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Grain Boundary Character and Superplasticity of Fine-Grained
Ultra-High Carbon Steel
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The characteristics and superplasticity of the (α + θ) microduplex structures formed by various thermomechanical processings were
studied in an ultra-high carbon steel (Fe–1.4Cr–1.0C). After heavy warm rolling of pearlite, an (α + θ) microduplex structure with equi-axed
α grains of 0.4µm in diameter and spheroidizedθ particles of 0.2µm in diameter is obtained. Theα matrix exhibits a recovered structure in
which most ofα grain boundaries are low-angle boundaries, resulting in rather smaller elongation at 973 K. Heavy cold rolling and annealing
of pearlite produces an (α + θ) microduplex structure which consists of the coarse-grain region (dα ∼ 0.4µm) with high-angleα boundaries
and the fine-grain region (dα ∼ 0.2µm) with low-angleα boundaries. Superplasticity in this specimen is slightly better than the warm-rolled
specimen. When pearlite was austenitized in the (γ + θ) region, quenched and tempered at the temperature below A1, an (α + θ) microduplex
structure in whichα andθ grain sizes are nearly the same as in the warm-rolled specimen and most ofα boundaries are of high-angle one
is formed. Such ultra-fineα grains are formed through the recovery of the fine (α′ lath martensite+ θ) mixture during tempering. This
microduplex structure exhibits superior superplasticity. Heavy warm rolling prior to the quenching and tempering improves total elongation
further because the distribution of priorγ grain size is more uniform. When cold-rolled pearlite was austenitized and air-cooled, an (α + θ)
microduplex structure with high-angleα boundary is formed. However, since theα grain size was relatively large (ca. 2µm), its superplastic
performance is poor. Finally, more simplification of processing for superplasticity was attempted. Further improvement of superplasticity was
achieved by omitting the tempering in the quenching and tempering treatment.
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1. Introduction

It has been known that superplasticity in ultra-high carbon
steels (carbon content is more than 1.0 mass%C) is achieved
for the (α+θ ) microduplex structure with fine, spheroidizedθ

(Fe3C) particles dispersed in fine-grainedα matrix. Sherbyet
al.1–6) developed such (α+θ ) microduplex structure by rather
complicated thermomechanical processing. The process they
proposed consists of three parts; (1) heavy hot rolling in the
(γ + θ ) two phase region after austenitizing; (2) heavy warm
rolling at the temperature just below A1 temperature; (3)
quenching and tempering below A1 after austenitizing in the
(γ +θ ) region. The present authors studied the microstructure
change in the heavy warm rolling, quenching and tempering
performed on the specimens with pearlite structure.7) It was
shown that an (α+θ ) microduplex structure containing a large
fraction of high-angleα grain boundaries is formed through
the recovery of lath martensite structure during the quenching
and tempering of (3). It was confirmed that the presence of
such high-angleα boundaries are important in terms of grain
boundary sliding for superplasticity in an ultra-high carbon
steel with (α + θ ) microduplex structures.

The (α + θ ) microduplex structure which exhibits super-
plasticity can be produced by heavy cold rolling and anneal-
ing of pearlite.8) The present authors9) recently reported that
heavy cold rolling and annealing of pearlite results in the mix-
ture of two kinds of microduplex structures, which are differ-
ent in the grain sizes ofα andθ phases and the character of
α grain boundary. However, the superplasticity in the cold-
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rolled and annealed pearlite has not been studied in detail.
The present study aims to examine the relationship between

theα grain boundary character and superplasticity for various
(α + θ ) microduplex structures with differentα grain bound-
ary character produced by thermomechanical processing in
ultra-high carbon steels.

2. Experimental Procedure

The alloys used are commercial bearing steels (SUJ2: Fe–
1.0 mass%C–1.4 mass%Cr) of which chemical composition
are listed in Table 1. Although the two alloys used are slightly
different in composition, the microstructure obtained is nearly
the same. A1 and Acm temperatures determined by dilatom-
etry measurement for the alloy A are 998 K and 1176 K, re-
spectively.

