Materials Characterization 184 (2022) 111704

MATERIALS

CHARACTERIZATION

Contents lists available at ScienceDirect

Materials Characterization

journal homepage: www.elsevier.com/locate/matchar

ELSEVIER

Check for

Characterization of deformation-induced martensite with various AGSs  updaies
upon Charpy impact loading and correlation with
transformation mechanisms

Minghao Huang*, Lingyu Wang®, Chenchong Wang *, Anna Mogucheva ", Wei Xu ™"

& State Key Laboratory of Rolling and Automation, School of Materials Science and Engineering, Northeastern University, Shenyang 110819, China
Y Laboratory of Mechanical Properties of Nanoscale Materials and Superalloys, Belgorod State University, Belgorod 308015, Russia

ARTICLE INFO ABSTRACT

Keywords: Deformation-induced martensitic transformation (DIMT) during quasi-static loading has drawn much attention
a-martensite morphology in recent years since it is considered as one of the key strengthening mechanisms in advanced high-strength steels
Grain size

(AHSS). However, systematic investigations on martensitic transformation at high strain-rates are scarce due to
difficulties in experimental designs. In this contribution, interrupted Charpy tests were used to study the
transformation sequence of DIMT under high strain-rates (~102—103 s’l), Austenitic 321 stainless steel samples
with increasing austenite grain sizes (AGSs) were designed to demonstrate the change in transformation
sequence of o'-martensite and its morphology. Quasi-in-situ electron backscattered diffraction (EBSD) and
selected transmission electron microscopy (TEM) experiments have revealed that, as the AGSs increases, the
nucleation sites of o'-martensite change from austenite grain boundaries in ultra-fine-grained (UFG) samples to
additional twin boundaries in fine-grained (FG) samples, and finally to e-martensite in coarse-grained (CG)
samples. Due to the spatial constraints imposed by different crystallographic boundaries, the morphology of
transformed o'-martensite shifts from blocky in UFG samples to film-like in CG samples, with FG samples having a
mixed morphology. It is found that the changed transformation sequence can be understood by considering the

Austenitic steel
Deformation-induced martensitic
transformation

combined effect of stacking fault energy and twinning nucleation stress of austenite.

1. Introduction

The superior damage tolerance of austenitic steels facilitates their
wide use in safety-critical applications, such as pressure vessels [1-4].
Compared with austenitic steels deforming under quasi-static loading
conditions, the suppressed transformation-induced plastic (TRIP) effect
of austenitic steels under dynamic loading conditions unfavorably limits
the work hardening behavior and strength [5-8]. An in-depth study of
deformation-induced martensitic transformation (DIMT) behavior
under dynamic conditions is necessary to purposefully tailor the TRIP
effect and optimize the work hardening rate. Basically, work hardening
introduced by DIMT behavior is attributed to two aspects: a harder
martensitic phase and the so-called dynamic Hall-Petch effect [9-11],
which is related to the volume fraction of the o'-martensite phase and the
morphology of o'-martensite. In previous studies, the evolution of the
a'-martensite volume fraction during the loading condition has been
systematically studied, and relevant phenomenology laws have been
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described [12-14]. To date, there has not been a clear relation and
explanation of DIMT and the resulting morphology. However, the
morphology of o-martensite is believed to play a significant role in work
hardening and crack propagation behavior [15,16]. Therefore, the
relationship between the martensitic transformation sequences and
o'-martensite morphology requires further study.

Crystallography shows that the morphology of o'-martensite is
determined by the nucleation sites and the growth limitation bound-
aries. Thus, a detailed relationship between the martensitic trans-
formation behavior and the morphology of o'-martensite is required. As
previously stated, martensitic transformation is closely related to
alloying [17-19] and AGSs [20,21]. Conventional alloying methods
usually pose the problem of precipitation. Tailoring AGSs has been
regarded as an effective method of microstructural control for the DIMT
process without changing the chemical composition. Lee et al. [22,23]
claimed that the width of stacking faults (SFs) decreases with a refine-
ment of the AGSs on the crystallographic sites, which are the nucleation
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Table 1
Chemical composition (wt%).

