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Accelerated spheroidization of hypoeutectoid
steel by the decomposition of supercooled
austenite
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A thermal cycling treatment was used to produce a spheroidized structure of hypoeutectoid
steel from direct decomposition of supercooled austenite. Scanning electron microscopy and
quantitative metallography were employed to study the changing microstructure during the
thermal cycling treatment. A conventional spheroidizing annealing was also investigated for

comparison. it has been shown that the thermal cycling treatment results in a structure of
cementite spheroidites homogeneously distributed in a ferrite matrix within a very short
processing time, and the coarsening of cementite particles is controlled by the coupled dif-

fusion of both carbon and iron atoms.

1. Introduction

To accelerate the spheroidizing of the pearlitic struc-
ture has long been the interest of the steel industry.
The current available spheroidizing processes may be
divided into four classes: (a) isothermal annealing at a
temperature slightly below the Al temperature [1, 2];
(b) thermal cycling near the Al temperature [3, 4];
(c) 1sothermal annealing with the aid of prior cold
work [5-8]; (d) hot deformation before, during or
after the transformation of austenite to pearlite
[9-12]. Recently several investigations [13, 14] have
shown that a structure of spheroidized cementite and
ferrite can be formed directly from the decomposition
of supercooled austenite in a very short time. Instead
of plastic deformation, a brief cooling cycle prior
to the isothermal transformation of austenite was
employed to introduce defects into the supercooled
austenite, which may aid the nucleation of cementite
particles and lead to a spheroidized structure. The
complete thermal cycling process [13, 14] consists of
austenitizing, and then rapidly quenching to a tem-
perature slightly above the martensite transformation
temperature (M), finally up-quenching to a tem-
perature slightly below the Al temperature for iso-
thermal annealing.

Since this thermal cycling treatment [13, 14] has
shown the feature of accelerating the spheroidization
of pearlite, it is desirable to conduct further research
on this subject. In the present work, scanning electron
microscopy (SEM) and quantitative metallography
were used to study the evolution and changing micro-
structure during this thermal cycling treatment. In
addition, a conventional isothermal annealing was
investigated for comparison.
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2. Experimental procedure

Commercial AISI 1045 as-rolled steel bars were used
in this study. The chemical compositions of the steels
are shown in Table I and the information about their
initial conditions are given in Table II. The heat treat-
ing procedures are shown in Table III, where “T”’ and
“N” represent the thermal cycling treatment and the
conventional isothermal annealing, respectively.

After heat treatment, the specimens were sectioned,
polished and etched by 2% nital or picral to reveal the
interior microstructure. Jeol JISM-35CF scanning elec-
tron microscope (SEM) was used for the microstruc-
tural observations.

According to previous work [1}, it is reasonable to
assume that the shape of the carbide is oblate. The
major and minor axes of each particle were measured
and grouped into size classes with over 1000 particles
measured for each specimen, and the DeHoff analysis
[15] for ellipsoids was used in this work. A Cambridge
Quantimet 900 image analyser was used for quan-
titative metallographic analysis.

3. Results

The microstructure of the as-rolled steel bars used is
shown in Fig. la, which is the typical hypoeutectoid
structure consisting of pearlite and hypoeutectoid
ferrite. The microstructural changing during the

TABLE 1 Chemical compositions (wt%)

Steel C Si Mn P S Cr Al

A 045 027 067 0.015 0.012 0014 0.026

B 046 023 076 0.012 0013 0014 0.009
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TABLE II Initial structure and properties

TABLE III Heat treating procedure

Steel Specimen Interlamellar Hardness Al temperature
diameter  spacing HV (200g) (K)
(mm) (nm)
12 260 207+ 6 9%

B 5.5 260 245 £ 13 993

isothermal annealing is illustrated in Figs 1b and c,
while the evolution and changing of microstructure in
the thermal cycling treatment is shown in Figs 1d to f.
It is clearly shown that the T-973K treatment results
in a structure of fine spheroidites homogeneously dis-
persed in the ferrite matrix after annealing for only
60 sec, however, the hypoeutectoid ferrite and cement-
ite lamellae still persist in the conventional isothermal
annealing (N) even after 6 x 10°sec.