Specimens were austenitized at 1423 K for 3.6 ks and fully
transformed to pearlite by isothermal holding at 923 K for
0.6 ks or 0.9 ks, resulting in a fully pearlitic structure. Subse-
quently four different thermomechanical processes (as shown
in Fig. 1) were performed. The process of (a) is the warm
rolling of pearlite at 923 K by 90% (WR). (b) is the anneal-
ing at 973 K for various periods of time after cold rolling of
pearlite by 70–90% (CR+ A). In (c), the pearlite structure
was austenitized at 1043 K in the (γ + θ ) region followed
by oil quenching. Subsequently, the tempering at 923 K for

Table 1 Chemical compositions of the alloys used (mass%).

Alloy C Si Mn Cr Fe

A 0.98 0.27 0.41 1.44 bal.

B 1.02 0.24 0.37 1.42 bal.
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Fig. 1 Thermomechanical processings performed in the present study. (a) 90% warm rolling of pearlite structure at 923 K (WR);
(b) annealing at 973 K after 70–90% cold rolling of pearlite structure (CR+ A); (c) austenitizing at 1043 K of pearlite
structure+ quenching+ tempering at 923 K without or after 90% warm rolling at 923 K (QT or (WR+ QT), respectively); (d)
austenitizing at 1043 K after 70% cold rolling of pearlite structure+ air cooling (CR+ AC).

Fig. 2 Microstructure change by the WR and (CR+A) treatments (SEM); (a) as-transformed pearlite, (b) warm-rolled by 90% at 923 K,
(c) cold rolled by 70%, (d) annealed at 973 K for 0.6 ks after 70% cold rolling.

various periods of time was performed (QT). In some cases,
the warm rolling of pearlite by 90% at 923 K was employed
before the quenching and tempering treatment (WR+ QT).
In (d), the pearlite structure was cold-rolled by 70% and
austenitized at 1043 K, followed by air-cooling (CR+ AC).
Microstructures were observed by scanning electron micro-
scope (SEM: Hitachi S3100H) and transmission electron mi-
croscope (TEM: Philips CM200). Orientations ofα grains
were determined by analyzing convergent beam Kikuchi pat-
terns. Tensile test at 973 K was performed at various initial
strain rates between 5.0 × 10−5 s−1 and 1.7 × 10−2 s−1 after
heating to 973 K at 1 K/s and holding for 0.6 ks. The gage size
of the specimens wast1.5 mm× w2.5 mm× l10 mm.

3. Results

3.1 The formation process of (α + θ ) microduplex struc-
ture

The scanning electron micrographs of Fig. 2 show the mi-
crostructure change by warm or cold rolling of pearlite struc-
ture. Figure 2(a) shows the initial pearlite structure with an
interlamellar spacing of about 0.18µm formed at 923 K. Vol-
ume fraction ofθ is approximately 15%. By heavy warm
rolling at 923 K, initial θ lamellae turn mostly to fine and
spheroidizedθ particles dispersed in theα matrix (Fig. 2(b)).
Figure 2(c) shows that the interlamellar spacing and align-
ment of lamellae in pearlite turn to be quite non-uniform af-
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Fig. 3 (a) Transmission electron micrograph of the (α + θ) microduplex structure in the WR specimen and (b) distribution of misorien-
tation angle acrossα grain boundaries.

Fig. 4 (a) Transmission electron micrograph of the (α + θ) microduplex structure in the (CR+ A) specimen and (b), (c) misorientation
angles acrossα grain boundaries in the coarse-grain and fine-grain regions, respectively.

ter heavy cold rolling as previously reported.9,10) When heav-
ily cold-rolled pearlite is annealed at 923 K, the microduplex
structure consisting of fineα grains and fineθ particles is ob-
tained (Fig. 2(d)). However, the annealed structure is not uni-
form in the distribution ofθ particle size and density because
of the heterogeneity in the cold-rolled structure.

Figure 3(a) shows the transmission electron micrograph of
the specimen warm-rolled by 90% at 923 K (WR). An ultra-
fine (α + θ ) duplex structure is developed by warm rolling of
the pearlite structure. The averageα grain size is 0.43µm and
the averageθ particle size is 0.18µm, both in diameter. Figure
3(b) shows the histogram of misorientation angle across the

α grain boundary in the warm-rolled specimen. Majority of
α grain boundaries are of low-angle one with misorientations
less than 15 degrees. Such a low-angle boundary,i.e., the sub-
grains formed by recovery, is supposed to have a poor ability
of grain boundary sliding.