C Si Mn Cr P S Ni N Ti Fe
0.021 0.578 1.384 17.56 0.033 0.0004 9.337 0.004 0.252 Balance
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Fig. 1. Schematic diagram of the loading condition and EBSD characterization region. (a) Schematic illustration of the loading condition, (b) a flow chart of quasi-in-
situ EBSD test during interrupted Charpy tests. RD, TD, and ND represent the rolling direction, transverse direction, and normal direction, respectively.

sites of twinning/e-martensite. To easily determine the deformation
mechanism of austenitic steel with various AGSs, ‘apparent’ stacking
fault energy (SFE) is proposed [23]. With decreasing AGSs, which is
phenomenon-based, the SFE value increases steadily. Furthermore, the
effect of AGSs on the transition of the deformation mechanism has been
extensively examined in various austenitic steels. With decreasing SFE,
twinning, twinning-+TRIP, and TRIP occur sequentially [24].

Therefore, in this study, austenitic steel with different grain sizes was
fabricated to trigger the occurrence of different deformation mecha-
nisms. And simultaneously evaluate the effect of AGSs on the
morphology of o'-martensite. This research was ultimately aimed at
determining the relations between martensitic transformation se-
quences and o'-martensite morphology. The mechanism described above
could guide the tailoring of the deformation-induced o'-martensite
(DIM) morphology, which affects both the strain hardening behavior
and the propagation of cracks.

2. Experimental
2.1. Materials and test specimens

The selected metastable austenitic steel in this work was commercial
AISI 321 plates with a 12 mm thickness. The chemical composition of
the austenitic stainless steel is shown in Table 1. After repetitive cold
rolling (65% in thickness reduction), a series annealing process (900 °C
for 90 s, 900 °C for 30 min, and 1000 °C for 2 h) was conducted to obtain
different grain sizes. Repetitive cold rolling resulted in sheets of 4.2 mm,
which defines the upper limit of the specimen thickness. In addition, CG
specimens exhibited some oxidation at the surface after the annealing
treatment. Therefore, Charpy specimens were extracted from the center
of 4.2 mm plates. To be consistent, all specimens were designed to have
a thickness of 3 mm. The subsized 45°-V-notched Charpy impact sam-
ples used in the present study are 3 mm thick, 10 mm wide, and 55 mm
long, and they were machined along the rolling direction of cold-rolled
sheets (as shown in Fig. 1(a)).
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Fig. 2. SEM-EBSD IPF Z maps of specimens (a) ultrafine grains, (b) fine grains, (c) coarse grains, and (d) quantified AGSs of various specimens.

2.2. Microstructure and mechanical characterization

The microstructure of the specimens was characterized by a Zeiss
Ultra field-emission scanning microscope (ZEISS, ULTRA 55) equipped
with electron backscattered diffraction (EBSD; Oxford Instruments
Aztec). For further characterization of the DIM, the UFG samples were
also characterized using the transmission Kikuchi diffraction (TKD)
technique, with a true spatial resolution of <10 nm. The EBSD/TKD
results were processed using Oxford Instruments AztecCrystal 2.0 EBSD
software. Transmission electron microscopy (TECNAI F20 TEM) was
conducted to study the martensite nucleation behavior of UFG samples.

To observe the microstructure evolution, interrupted Charpy testing
was conducted, the loading condition is schematically shown in Fig. 1
(a). For the loading tests, the Charpy impact tests used an MTS impact
tester (SANS ZBC2452-C) with 1 J resolution, and the nominal strain was
calculated based on the strain description by Li [25] under three-point
bending conditions. In detail, the interrupted Charpy test was
controlled by the given impact energy: 3 J, 6 J, and 9 J energy were used
in the present study to induce 1.9%, 2.7%, and 3.5% nominal strains in
the vicinity of the V-notch. For ease of microstructural characterization,
a quasi-in-situ EBSD characterization has been carried out. The same
region of the sample surface was scanned by EBSD during interrupted
Charpy impact tests. This quasi-in-situ process is schematically shown in
Fig. 1(b). The EBSD characterization focused on the root of the V-notch
area (~100 pm near the root of the V-notch), as schematically illustrated
in Fig. 1(b). Specimens for EBSD observation were electropolished
before the loading tests. Thin foil specimens for TEM were prepared
from the Charpy test specimens. The thin foils were jet-polished in a
solution of 90% glacial acetic acid and 10% perchloric acid at —20 °C
under 20 V.