Quantitative metallography was used to follow the
progress of spheroidization of both treatments N and
T-973K. Fig. 2 shows the aspect ratio distributions for
both treatments N and T-973K, where the aspect ratio

Designation  Steel  Procedure

N A Isothermal annealing at 973K and air
cooling

T B T-973K: austenitizing at 1223K for

900 sec, quenching to a 603K
salt bath* and staying for §8sec,
then up-quenching to a 973K
lead bath for isothermal anneal-
ing and air cooling

T-923K: the same as T-973K, but the iso-
thermal annealing temperature
changing to 923K

*Composition of the salt bath : NaNO, (42%) + KNO; (58%).

is the ratio of the minor axis to the major axis of the
cementite particles. The peak of the aspect ratio distri-
bution of the N treatment gradually shifts toward
higher values with increasing annealing time, while a
stable distribution is shown for the T-973K treatment.
To assess the number percentage of spheroidization,
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Figure 1 Scanning electron micrographs of (a) initial structure; (b) N treatment for 6 x 10% sec; (c) N treatment for 2.3 x 10°sec; (d) T-973K

for 60sec; (¢) T-973K for 6 x 10%sec; (f) T-973K for 9.6 x 10" sec.
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Figure 2 Aspect ratio distributions for (a) isothermal annealing (N) and (b) thermal cycling treatment (T-973K).

the criterion [2, 12], that particles of aspect ratio > 0.2
were considered as spheroidized, was employed in this
work. According to the above criterion, Fig. 3 illus-
trates the change of percentage spheroidization with
annealing time. It is indicated that for the N treat-
ment, over 2 x 10*sec is needed to reach 100%
spheroidization, however, less than 60 sec is necessary
for T-973K treatment.

The number density of cementite particles is shown
in Fig. 4 as a function of annealing time. The lower
particle densities for the N treatment specimens are
due to the larger size of the cementite particles in the
initial pearlitic structure. It is worthwhile to notice the
higher declining rate of the number density of particles
in the T-973K treatment compared with the N treat-
ment, which might indicate a more rapid softening
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Figure 4 Number of cementite particles per
unit area as a function of annealing time.
(0) T-973K; (&) N.
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rate associated with the T-973K treatment. The results
shown in Figs 3 and 4 have indicated that the ther-
mal cycling treatment reaches 100% spheroidization
within a very short time and has a relatively fast
decreasing rate of the number density of particles,
therefore, it is necessary to investigate the growth of
the particles in this treatment. The mean particle
radius, R, was determined for the T-973K specimens,
and is plotted in the form of (R* — R}) as a function
of (t — t,) (Fig. 5), where the R, and 1, values are
taken from the shortest annealing time studied.

To understand better the thermal cycling treatment,
a lower annealing temperature, 923 K, was applied in
the T treatment. In general, both T-973K and T-923K
treatments generate similar microstructures but the
T-923K treatment results in finer cementite particles
as shown in Fig. 6. The variation of hardness with the
annealing time is shown in Fig. 7, where the T-923K
treatment shows higher hardness values and lower
softening rate compared with the T-973K treatment.
In addition, a slightly higher softening rate is indicated
for the T-973K treatment relative to the N treatment,
which is consistent with the result shown in Fig. 4.
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4. Discussion

As recognized by previous studies [2], spheroidization
in the conventional isothermal annealing (N) involves
break-up and coarsening of cementite lamellae. Fig. 8
shows the change of the major and minor axes of
cementite particles as a function of annealing time,
where L and S are the mean value of the major and
minor axis, respectively. As spheroidization proceeds,
the value of L of the treatment N first decreases as a
result of break-up, and later the values of both L and
S increase with annealing time which is a conse-
quence of coarsening of the particles. On the
other hand, a monotonic increase of both axes
with increase of annealing time is shown in Fig. 8
for the thermal cycling treatment T-973K, which
indicates coarsening of cementite particles. The
aspect ratio distributions shown in Fig. 2 also support
this conclusion.

The Lifshitz—Wagner [16, 17] theory predicts that,
when the steady state size distribution of cementite
particles is attained, the growth kinetics may be
described by Equation 1 or 2:

(i) for diffusion-controlled growth
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Figure 5 Variation of the mean particle
radius, R, with annealing time, ¢, plotted in
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the form of (R* — R}) as a function of
(t — 1,) for T-973K. (- ——) calculated; (O)
T-973K.



Figure 6 Scanning electron micrograph of T-923K—6 x 10%sec.
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where R is the mean particle radius at any time #; R,
1s the mean particle radius at time ¢,; o is the surface
energy of the interface, assumed isotropic; D is the
diffusion coefficient; X is the mole fraction of carbon
in ferrite at steady state; R is the gas constant; T'is the
absolute temperature; k is the reaction constant; and
v is the stoichiometric factor.