Figure 4 shows the transmission electron micrograph of the
(α+θ ) duplex structure in the specimen annealed at 973 K for
0.6 ks after 90% cold rolling of the pearlite structure shown in
Fig. 2(a) (CR+ A) and the corresponding illustrations show-
ing the misorientations acrossα grain boundaries. In (a), it is
clearly seen that the annealed structure consists of the coarse-
grain region (dα ∼ 0.38µm, dθ ∼ 0.13µm) and the fine-
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Fig. 5 Microstructure change in the QT treatment; (a) as-quenched, (b) after tempering at 923 K for 0.6 ks and (c) for 1.8 ks, respectively,
(d) distribution of misorientation angle acrossα grain boundaries.

grain region (dα ∼ 0.17µm, dθ ∼ 0.06µm). Figures 4(b)
and (c) show the grain boundary characters for both of those
regions. The coarse-grain region in (b) contains many high-
angle boundaries with misorientations larger than 15 degrees.
On the other hand, most ofα grains are subgrains surrounded
by low-angle boundaries in the fine-grain region as shown in
(c). TEM examination in the early stage of annealing revealed
that the area with large misorientation in the deformedα turn
to be the coarse-grain region with high-angleα boundaries
after recovery during annealing.9)

The transmission electron micrographs of Fig. 5 show the
microstructure change in the QT treatment. In austenitizing
treatment at 1043 K in the (γ + θ ) region, the mixture ofγ
grains and undissolvedθ particles is obtained. The averageγ

grain size is relatively small (11.2µm) due to the pinning ef-
fect byθ particles. By quenching from 1043 K,γ transforms
to α′ lath martensite. It is known that lath martensite forms
“block” (a group of laths with almost the same orientation)
and “packet” (a group of laths with almost the same habit
plane) structures.11) In Fig. 5(a), the growth of lath marten-
site seems to be stopped by the undissolvedθ particles dis-
persed within theγ grain. As a result, blocks are signif-
icantly refined compared with the case withoutθ particles.
After tempering at 923 K (Fig. 5(b)), these undissolvedθ par-
ticles grow and also newθ particles precipitate in martensite
(see the arrows), resulting in a bimodal distribution ofθ par-
ticle size in the final (α + θ ) structure. Simultaneously, the
recovery of lath martensite proceeds to form subboundaries
within blocks. Since block or packet boundaries are mostly
high-angle boundaries,12) the migration of block and packet
boundaries occurs in some extent even with the pinning byθ

particles. Thus, by further tempering, the shape ofα grains
changes to equi-axed and, finally, an ultra-fine (α + θ ) mi-
croduplex structure with the average grain size of 0.40µm for
α grains and 0.18µm for θ particles is developed as shown in
Fig. 5(c). Those grain sizes are apparently similar to those in
the WR specimen. However, the histogram of misorientation
angles across theα grain boundaries in Fig. 5(d) indicates that
most ofα boundaries are of high-angle one with misorienta-
tions larger than 15 degrees.

By performing 90% warm rolling before QT treatment,
an (α + θ ) microduplex structure with high-angle bound-
aries similar to the QT specimen was obtained. This process
(WR + QT) is comparable to the one proposed by Sherbyet
al.1) The average grain sizes were 0.47µm for α and 0.22µm
for θ . Figures 6(a) and (b) show the optical microstructures of
the specimens quenched after austenitizing at 1043 K without
warm rolling or after 90% warm rolling of pearlite, respec-
tively. These micrographs reveal the priorγ grains. γ grain
size is finer, 6.6µm in average diameter, and more uniform in
the specimen with warm rolling (Fig. 6(b)) than in the speci-
men without warm rolling (Fig. 6(a)) with the averageγ grain
size of 11.2µm. This is probably because the dispersion ofθ

particle becomes finer and more uniform by the heavy warm
rolling. Uniformly distributed fineθ particles should lead to
the higher nucleation rate ofγ and the larger pinning effect to
suppressγ grain growth.

Figures 7(a) and (b) show the scanning and transmis-
sion electron micrographs of the specimen of pearlite cold-
rolled by 70%, austenitized at 1043 K and air-cooled (CR+
AC). During cooling from 1043 K, the duplex structure with
spheroidizedθ particles and equi-axedα grains is formed by
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Fig. 6 Optical microstructures of the specimen quenched after austenitiz-
ing at 1043 K (a) without warm rolling and (b) after 90% warm rolling,
respectively.

the formation ofα and the growth of undissolvedθ particles.
This structure is similar to the “degenerate pearlite” or “di-
vorced pearlite”.13) The averageα grain size, 2.0µm, is larger
than the other specimens whereas the averageθ particle size,
0.14µm is about the same as in the other specimens. Figure
7(c) shows that the misorientations acrossα grain boundaries
are large in the area shown in Fig. 7(b). It is considered that
α grains neighboring to each other presumably nucleated at
different portions ofγ grain boundary.