2.3. Quantitation of apparent SFE values at various AGSs

AGSs are believed to play an important role in the deformation
mechanism [26,27]. Previous studies have found that the overlapping
SFs of austenite may be related to AGSs [28,29]. The SFE including the
AGSs effect is called the ‘apparent’ SFE by J Y Lee [23]. The apparent
SFE [26] values were calculated using the following equation:

F(mJ/mz) _ sz (AGfEZ:thp +AG,, +Estrain) T 20/’(‘4’/%:41) (1)

wherep, is the density of atoms in a close packed plane given in moles
per unit area, E™™ js the strain energy of the y — ¢ transformation, and
o is the interfacial energy per unit area of the phase boundary between y
and e. The chemical free energies of the transformation of austenite to
e-martensite (AGchemfcc—hep) at various temperatures were calculated
using ThermoCalc2017 software with the TCFE9 database. AG,y is the
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Fig. 3. Stacking fault energy (SFE) as a function of AGSs.

excess free energy introduced by grain refinement of the y phase. In the
present study, p, and ¢ were estimated to be 2.5 x 10~ mol/m? and 27
x 1073 J/m?, respectively, and E™" was assumed to be negligible [30].
The AG,, value was calculated with the following equation [31], where
d is the mean grain size of the original austenite (in pm).

AG,, = 170.06-exp( — d/18.55) o)
3. Results
3.1. Microstructure of specimens with various AGSs

Fig. 2(a—c) shows the inverse pole figure (IPF) microstructures of
fabricated austenitic steel, and the mean AGSs of each specimen were
statistically analyzed using AztecCrystal software, as presented in Fig. 2
(d). For ease of description, the steels were named ultrafine-grained
(UFQG), fine-grained (FG), and coarse-grained (CG). The mean AGSs of
these specimens were determined to be 1.8 pm, 16.7 pm, and 211.3 pm.
Meanwhile, the corresponding Charpy impact energy has been tested as
33.1+2.6 J, 42.4+3.3 J, and 45.1+0.1 J, respectively.

RD and ND refer to the rolling and normal directions, respectively.

The SFE of austenite is closely related to the grain size. As shown in
Fig. 3, similar to previous studies [23,26,32], the calculated SFE value of
the specimen first linearly decreases and then slowly decreases with
increasing AGSs. For the CG, FG, and UFG samples, the corresponding
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Fig. 4. Microstructure of steels after the Charpy test at 7.7% nominal strain.
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(a)(d)(g) IPF Z maps of all phases for UFG, FG, and CG steel, respectively; (b)(e)(h) IPF Z maps of o'-martensite for UFG, FG, and CG steel, respectively; (c)(f))(i) band
contrast and «o'-martensite IPF Z for UFG, FG, and CG steel, respectively; (j) Lath aspect ratio (c/a) distributions for different AGSs.

SFE values were determined to be 24.9 mJ/m?, 28.25 mJ/m?, and 32.6
mJ/m?, respectively.

3.2. Morphology of a'-martensite changes with AGSs

The morphology of deformation-induced o'-martensite as a function
of various AGSs is shown in Fig. 4(a—i). Similar to a previous study on
temperature-induced o'-martensite [33], the reduction in AGSs resulted
in a smaller aspect ratio of o'-martensite. That is, in coarse austenite
grains, o'-martensite is lath-like, whereas in ultrafine grains, it tends to
develop into a round shape. To quantify the morphology of

o'-martensite, Fig. 4(j) shows the distributions of the lath aspect ratio (¢/
a). The martensite structure of FG/CG steel exhibits a relatively lower ¢/
a value. However, the higher c/a lath aspect ratio for UFG steel indicates
that UFG steel shows more equiaxed o'-martensite.

In addition to the relations between AGSs and DIM morphology, the
relations between the prior austenite grain size (PAGS) and morphology
of o’-martensite have also been studied in martensitic steel. Casero et al.
[34] built up the relations between PAGS and the morphology of
temperature-induced o'-martensite in low-carbon steel. The reduction in
PAGS resulted in blocky o'-martensite. Santofimia et al. [33] observed a
similar phenomenon in 0.3C-1.6Si-3.5Mn (wt pct) steel. In summary, a
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Fig. 5. Microstructure evolution of UFG steel during the Charpy test: colored face-centered cubic (fcc) phase IPF Z maps for (a) zero strain, (b) after 1.9% plastic
deformation, (c) after 2.7% plastic deformation, and (d) after 3.5% plastic deformation; (e) colored bcc phase IPF Z maps for 3.5% plastic deformation. Quasi-in situ
Charpy testing is performed in the impact tester. Red lines in the IPF Z map of (a), (b), and (c) represent twin boundaries. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Microstructure of UFG steel after the Charpy test at 3.5% nominal strain.

blocky o'-martensite is closely related to the smaller parent AGSs,
despite the deformation/temperature induction.

Along with the effect on the aspect ratio, the number of variants per
austenite grain is reduced as the AGSs are refined, as reflected in Fig. 4.
Furuhara et al. [35] and Takaki et al. [36] observed a similar behavior;
as the AGSs were reduced, the number of variants formed during
martensitic transformation was reduced.

