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Abstract:

In the present study, metastable AISI 304L austenitic stainless steel samples were subjected to
different cold rolling reductions from 70% to 93%, followed by annealing at 700 ‘C for 300 min
to form ultrafine grained (UFG) austenite with different grain structures. Transmission electron
microscopy (TEM) and nanoindentation were used to characterize the martensitic
transformation, in order to relate it to the bimodal distribution of the austenite grain size after
subsequent annealing. The results showed that the martensite morphology changed from lath
type in the 60% rolled sample to a mixture of lath and dislocation-cell types in the higher rolling
reductions. Calculation of the Gibbs free energy change during the reversion treatment showed
that the reversion mechanism is shear controlled at the annealing temperature and so the
morphology of the reverted austenite is completely dependent on the morphology of the
deformation induced martensite. It was found the austenite had a bimodal grain size distribution
in the 80% rolled and annealed state and this is related to the existence of different types of
martensite. Increasing the rolling reduction to 93% followed by annealing caused changing of the
grain structure to a monomodal like structure, which was mostly covered with small grains of
around 300 nm. The existence of bimodal austenite grain size in the 80% rolled and annealed
304L stainless steel led to the improvement of ductility while maintaining a high tensile strength

in comparison with the 93% rolled and annealed sample.
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1. Introduction:

Thermomechanical processing based on Strain Induced Martensitic (SIM) transformation
followed by reversion annealing treatment has been introduced as one of the most important
methods for producing ultrafine/nano grained (UFG/NG) austenitic stainless steels [1-6].
Although UFG stainless steels exhibit excellent yield and tensile strength, they sometimes show
poor ductility in comparison with coarse-grained counterparts [6]. The increase of yield and
tensile strength is due to the well-known Hall-Petch effect [7-8] — experiments have shown that
the strength of UFG/NG stainless steels is about 3 to 7 times higher than coarse-grained
counterparts [1-5]. However, their ductility, normally uniform elongation during uniaxial tensile
test, is low and this drawback can limit their commercialization [9]. In UFG/NG stainless steels,
the large amount of grain boundaries can act as nuclei for cracks, which may account for the low
ductility [10]. Another important reason can be the localization of plastic deformation [11], since
dislocation storage in NG materials is much less efficient as in coarse grained materials, and this
results in very weak work hardening of these materials [12]. In fact, tensile tests of most of the
UFG/NG steels in the literature revealed relatively flat stress-strain curves in the plastic region
without much work hardening [13]. In the past few years, a great deal of research has been
performed to improve the ductility of UFG/NG steels based on engineering the grains. Changing
the granular structure in NG materials can result in significant modifications to their behavior,
and one of the most effective ways to overcome the weak ductility problem in UFG/NG stainless
steels is to create a bi- or multi-modal grain size distribution [14]. It has been shown that the
formation of a bimodal structure in nano-micro scale can produce a large gain in ductility, with
just a small decrease in strength [14]. The existence of bi- or multi-modal austenite grain-size

distribution can lead to the continuous martensitic transformation in a wide range of strains that



result in higher ductility during tensile test [14]. Although the mechanisms for higher ductility in
UFG/NG bimodal austenitic stainless steels have been studied before [14], the reason for the
formation of a bimodal grain-size distribution during thermomechanical processing is not yet
clear. Therefore, in this paper, we focus on the relation between strain induced martensitic
transformation and the formation of bimodal austenite structure in AISI 304L stainless steel,
through characterization of the martensitic transformation by using Transmission Electron

Microscopy (TEM) and nanoindentation experiments.

2. Material and methods

A commercial AISI 304L stainless steel, in the form of a sheet with thickness 10 mm, was
used as the initial material. Several specimens with dimensions of 100 mm x 40 mm were cut
from the initial sheet for cold rolling. Cold rolling was performed to different reductions from
70% to 93% at temperature of -15 °C in a mixture of ethanol and ice with interpass cooling. The
cold rolled samples were subjected to annealing at 700 °C for 300 min.

A ferritescope (Helmut Fischer GmbH, model MP30E) was used for the quantification of the
ferromagnetic o’-martensite phase during rolling process. The device was calibrated with &-
ferrite standard samples and the results were converted into o’-martensite contents with a
correlation factor of 1.7 [15]. X-Ray Diffraction (XRD) analysis was done to characterize the
phases in the rolled sample. A Field-Emission Scanning Electron Microscope (Hitachi S4800)
and Transmission Electron Microscope (FEI Tecnai G2 20 Scanning TEM) examinations were
employed to follow the martensitic transformation in the rolled sample and to characterize final

austenite grain structure. Two-beam condition was used to image the dislocation debris of the



rolled martensite and dislocation densities were evaluated. Nanoindentation tests were performed
using an Agilent G200 Nanoindenter equipped with a Berkovich tip in the load control mode
with the maximum load of 10 mN. Tension tests were also performed at room temperature
according to ASTM ES8 standard using a tensile machine (Hounsfield H50ks) at a crosshead

speed of Imm/min.