3.2 Superplasticity of the (α + θ ) microduplex structure
formed by various thermomechanical processings

As was shown in the preceding section, various kinds of
(α + θ ) microduplex structures were obtained from the ini-
tial pearlite structure through thermomechanical processings.
The result of tensile test at 973 K for those specimens is sum-
marized in Fig. 8. The QT specimen exhibits more than 500%
elongation at the strain rate of 1.7 × 10−4 s−1 although the
addition of warm rolling (WR+ QT) results in further im-
provement of superplastic performance. The (WR+ QT) and
QT specimens which contain large proportions of high-angle
α grain boundaries show much better superplastic properties
than the WR specimens with low-angleα boundaries (about
300% elongation at the strain rate of 1.7 × 10−4 s−1). In
the (CR+ A) specimens, two kinds of microduplex struc-
tures,i.e., the coarse-grain region with high-angleα bound-
aries and the fine-grain region with low-angleα boundaries,

Fig. 7 (a) Scanning and (b) transmission electron micrographs of the
(α + θ) microduplex structure in the (CR+ AC) specimen and (c) the
misorientation angles acrossα grain boundaries in the area of (b), respec-
tively.

Table 2 Mean strain-rate-sensitivity exponent (m) at 973 K for the spec-
imens on which various thermomechanical processings were performed
(between the initial strain rates of 5.0×10−5 s−1 and 1.7×10−4 s−1 at the
true strain of 0.8).

Specimen WR+ QT QT WR CR+ A

m-value 0.46 0.54 0.27 0.25
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Fig. 8 Elongation to failure of the specimens on which various thermome-
chanical processings were performed (deformed in tension at 973 K and at
various initial strain rates).

are mixed. The resultant superplastic performance is poorer
than the (WR+ QT) and QT specimens but better than the
WR specimen. Table 2 shows the mean strain-rate-sensitivity
exponent (m) between the initial strain rates of 5.0×10−5 s−1

and 1.7×10−4 s−1 at the true strain of 0.8. The m-value is ap-
proximately 0.5 for the (WR+QT) and QT specimens, which
implies that deformation is controlled by grain boundary slid-
ing.14) On the other hand, the WR or (CR+ A) specimens ex-
hibit the m-value of about 0.25. This result clearly indicates
that larger fractions of high-angleα grain boundaries which
are capable of grain boundary sliding are of great importance
for superplasticity in the ultra-high carbon steels with (α + θ )
microduplex structures. Most ofα grain boundaries in the
(CR+ AC) specimens are of high-angle ones similarly to the
(WR + QT) or QT specimens. However, this specimen ex-
hibits poor superplasticity, just slightly better than the initial
pearlite, because itsα grain size is larger than the other spec-
imens.

4. Discussion

4.1 Origin of high-angle grain boundary in quenched
and tempered specimen

The present study clarified the effect of initial (α + θ ) mi-
crostructure on the superplastic behavior of an ultra-high car-
bon steel. The QT treatment produces the (α+θ ) microduplex
structure with a large fraction of high-angleα grain bound-
aries, leading to superior superplasticity. It should be em-
phasized that, without any complicated deformation at ele-
vated temperature, the (α + θ ) microduplex structure with
high-angleα grain boundaries is formed by the QT treatment.
Microstructure evolution in this treatment is discussed in the
following.

