the average radius of the pinning particles, r, and 
the volume fraction of the particles, fV, on the average grain 
diameter, d, using a constant, K. K =  0.34 was used in this 
study, because the pining effect of γ grains by nitrides or 
carbides can be reproduced well with this value.11,25) Table 
4 shows the γ grain sizes calculated using Eq. (1), and the 
measured values are also shown for comparison. Table 4 
(a) and (b) correspond to the sample without solution treat-
ment and the sample with solution treatment at 1 300°C 
respectively. The estimated γ grain sizes are 24.4 and 14.6 
μm for the samples without and with solution treatment, 
respectively. These calculated values are larger than the 
measured value ranges of 3–10 and 2–5 μm, respectively. 
The decrease in γ grain size should be ascribed to the 
increased γ grain nucleation during the cyclic heat treatment. 
In addition, complete pinning did not occur in the present 
experiments and further γ grain structure refinement could 
be achieved by enhancing the pinning effect. For instance, 
when the precipitation of the pinning particles is completed, 
the average grain size is expected to decrease from 14.6 to 
3.5 μm according to the calculations performed using the 
Zener equation (see (b) and (c) in Table 4).

4. Conclusions

In this study, the relationships between austenite grain 
size and fine precipitates were investigated under different 
solution treatments and cyclic heat treatments of Ac3 and 

Table 4. γ grain sizes estimated using the Zener equation (Eq. 
(1)).

Diameter of 
precipitate

Volume 
fraction

Measured γ 
grain size

Estimated γ 
grain size

(a) 33 nm 0.023% 3–10 μm 24.4 μm

(b) 12 nm 0.014% 2–5 μm 14.6 μm

(c) 12 nm 0.058% – 3.5 μm

Fig. 8. HAADF-STEM images and corresponding STEM-EDS mapping for (a–d) 780°C ×  1 after 1 300°C solution 
treatment and (e–h) 780°C ×  3 after 1 300°C solution treatment. (Online version in color.)
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Ar3 transformations, for micro-alloyed spring steels. The 
following conclusions were obtained:

(1) The austenite grains in the as-received steel rod 
were refined to 3–10 μm in diameter after three rounds 
of cyclic heat treatment at 780°C, while 1 300°C solution 
treatment followed by three rounds of cyclic heat treatment 
reduced the austenite grain size to 2–5 μm.

(2) The as-received sample included AlN–Ti(C,N)–
MnS composite precipitate particles, with a mean diameter 
of 33 nm and a number density of 11 μm −3. After 1 300°C 
solution treatment and three rounds of cyclic heat treatment 
at 780°C, the mean diameter of the precipitates decreased 
to 12 nm and their number density increased to 85 μm −3.

(3) Cyclic heat treatment after solution treatment was 
effective for austenite grain refinement owing to the pre-
cipitation of fine particles, which suppressed the growth of 
austenite grains nucleated during the cyclic heat treatment.
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