3. Results and discussion:

Fig. 1(a) shows XRD patterns of the as-received and rolled samples after different rolling
reductions. According to the XRD results, the as-received sample is fully austenitic containing y
(111), vy (200), v (220) and y (311) peaks. Increasing the rolling reduction leads to gradual
transformation of austenite into o/ martensite, so that there are just three peaks of o/ martensite,
namely, o (110), o/ (200), o/ (211), after 80% cold rolling. The results of ferritescope show that
55% cold roll reduction is the martensite saturation state, so that around 98 vol.% of the sample
is fully covered by martensite at this stage. Figs. 1(b,c) show the SEM micrographs of the 15%
and 35% cold rolled samples, respectively. The morphology of martensite after 15% reduction is
lathy and this breaks down into finer lathes after 35% rolling reduction. Also, the density of lath

type martensite is increased by further rolling.
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Fig. 1: XRD patterns of the as-received and cold rolled AISI 304L stainless steel (a) and SEM

micrographs of the 15% (b) and 35% (c) cold rolled samples

Fig. 2 shows TEM micrographs of the 5% rolled sample. Three different o/ martensite nucleation

mechanisms was observed for this sample. Fig. 2(a,b) show that the o/ martensite nucleates at the



intersections of the nano-scale shear bands. The TEM images showing the second mechanism
can be seen in Fig. 2(c,d). In this case the o/ martensite nucleates in a single shear band without
any intersection. It seems that the growth of martensite occurs through repeated nucleation of
nuclei and coalescence of such nuclei into long lathes, which is consistent with the results of
other studies [16]. This growth mechanism is more evident in the TEM image of Fig. 2(c). The
third mechanism was identified as the nucleation of martensite in an intersection between a grain
boundary and a shear band (Fig. 2(e)). In our experiments, the second mechanism was identified
as the most dominant since most of the martensite nuclei were formed by direct formation from
single shear bands. Selected area diffraction showed that the shear band was a mechanical twin

formed by rolling (Fig. 2(f)).



Fig. 2 : Nucleation of o/ martensite in 5% rolled sample at the (a and b) intersection of nano scale
shear band (c,d) single shear band (e) Shear band — grain boundary intersection. (f) selected area

diffraction pattern of a single shear band



Fig. 3 (a,b) show the TEM micrographs of the 35% and 55% cold rolled samples, respectively.
The TEM image of the 35% cold rolled sample confirms the previously stated mechanism about
the growth of o/ martensite which is based on coalescence of nuclei. As stated previously, 55%
cold rolling was identified as the saturation state where most (98%) of austenite transformed into
martensite. Meanwhile, a few remaining austenite regions with the size of several hundred
nanometers were still present (Fig. 3(b)), although the amount reaches to ~1% after 93% rolling
reduction and so it should not have any considerable effect on the further events during

annealing.

Fig. 3: TEM micrographs of the cold rolled sample after (a) 35% rolling (b) 55 % rolling

reduction

Fig. 4(a) shows a low-magnification TEM image of the 60% cold rolled sample. The martensite
lathes are elongated along the rolling direction, and their widths are measured to be around 100

nm. Although most of the martensite elongates completely along the rolling direction, there are



some areas near the prior austenite grain boundaries, such as the circled part in Fig. 4(a), where
the martensite morphology is different from other areas. Higher-magnification inspection in fact
shows that this area is still covered by lath type martensite, but the lathes are wider and less
elongated. This means that the amount of deformation is not sufficient yet for the formation of
finely structured martensite. It has been reported that higher reduction after reaching the
saturation state can lead to finer austenite grains [6]. Cold deformation of martensite after
attainment of the saturation state can destroy the structure leading to finer martensite, hence
producing sufficient energy and nucleation sites for the subsequent reversion transformation to
austenite to obtain UFG structure. Therefore, it seems that 60% cold-roll reduction is not
sufficient yet to create suitable martensite morphology to obtain UFG austenite microstructure

after annealing.