The transmission electron micrographs shown in Fig. 5 in-
dicated that the (α+θ ) microduplex structure with high-angle
α grain boundaries is developed essentially through the re-
covery of lath martensite structure. Figure 9 schematically
describes the microstructure transition from the as-quenched
condition to the fully tempered condition in the QT speci-
mens. The presence of undissolvedθ particles finely dis-
persed inγ plays an important role in the formation of (γ +θ )
duplex structures. By quenching theγ containing finely dis-
tributedθ particles, the block and packet sizes are drastically
refined. A block corresponds to each fineα grain in the tem-
pering. As a result, the (α + θ ) microduplex structure con-
sisting ofα grains smaller than 0.5µm in diameter and sur-
rounded mostly by high-angle grain boundaries are formed.
When theγ contains noθ particles, the blocks and packets
of as-quenched lath martensite are much coarser and highly
anisotropic in morphology. Under such circumstances, fine
equi-axedα grain structures are hardly obtained even after
extensively prolonged tempering.15) The (WR+ QT) treat-
ment results in a larger elongation than the QT treatment as
shown in Fig. 8. Uniformly dispersedθ particles are obtained
after 90% warm rolling and theγ grains are finer and more
uniform in size in the austenitizing in (γ +θ ) region. Because
of this, the (α + θ ) microstructure after tempering should be
more uniform in the (WR+QT) specimen compared with the
QT specimen, leading to better superplasticity.

In the WR specimens, a majority ofα grain boundaries
are subboundaries. However, during tensile deformation at
973 K, it was observed that low-angleα grain boundaries in
the WR specimens changed to high-angle boundaries through
dynamic continuous recrystallization ofα as in the case of
(α + γ ) duplex stainless steels.16,17)Such a transition in grain
boundary character might take place in the (CR+ A) speci-
mens. Dynamic continuous recrystallization ofα occurs by
the absorption of dislocations on the subboundaries though
recovery and the increase in boundary misorientation. In fact,
at slower strain rates for which recovery proceeds more exten-
sively, total elongation at 973 K is larger. However, it appears
that such a transition of high-angle boundaries does not occur
rapidly enough for superplasticity for higher strain rates.

4.2 Further simplification of the processing for the ap-
pearance of superplasticity in ultra-high carbon steel

It was confirmed that high-angleα boundaries in the (α+θ )
microduplex structure is important for the achievement of su-
perplasticity. The origins of high-angle boundaries in the QT
specimen are the block and packet boundaries and that in the
(CR + A) specimen is the heterogeneity with large misori-
entations in the deformed structure. During the tempering
of QT specimens and annealing of (CR+ A) specimens, re-
covery (not recrystallization) takes place inα matrix besides
the precipitation and coarsening ofθ . Thus, it was thought
that such annealing or tempering treatments could be omitted
since isothermal holding at 973 K for 0.6 ks was performed
just before tensile deformation to achieve the uniformity of
temperature in the specimens.

Figure 10 shows the superplasticity for the more simplified
processings. When the tempering in the QT process is omit-
ted, total elongation is increased (see the curve of “Quench-
ing” in the figure). This presumably implies that prolonged
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Fig. 9 Formation process of the (α + θ) microduplex structure in the QT treatment.

Fig. 10 Effect of simplification in the thermomechanical processing on su-
perplasticity at 973 K.

tempering in QT specimens leads to the coarsening in (α + θ )
microduplex structures. On the contrary, elongation becomes
smaller when annealing was omitted in the (CR+ A) process
as seen in the curve of “70%CR”. Since the non-uniform dis-
tribution of α andθ grain sizes gradually disappeared by in-
creasing annealing time,18) annealing after heavy cold rolling
might lead to the improvement of superplasticity.

5. Summary

The effect of initial (α + θ ) microstructures on the super-
plastic behavior in an Fe–1.0C–1.4Cr ultra-high carbon steel
has been studied. The following conclusions were obtained.

(1) By 90% warm rolling of pearlite structure (WR treat-

ment), an fine and equi-axed (α + θ ) microstructure with
the α grain size of 0.4µm and theθ particle size of 0.2µm
is obtained. The majority ofα matrix exhibits a recovered
structure with low-angle grain boundaries, resulting in rather
smaller elongation at 973 K.

(2) By austenitizing in the (γ + θ ) region, quenching and
tempering below A1 temperature (QT treatment), an (α + θ )
microduplex structure with theα grain size of 0.4µm and
the θ particle size of 0.2µm, equivalent to those of WR
specimens is obtained. The fraction of high-angleα grain
boundary capable of grain boundary sliding significantly in-
creases and large elongation is obtained.α grains surrounded
by high-angle boundaries are formed through the follow-
ing process: (1) the recovery of lath martensite in the fine
(α′ lath martensite+θ ) mixture, (2) the coalescence ofα laths
in a single block, (3) the morphological transition ofα from
laths to equi-axed grains.

(3) More simplified processes for superplasticity were
attempted. Further improvement of superplasticity was
achieved by omitting the tempering in the QT treatment.
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