4. Discussion
4.1. Size-dependent martensitic transformation behaviors
As the main conclusion mentioned in the previous section, the

morphology of o'-martensite changes substantially with varying AGSs.
Therefore, the reason that AGSs influence the morphology of

IPF 7. Color Key
01
b m

(a) and (d) band contrast map of all phases; (b) and (e) band contrast and o'-martensite IPF Z; (c) and (f) geometrically necessary dislocation (GND) map of austenite.

o'-martensite was further clarified from the crystallographic aspect. The
nucleation and growth of o'-martensite were observed by quasi-in situ
EBSD methods.

For UFG steel with blocky DIM only, the microstructure evolution
during the Charpy impact test is shown in Fig. 5. In the range from 0 to
2.7% (Fig. 5(a—c)), no DIMT behavior occurred. Moreover, no defor-
mation bands were detected, including hexagonal close-packed (hcp) or
deformation twinning. However, the orientation of the austenite
changes from a random orientation to an orientation close to (112),
indicating the occurrence of double sliding. As the nominal strain
further increases to ~3.5% (Fig. 5(d—e)), a significant amount of blocky
o'-martensite forms, and the formed o'-martensite shows intense variant
selection.

To examine the limited growth boundaries of o'-martensite and the
microstructures of the UFG specimens, further characterization was



M. Huang et al.

IPK Z Color Key
001

Materials Characterization 184 (2022) 111704

Fig. 7. Microstructural evolution of FG steel during the Charpy test. Colored fcc phase IPF Z maps for (a) zero strain, (b) after 1.9% plastic deformation, and (c) after
2.7% plastic deformation. Green bec phase maps for (d) 2.7% plastic deformation, and (e) and (f) represent the magnified region of (d). Quasi-in situ Charpy testing is
performed in the impact tester. Red lines in the IPF Z map of (d) and (e) represent twin boundaries. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 8. Combined EBSD image quality and IPF for the microstructural evolution of CG steel via the Charpy test. Colored fcc phase IPF Z maps for (a) zero strain and
(b) after 1.9% plastic deformation. (c1) and (d1) o'-martensite, phase map of regions c and d, and (d) after 1.9% plastic deformation; colored bcc phase IPF Z maps for
1.9% plastic deformation. Quasi-in situ Charpy testing is performed in the impact tester.

carried out through TKD methods (Fig. 6). TKD sampling was conducted
beneath the V-notch of the tested samples, and TKD maps were collected
using step sizes of 5 nm. Based on the calculated SFE results, deforma-
tion twinning is believed to occur in UFG steel. However, no mechanical
twins were observed in the UFG specimen strained by 3.5% (Fig. 6). It
was found that grain refinement down to the UFG scale leads to
abnormal nucleation of «'-martensite compared with our previous
studies [37,38]. That is, as shown in Fig. 6(b and e), o'-martensite seems
to nucleate at austenite grain boundaries.

For FG steel, both lath-like and blocky o'-martensite formed during
the Charpy tests. Thus, a similar in situ EBSD test is conducted in FG
steel, as shown in Fig. 7. With increasing nominal strain, a significant
amount of deformation twinning and o'-martensite forms (Fig. 7(b and
o).

As presented in Fig. 7(d and e), the microstructure of FG steel under

1.9% nominal strain shows that o'-martensite nucleates at twin bound-
aries and grain boundaries. For o'-martensite nucleation inside the
deformation twinning boundaries, its growth is limited, leading to lath-
like o-martensite (Fig. 7(d)). However, o'-martensite nucleation at the
grain boundaries is mainly limited by the grain boundaries, which
finally grows to blocky-sized o'-martensite (Fig. 7(e)). The growth limit
boundaries, i.e., grain and twinning boundaries, facilitate blocky and
lath-like o'-martensite formation, respectively.

Similarly, the microstructural evolution of CG steel has also been
characterized (Fig. 8). EBSD maps of 1.9% strained CG steel are shown in
Fig. 8(b). The o'-martensite nucleates inside e-martensite plates and
grows in e-martensite plates, and the growth of o'-martensite is limited
by y/e phase boundaries [19]. For deformation-induced o'-martensite
formation, the presence of e-martensite provides nucleation sites with a
lower chemical driving force, as previously illustrated by Olson [39].
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Fig. 9. TEM microscopy of the phase transformation behaviors in UFG steel: (a) bright-field images of a'-martensite nucleation at grain boundaries; (b) corresponding
dark-field images of the red cycle; and (c) bright-field images of austenite grains full of SFs. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Thus, the deformation primarily induces o'-martensite and only nucle-
ates at the € phase. On the growth site, more importantly, the y/e phase
boundaries act as insuperable barriers that hinder the growth of
deformation-induced o'-martensite [30]. As shown in Fig. 8(cl and d1),
o'-martensite growth was limited, and the morphology of e-martensite
was finally maintained, i.e., lath-like.