Fig. 4: (a) Low-magnification TEM micrograph of the 60% cold rolled sample, (b) higher-

magnification micrograph of the area circled in (a).



TEM Micrographs of a sample cold rolled to 80% reduction are shown in Fig. 5. Both
lath-type martensite (Fig. 5 (a)) and deformation-cell type martensite (Fig.5 (b)) are visible in
different regions of the microstructure. It should be noted that lath martensite is characterized by
spot-like diffraction patterns while dislocation-cell type martensite with high dislocation
densities would yield a ring type diffraction pattern [17-19]. Further rolling after the saturation
state can lead to breaking up of the lath-structured martensite into smaller lathes and finally
reaching the dislocation-cell type martensite [17-19]. The size of regions exhibiting dislocation-
cell type martensite were found to be around 1 pm? or higher in other areas. It is reported that
the formation of slip bands during further rolling can be a reason for the change from lath to
dislocation-cell type of martensite [20-21]. As stated by Misra et al. [18], these two types of
martensite are always present simultaneously in the rolled samples after the saturation state, and
further rolling only changes their volume fractions. It was reported that under the same annealing
time, the amount of reversed austenite is always higher in the samples with higher cold-roll
reduction [19]. It means that there are more potential nucleation sites in dislocation-cell type
martensite and so the presence of this type of martensite is necessary for obtaining nano/ultrafine
austenite grains during the subsequent reversion annealing treatment [19]. The average width of
the martensite lathes in the 80% rolled sample is measured as 60 nm. It should be noted that the
lath martensite in the 80% rolled sample is finer than that in the 60% rolled sample. A bright-
field TEM image of a martensite lath in the 80 % rolled sample under a two-beam condition is
shown in Fig. 5 (c). From the observed spacing between dislocations, the dislocation density
inside the lath is estimated as 5 x 10> m. Similarly, the dislocation density of the lathes in the

60% rolled sample is estimated as about 2 x 10*® m. Therefore, the lathes of the 80% rolled



sample are characterized by their finer width, although the dislocation density is nearly similar to

that of the 60% rolled sample.

Fig. 5: TEM images of the 80% cold rolled sample, showing (a) lath type martensite, (b)
dislocation-cell type martensite. (c) Bright-field TEM image of a martensite lath under two-beam

condition.



Nanoindentation tests were carried out on 5 x 5 arrays with 4 times repetition in the
samples after reaching the saturation state, in order to follow the hardness changes with
increasing the amount of dislocation-cell type martensite. The distance between two neighboring
indents was selected as 15 um, while the typical size of the indents was around 1.2 um. Surface
roughness is a very important parameter affecting the accuracy of nanoindentation results [22-
24], and for this reason, atomic force microscopy (AFM) scanning in contact mode was
performed to study the surface roughness of the samples before the nanoindentation tests (Fig.
6). According to 1ISO 14577, the surface roughness should be less than 5% of the maximum
penetration depth for a hardness error of 10% or less. The average roughness of the present
samples was found to around 10 nm, which is small enough compared to the maximum

penetration depth in the nanoindentation tests (larger than 200 nm).

pm 30 3.0

Fig. 6: AFM image of the 80% rolled sample before nanoindentation test

Fig. 7 (a) shows typical load-displacement curves from nanoindentation tests of the 60%,
70% and 80% cold rolled samples. Frequency plots of the hardness measured using the Oliver-
Pharr method [25] are also shown in Fig. 7 (b). The average hardness of the 60%, 70% and 80%
rolled sample was determined as 7.15, 8.5 and 10.1 GPa, respectively. Based on the TEM results,

the progressive increase in the hardness of the rolled samples after the saturation state can be



related to the simultaneous effects of a reduction in the lathes size and the formation of
dislocation-cell type martensite regions. It should be noted that the scattering of hardness data in
the 80% rolled samples is larger than that of the 60% rolled sample, namely, the standard
deviation of the hardness is 1.3 GPa and 0.4 GPa for these two samples, respectively. Such
scattering can also confirm the existence of some microstructural regions with higher hardness,

which are likely the dislocation-cell type martensite regions.
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7: (a) Typical Load-displacement curve of the 60%, 70% and 80% rolled samples (b)

