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Abstract. The development of ultrafine grained microstructures in austenitic stainless steel
and pure titanium subjected to large strain deformation was comparatively studied. The
change in the volume fractions of newly developed ultrafine grains was used to quantify the
progress in grain refinement during plastic deformation. The grain refinement kinetics could
be expressed by a modified Johnson-Mehl-Avrami-Kolmogorov equation as a function of true
strain. The grain refinement kinetics was suggested being sensitively depended on the
deformation conditions and the deformation mechanisms operating during severe plastic
working. Under conditions of warm working, an increase in the deformation temperature
accelerated dynamic recovery and, therefore, promoted the new grain development. Under
conditions of cold working, the grain subdivision in austenitic stainless steel and titanium
during cold working was assisted by the deformation twinning. However, the kinetics of grain
refinement in austenitic stainless steel was faster as compared to pure titanium owing to
strain-induced martensitic transformation.

1. Introduction

The thermo-mechanical treatments involving severe plastic deformations have been suggested
as very effective methods for processing the ultrafine grained metallic materials [1, 2]. An
interest in the ultrafine grained steels and alloys is motivated by a beneficial combination of
mechanical properties including high strength with sufficient ductility, which are inherent in
such materials [3-6]. However, practical applications of severe plastic deformations require
comprehensive knowledge of the mechanisms and regularities of strain-induced evolution of
new ultrafine grained microstructures in various metals and alloys.

The development of new grains in metallic materials during plastic deformations is
commonly discussed in terms of dynamic recrystallization (DRX) [7]. It has been shown for
hot working conditions that the progress in discontinuous DRX obeys normal Avrami kinetics
and the recrystallized fraction (Fporx) can be related to a strain (g) through a modified
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation [8],

Forx = 1 —exp (-K (e-g¢)"), (1)

where k, n and ¢c are constants, which depend on material and processing conditions. The
dynamic grain size evolved by discontinuous DRX during hot working can be expressed by a
power law function of flow stress with stress exponent of about -1.5 [9]. This dependence
suggests that ultrafine grained structures with submicrometer or even nanometer grain size
can be developed in metallic materials during plastic deformation at relatively low
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temperatures. In contrast to hot working conditions, however, the process of dynamic
recrystallization under cold to warm deformation conditions has not been studied in sufficient
detail. Generally, the kinetics of dynamic recrystallization development slows down as the
deformation temperature decreases. The discontinuous DRX can be completely suppressed
under conditions of cold to warm deformation. In such cases, the development of new
ultrafine grains during deformation has been discussed as a result of so-called continuous
DRX [7]. The change in recrystallization mechanism results in variation of power law
relationship between the flow stress and dynamic grain size [10]. On the other hand, the
kinetics of DRX developing under cold to warm deformation conditions has not been studied
quantitatively. Therefore, the aim of the preset paper is to study the effect of deformation
conditions and materials on the grain refinement kinetics and clarify the applicability of
modified JMAK equation to quantitative evaluation of continuous recrystallization
development.

2. Experimental Procedure

An S304H austenitic stainless steel (Fe—0.10 C-18.2 Cr-7.85 Ni—2.24 Cu-0.50 Nb—0.008 B—
0.12 N-0.95 Mn-0.10 Si, all in wt.%) with an initial grain size of about 7 um, a 304-type
austenitic steel (Fe-0.05%C-18.2%Cr-8.8%Ni-1.65%Mn-0.43%Si-0.05%P-0.04%S, all in
wt%) with an initial grain size of 21 um and a commercial-purity titanium (impurities in wt.%
less than: 0.18 Fe, 0.1 Si, 0.07 C, 0.04 N, 0.01 H, 0.12 O) with a grain size of 15 um, were
used. The large strain deformations were carried out by multiple multidirectional forging or
plate rolling. The multidirectional forging (warm deformation) was carried out by means of
isothermal multi-pass compression tests at temperatures of 773-973 K using prismatic
samples with initial dimension of 10 x 12.2 x 15 mm?® [11]. Plate rolling (cold deformation)
was carried out at room temperature. The structural investigations were carried out on the
sample sections parallel to the compression axis of the final forging pass of the multiply
forged samples or on the transverse planes (i.e., the sections normal to the transverse
direction) of the cold rolled steel samples and on the normal planes (i.e., the sections normal
to the normal direction) of the cold rolled titanium samples using a JEOL JEM-2100
transmission electron microscope (TEM) and an FEI Quanta 600F scanning electron
microscope equipped with an electron back scatter diffraction (EBSD) analyzer. The EBSD
patterns were subjected to clean-up procedures, setting a minimal confidence index of 0.1.
The grain refinement kinetics was studied by means of unique grain color mappings where
individual grains bounded by high-angle boundaries with misorientations of 6 > 15° are
indicated by different colors. The volume fraction of ultrafine grains was deemed to be the
DRX fraction. The fraction of strain-induced martensite in the cold rolled austenitic stainless
steel was averaged through X-ray analysis, magnetic induction method and EBSD technique.