Li et al. [18] suggested that during coarsening of
cementite there is a volume constraint which requires
the diffusion of carbon as well as iron to take place.
This leads to an effective coefficient for carbon, DE,
which is given by
XcDe Xe. Dy

Veeo — 3Vee v
Gﬁ——%%m+h%
VFe

X DE = €)

where X, X, are the mole fractions of carbon and
iron in ferrite, Dy, and D, are the diffusion coefficients
of iron and carbon in ferrite, and Vee,c» Ve, Ve are the
molar volumes of cementite, carbon and iron. By
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Figure 8 Change of the major and minor axis of cementite particles
with annealing time. L and S are the mean of the major and minor
axis, respectively. (®) L, T-973K; (a) L, N; (0) S, T-973K; (&) S,
N.

applying the effective diffusion coefficient, D
Equation 1 can be given as [12]

R-R = 8JVI-ge3C(XCDEﬂ)
o~ ORTV,,

The growth data of the treatment T-973K presented
in Fig. 5 were analysed according to Equation 4 and
they fit the equation very well, in which the slope
equals 1.0. The dashed line in Fig. 5 was calculated by
using the following values for the variables in
Equations 3 and 4. ¢ = 700ergem ?, Vo =
2397cm’mol™!, Vg = 7.3cm’mol™! [19], X, =
7.7 x 107*[20), Xz, = 1, Do = 8.7 x 10~ 7cm?sec™!
[21], Dg, = 6.3 x 10 “cm’sec™' [22]. As shown in
Fig. 5, a good agreement was obtained between the
results of T-973K and the calculated values. It can
therefore be concluded that the coarsening of cement-
ite particles in T-973K treatment is a diffusion con-
trolled process. The effective diffusion coefficient of
carbon for the T-973K treatment was found to be
6.3 x 107"cm®sec™!, which is intermediate between
D¢ and Dg,. A coupled diffusion coefficient of the type
proposed by Li ef al. [18} appears to be applicable in
the coarsening process of the thermal cycling treat-
ment.
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Figure 7 Variation of hardness with
annealing time. (O0) T-923K; (0) T-973K;
(a) N.
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As a result of eutectoid decomposition of austenite
in carbon steels, pearlite comprising alternating plates
of ferrite and cementite is usually formed. It is clearly
shown in this work that the thermal cycling treatment
results in an abnormal decomposition of austenite to
a structure consisting of cementite spheroidites and
ferrite. An experiment of the same thermal cycling
treatment was interrupted after 8sec at 603K and
quenched into ice water and only martensite was
observed. It can therefore be concluded that a super-
cooled austenite was formed before the final up-
quench for isothermal annealing.

It is believed that considerable residual stresses
must have been built up in the supercooled austenite
by the thermal ¢ycling (1223 — 603 — 973 or 923K).
To verify this suggestion, Parusov et al. [14] reported
that a considerable magnitude of residual stresses
were measured in an austenitic stainless steel after the
thermal cycling treatment. In the course of thermal
cycling austenite, an increase in dislocation densities
results from the large thermal stresses. The dislo-
cations in the austenite may aid the nucleation of
cementite particles and lead to an abnormal decompo-
sition of austenite, in consequence of which a sphe-
roidized structure is formed.

To suppress the transformation of austenite during
the cooling cycle (1223 — 603K) and to build up
enough thermal stresses are the keypoints for the suc-
cess of the thermal cycling treatment. A 12mm steel
bar (steel A) was also processed by the same thermal
cycling treatment and a structure comprising pearlite
and hypoeutectoid ferrite was observed in the centre
part of the bar. This observation indicates that the
thermal cycling treatment has a limitation on the size
or hardenability of steels to be processed.

5. Conclusions

1. An accelerated spheroidization of hypoeutec-
toid steel can be obtained from the thermal cycling
treatment, which is a consequence of the abnormal
decomposition of supercooled austenite.

2. It is suggested that the abnormal decomposition
of austenite is due to the heterogeneous nucleation of
cementite particles at dislocations, which are the
results of thermal stresses caused by thermal cycling of
austenite.
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3. The coarsening of cementite particles in the ther-
mal cycling treatment is a diffusion controlled process,
and the effective diffusion coefficient agrees with the
type proposed by Li et al. [18] which is the coupled
diffusion of both carbon and iron atoms.
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