Frequency plot of the hardness of the 60% and 80% rolled samples




Fig.8 (a,b) show the SEM images of the 80% cold rolled sample after annealing at 700 “C
for 300 min. The microstructure consists of reverted austenite with a bimodal grain-size
distribution, which comprises smaller grains with an average grain size of 300 nm surrounded by
larger grains with an average grain size of 1 um. Image analysis showed that the bimodal
microstructure is composed of ~60% larger grains and 40% smaller grains. It has been reported
[26-27] that whether the reversion mechanism of martensite to austenite during annealing is
shear-controlled or diffusional depends on both the chemical composition and annealing
temperature. As stated by Tamimura et al. [26], calculation of the Gibbs free energy change
during the o — y reversion transformation can help to determine the reversion mechanism. Their
results showed that the critical driving force required for complete shear reversion is about — 500

J/mol which is independent of the chemical composition of the alloy. The following equation for

the Gibbs free energy change AGY =Y during the martensite to austenite reversion in ternary Fe-

Cr-Ni alloys was suggested [26]:

AG =7 (Jmol) = 102 AGE ¥ (100- Cr — Ni) -97.5 Cr + 2.02 Cr? - 108.8 Ni + 0.52 Ni?

~0.05 Cr Ni + 10 T (73.3 Cr — 0.67 Cr2 + 50.2 Ni — 0.84 Ni2 -1.51 Cr Ni) eq.1

where AG,ff‘e/ ~Y s the free energy change in pure iron, T is the temperature in Kelvin and Cr and
Ni represent the mass % of the two elements. However, Somani et al. [28] have shown that this
equation does not provide acceptable predictions in commercial austenitic stainless steels
containing alloying elements other than chromium and nickel, which are neglected. They
suggested using Creq and Nieq rather than the simple mass % of Cr and Ni in the above equation,

which can be determined as

Creg=Cr+4.5Mo eq.2



Nieg = Ni + 0.6 Mn + 20 C +4N — 0.4Si eq.3

Using the above equations, AG™ =7 was finally calculated as -556 J/mol using Creq , Nieg and

thermodynamic data reported by Kaufman et al. [29] at the annealing temperature of 973 K. This

value of AG* =7 suggests that the reversion mechanism should be shear controlled at this

temperature.

As stated by Tomimura et al. [26], the microstructure of the reversed austenite produced
completely by the shear mechanism depends on the morphology of the martensite before the
reversion, while no strong correlation of the microstructures before and after the reversion
transformation exists in the diffusion controlled mechanism because the austenite nucleates and
grows randomly. In other words, the occurrence of the shear mechanism during reversion
treatment can give rise to a microstructural similarity between the deformation induced
martensite and the reversed austenite. Therefore, the occurrence of a bimodal grain-size structure
after reversion annealing can be attributed to the lath and dislocation-cell type martensite in the
rolled sample. SEM micrographs of the 70% and 93% rolled and annealed samples are shown in
Fig. 9(a,b). In both samples, a weak bimodal structure was still observed. Two considerable
trends can be found with increasing rolling reduction before annealing. First, the average
austenite grain size decreased with increasing rolling reduction, i.e. it reached 1.3 um, 0.65 um
and 0.3 pum after 70%, 80% and 93% rolling followed by annealing. Secondly, the average area
percentage covered by smaller grains in the bimodal structure increased with increasing rolling
reduction, namely, it reached 20%, 40% and 75% after 70%, 80% and 93% rolling followed by
annealing. The occurrence of shear controlled reversion mechanism indicates that the
microstructural difference between these samples is due to the change in the amounts of lath type

and dislocation-cell type martensite on further rolling reduction, and this supports the previous



claim that these two types of martensite play an important role on the final bimodal grain size
after annealing. It should be noted that the formation of equiaxed austenite grains after the
reversion treatment is related to a sufficient extent of cold rolling before annealing. The effect of
prior cold work content on the reverted austenite shape was previously studied by Takaki et al.
[20] on a laboratory melted 18Cr-8.5Ni clean steel. They reported that under insufficient cold
rolling of ~ 50 %, reverted austenite nucleates within large martensite blocks, and after full
reversion, a stratum structure of austenite lathes and blocks is produced. Meanwhile when the
cold roll reduction is sufficient at 90%, the martensite morphology is fine enough so that
austenite grains nucleate in random directions and finally form equiaxed grains with grain size
close to 1 um. The TEM images of Fig. 8 (c-d) also show that the microstructure after annealing
exhibits high dislocation density which can confirm the shear controlled reversion
transformation, as the diffusion controlled mechanism should be associated with very low

dislocation density in the reversed austenite which forms from nucleation and growth.