3. Results and Discussion

3.1. Temperature effect on grain refinement kinetics during warm deformation.
The structural changes in an S304H stainless steel during warm multidirectional forging have
been described in general elsewhere [11]. The present paper focuses on the detailed
guantitative evaluation of the development of ultrafine grains. Typical deformation
microstructures evolved in an S304H stainless steel during multiple multidirectional forging
at 773 K are shown in Fig. 1. The first forging pass (¢ = 0.4 in Fig. 1) flattens the original
grains; any new fine grains can scarcely be observed.
Further subsequent forging to total strain of 1.2 results in the development of a number of
strain-induced grain boundaries, which is essential feature of continuous DRX [7]. The new
ultrafine grains frequently develop along original grain boundaries and their triple junctions,
where large strain gradients and corresponding high density of strain-induced boundaries
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evolve. The number of new fine grains and their volume fraction increase as total strain
increases. Thus, the ultrafine grained structure occupies almost all volume after ten forging
passes (¢ = 4.0 in Fig. 1).

Fig. 1. Unique grain color mappings of deformation microstructures developed in an S304H
stainless steel during multiple multidirectional forging at 773 K.

The formation of strain-induced ultrafine grains during the multiple forging can be
clearly tracked by the change in the grain size distributions (Fig. 2).
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Fig. 2. Grain size distributions in an S304H stainless steel subjected to multiple
multidirectional forging at 773 K.

A huge peak corresponding to rather coarse original grains is clearly seen in the grain
size distribution evolved at a relatively small total strain of 0.4. Upon further multiple forging,
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the height of this peak decreases and the peak spreads out towards small grain sizes as a result
of progressive development of new ultrafine grains. It should be noted that a kind of bimodal
grain size distribution with two peaks against small and large grain sizes evolve at
intermediate strains. It is evident that the gradual development of new ultrafine grains results
in the growing peak at small grain sizes, whereas the peak at large grain sizes corresponds to
coarse remnants of original grains. The former fraction increases while that of the latter
decreases with straining. Finally, a peak corresponding to the new ultrafine grains stands up in
the grain size distribution evolved at sufficiently large total strains.

An increase in the temperature of multiple multidirectional forging does not lead to
qualitative changes in the sequence of structural changes in an S304H stainless steel. The
flattened original grains with their frequently serrated boundaries evolve at an early
deformation (¢ = 0.4 in Fig. 3). Then, the curly mixed microstructure consisting of irregular
shaped remnants of original grains and the strain-induced ultrafine grains evolves during
subsequent forging (s. € = 1.2 in Fig. 3). The multiple forging at higher temperature is
characterized by a faster increase in the fraction of ultrafine grains. The fraction of ultrafine
grains in the deformation microstructure of steel sample subjected to multiple forging at
973 K to a total strain of 2 comprises about 0.9, whereas that of about 0.6 was observed at
773 K after the same strain level. Therefore, an increase in deformation temperature promotes
the development of continuous DRX during large strain warm deformation.

Fig. 3. Unique grain color mappings of deformation microstructures developed in an S304H
stainless steel during multiple multidirectional forging at 973 K.

The corresponding grain size distributions in an S304H stainless steel subjected to
warm multiple forging at 973 K are shown in Fig. 4. Again, it is clearly seen that the multiple
forging at 973 K results in gradual replacement of a coarse grain peak with an ultrafine grain
one through bimodal grain size distributions at intermediate strains. Such changes in the grain
size distribution have been frequently observed during discontinuous DRX leading to grain
refinement during hot working [12]. Therefore, the changes in the grain size distributions
upon the progress in dynamic recrystallization under conditions of warm or hot deformation
are almost the same in spite of different mechanisms of the new grain development.
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Fig. 4. Grain size distributions in an S304H stainless steel subjected to multiple
multidirectional forging at 973 K.

Quantitatively, the kinetics of discontinuous DRX during hot working can be expressed
by Eqg. (1). In this case, the plot of In(1/(1-Fprx)) Vs € in logarithmic scale should represent a
straight line. Figure 5 shows the log(In(1/(1-Fprx))) vs log (€) relationship for the present
study on the development of ultrafine grains due to continuous DRX in an S304H stainless
steel subjected to large strain warm deformation. It is clearly from Fig. 5 that the progress in
the grain refinement during warm multiple forging of an S304H stainless steel can be
expressed by a modified JIMAK equation (Eqg. (1)), where critical strain for DRX initiation is
near zero. The strain effect on the recrystallized fraction in an S304H stainless steel subjected
to multiple forging at different temperatures is shown in Fig. 6. The solid lines represent the
recrystallized fractions calculated by modified JIMAK equations, setting the obtained in Fig. 5
parameters. It is clearly seen that an increase in deformation temperature from 773 K to 873 K
(0.4-0.5 Tm, where Tm is the melting point) does not lead to any remarkable changes in the
grain refinement kinetics, whereas further increase of temperature to 973 K (0.56 Tm) results
in significant acceleration of continuous DRX. Similar DRX behavior has been reported for
warm rolling [13].
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Fig. 5. Relationship between In(1/(1-Fprx))  Fig. 6. Increase in the recrystallized fraction
and strain for an S304H stainless steel in an S304H stainless steel during warm
subjected to multiple multidirectional multiple deformation.

forging at 773-973 K.
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3.2. Gran refinement Kinetics during large strain cold deformation. The grain
refinement kinetics during large strain cold working were studied by using the samples of
stainless steel and titanium, which were subjected to plate rolling at ambient temperature.
Figure 7 shows typical deformation microstructures developed in a 304-type stainless steel
during cold rolling. The structural changes are characterized by the development of
deformation twinning and microshear-banding at relatively small strains followed by the
strain-induced martensitic transformation at moderate strains as detailed elsewhere [14].
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Fig. 7. Unique grain color mappings of deformation microstructures (left micrographs) and

phase distributions (right micrographs) developed in a 304-type stainless steel during plate
rolling at room temperature. Deformation twins are indicated by white lines.

The latter readily develops at moderate strains leading the martensite fraction to
approach about 0.8 at a large strain of 3 (Fig. 8).
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Fig. 8. The effect of cold rolling strain on the fraction of strain-induced martensite in a 304-
type stainless steel.

Both the deformation twinning and the martensitic transformation result in rapid grain
refinement. The fraction of ultrafine grains comprises about 0.9 at a total strain of 3 (¢ = 3.0
in Fig. 7). Typical deformation microstructures developed in titanium during cold rolling are
shown in Fig. 9. The structural changes in commercial-purity titanium during cold rolling
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have been described in details using TEM and EBSD elsewhere [15-17]. The titanium
samples are also susceptible to intensive deformation twining during cold working. It is
clearly seen in Fig. 9 that many ultrafine grains with a size of about 100 nm readily develop in
titanium during cold rolling, although the grain refinement kinetics in titanium is noticeably
slower than that in austenitic stainless steel. The fraction of ultrafine grains in titanium
comprises about 0.4 at a total strain of 2.66.

rolling at room temperature.

The relationships between In(1/(1-Fprx)) and rolling strain for pure titanium and
stainless steel subjected to cold rolling at room temperature are shown in Fig. 10a. The data
for ultrafine grain fractions obtained by Tsuji’s group on a pure titanium during cold
accumulated roll bonding (ARB) [18] are also included in this figure for reference. The above
relationships can be represented by linear functions in log-log scale. This suggests that the
grain refinement Kinetics in austenitic steel and titanium during cold rolling (as well as ARB
processing) can be accurately evaluated by a modified JIMAK equation (Eq. (1)). The results
of such calculations are displayed in Fig. 10b by solid lines. The DRX fractions (the fraction
of ultrafine grains) calculated by Eq. (1) match well the experimental results. It can be
concluded, therefore, that the grain refinement kinetics can be adequately described in terms
of the Johnson-Mehl-Avrami-Kolmogorov model even for cold working. The difference in
the grain refinement Kkinetics in austenitic stainless steel and titanium during cold rolling can
result from strain-induced phase transformation, which provides an extra contribution to grain
refinement in austenitic stainless steel.
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Fig. 10. The strain effect on the dynamic recrystallization in a 304-type stainless steel and
pure titanium during cold rolling at room temperature, In(1/(1-Fprx)) Vs € (a)
and Fprx Vs € (b). The data for ARB were taken from [18].

4. Summary
The development of new ultrafine grains in austenitic stainless steel and titanium during large
strain cold to warm deformation results from strain-induced continuous reactions and can be
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considered as a kind of continuous dynamic recrystallization. The kinetics of grain refinement
during large strain cold to warm working can be expressed by a modified Johnson-Mehl-
Avrami-Kolmogorov equation much similar to conventional dynamic recrystallization taking
place in various metallic materials during hot working. An increase in deformation
temperature in the low temperature domain of warm working (below about 0.5 Tm) does not
change the grain refinement kinetics remarkable, whereas an increase in the temperature well
above 0.5 Tm accelerates the kinetics of continuous dynamic recrystallization. The grain
subdivision in austenitic stainless steel and titanium during cold working is assisted by the
deformation twinning (in both austenite and titanium) and strain-induced martensitic
transformation (in austenite), which increase the rate of grain refinement.
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