S4800-7475 20,0KV. 10:6mm x5.00k ETPBSE |

Fig. 8 : HRSEM (a, b) and TEM micrograph (c,d) of the 80% rolled and annealed sample with

UFG bimodal grain-size distribution



Fig. 9: HRSEM image of the 70% (a) and 93% (b) rolled and annealed samples

Fig. 10(a) shows the engineering stress-engineering strain curve of the 80% and 93%
rolled and annealed samples. The true stress-true strain curves in the plastic region of the two
samples are also plotted in Fig. 10(b), which shows that the curves in the plastic regime are
nearly linear in both samples, which means that the work hardening rates are roughly constant up
to the point of rupture. The measured work hardening rate of the 80% rolled and annealed
sample (1672 MPa) is only slightly higher than that of the 93% rolled and annealed sample (1574
MPa). The 80% rolled and annealed sample, which had a clear bimodal structure, exhibited a
yield stress of 720 MPa, ultimate tensile stress of 920 MPa, and total elongation of 47 %.
However, the 93% rolled and annealed sample showed higher yield stress and UTS with lower
ductility. Another important difference between these two samples is a considerably lower
uniform elongation in the 93% rolled and annealed sample. It seems that the main reason for
uniform elongation drop in the 93% rolled and annealed sample is the change of the austenite
grain structure towards a mono-modal structure. As stated previously, increasing in the rolling

reduction can lead to an increase in the amount of dislocation-cell type martensitic regions which



finally transform into small austenite grains of around 300 nm during the reversion annealing.
This result is consistent with the work of Hedayati et al. [5], who reported that the uniform
elongation of a mono-modal AISI 304L stainless steel with an average grain size of 330 nm is
around 20 % without any strain hardening. The occurrence of extensive uniform deformation
during tensile testing of the present bimodal structured UFG 304L steel can be ascribed to the
continuity of martensitic transformation over a wide range of strains. It is well known that the
stability of austenite increases with decreasing grain size in both thermally and mechanically
activated transformations. In UFG austenite with grain size of 1 um or less, it has been reported
that a large chemical driving force is required for the nucleation of single-variant martensite
within a grain during subzero treatment [30]. In addition, it was found that grain refining down to
the nanometric scale can lead to a significant restriction in the formation of strain induced
martensite during indentation [31]. In fact, at the beginning of a tensile test when the strain is
small, martensitic transformation occurs in larger austenite grains, and this continues in the finer
grains as strain increases. Therefore, the existence of a bimodal structure with different grain
sizes can lead to a higher ductility and more uniform elongation during a tensile test. Fig.10 (c,d)
show the fracture morphology of the 80% and 93% rolled and annealed samples. It is clearly
seen that the fracture surfaces of the both specimens contained many deep dimples
homogeneously distributed like honeycombs. The main difference between these two fracture
surfaces, however, is the dimple size which is significantly smaller after higher rolling reduction.
In addition, some shear dimples were present in the 93% rolled and annealed sample. Therefore,

it can be concluded that the fracture mode of the both samples is ductile in nature.
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4. Conclusions

The effects of martensitic transformation during cold rolling of an AISI 304L stainless steel

on the resultant austenite grain structure after reversion annealing were studied. Important

findings are as follow:

An ultrafine-grained 304L austenitic stainless steel with bimodal grain-size distribution
was successfully produced using a combination of cold rolling (80% reduction) and
annealing (700 °C for 300 min).

After 55% cold rolling, the structure was almost fully martensitic. In the 60% cold rolled
sample the martensite morphology was full of the lath type with an average lath width of
around 100 nm. The existence of wider and shorter lathes in some regions confirmed that
the rolling reduction was not sufficient yet for the formation of finely structured
martensite. Further rolling after 60% reduction caused the formation of both lath and
dislocation-cell type martensite.

Calculation of the Gibbs free energy change during the reversion treatment showed that
the reversion mechanism is shear controlled at the annealing temperature. The occurrence
of the shear controlled mechanism results in the microstructural similarity between the
deformation martensite and reverted austenite. As a result of the existence of both types
of martensite, different austenite grain sizes were formed.

80% rolled and annealed sample showed a bimodal structure which comprises smaller
grains with an average grain size of 300 nm surrounded by larger grains with an average
grain size of 1 um. Increasing the rolling reduction to 93% followed by annealing caused
the grain structure to change towards a mono-modal like structure with mostly smaller

grains of around 300 nm.



- The 80% rolled and annealed state with bimodal grain-size distribution showed a
combination of high strength and ductility, and a tensile elongation of 47%. Meanwhile,
the 93% rolled and annealed state showed high strength of 1 GPa, but the ductility,

especially tensile elongation, is significantly lower.
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