4.2. An in-depth study of the abnormal martensitic transformation
behavior of UFG steel

According to the aforementioned phenomenon, the absence of
deformation bands, i.e., e-martensite and deformation twinning, is
responsible for the formation of blocky o'-martensite in UFG steel. Thus,
the reasons for the absence of deformation bands need further
discussion.

To initiate discussion of the absence of deformation bands, it is
important to first study the absence of e-martensite. The suppressed
e-martensite formation can be explained by the relatively high SFE. As
calculated in Fig. 3, when the AGSs decrease to UFG, the SFE reaches
~33 mJ/m?, which is beyond the range of e-martensite formation based
on Hofmann et al. [40,41]. Thus, for UFG steel, the formation of
e-martensite would not exist.

Conversely, the calculated SFE ranges from 20 mJ/m? to 40 mJ/m?,
which indicates that deformation twinning (TWIP) would occur in UFG

Increasing Strain

steel [41]. However, the experimental evidence demonstrates the
opposite results. This behavior cannot be explained by the SFE only.
Instead, twinning stress is taken into consideration, which is defined as
the stress required to generate twinning. K.M. Rahman et al. [42-45]
proposed a phenomenological relationship between the AGSs and
twinning stress, where the twin nucleation stress increases with
decreasing grain size following a Hall-Petch type relationship.
Furthermore, from a crystallographic perspective, El-Danaf et al. [46]
found that twinning stress is expected to increase with grain refinement
since the slip length and dislocation density is reduced, thus making
twin nucleation more difficult. The models of Mahajan and Chin et al.
[47] and M. M. Wang et al. [48] explain that the nucleation of defor-
mation twins is related to stacking fault pairs and Shockley partial dis-
locations, and they conclude that a higher nominal twinning stress is
required for the onset of twinning in smaller grains. For the present
studied UFG steel, before the applied stress achieved twinning stress,
DIMT occurred. Thus, extremely small AGSs imply no deformation band
formation, but a'-martensite transformation occurred.

This size effect associated with o'-martensite transformation, as
described herein, is consistent with earlier findings [48,49]. As reflected
in the TEM results (Fig. 9), the formation of SFs and dislocations facil-
itates the onset of o'-martensite transformation.

The results indicate that grain size refinement limits the formation of
deformation bands and then induces blocky a'-martensite. Additionally,

Fig. 10. Schematic sketch of the size-dependent transformation behaviors and morphology of «’-martensite under the Charpy impact test.
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we reveal that size effects should be taken into deep consideration; to
some extent, smaller particles are less mechanically stable.

4.3. Relationship between the AGSs and morphology of a-martensite

The morphology of o'-martensite was determined to be closely
related to the martensitic transformation sequences. This finding draws
attention to the nucleation and growth of a'-martensite of various AGSs.
The scheme in Fig. 10 shows the morphology of o'-martensite and
martensitic transformation sequences as a function of the AGSs. Based
on the microstructural evolution in Fig. 8, the SFE of SUS321 steel with
extremely large grain sizes (CG steel) is situated within the deformation
mechanism of the TRIP.

Yy — e-martensite—o'-martensite transformation sequences were
triggered in CG steel, and film-like o'-martensite was found in Fig. 8. As
the grain size decreases to FG, by increasing the SFE to ~30 mJ/m?
pronounced twinning formation can be observed, as shown in Fig. 7.
Both TWIP and TRIP behaviors are found. The o'-martensite limited by
twinning boundaries finally results in a lath-like o'-martensite, but the
a'-martensite limited by the grain boundaries grows into a blocky size.
As the grain size further decreases to UFG, both the SFE and twinning
stress exponentially increase. The formation of deformation twinning is
intensely suppressed, leading to an abnormal TRIP effect, where
o'-martensite may nucleate at grain boundaries/SFs and result in a
blocky o'-martensite. Additionally, the present results enable the opti-
mization of the rational microstructural design of austenitic steels
involving the formation of a controlled morphology of o'-martensite.

5. Conclusions

The relationship between DIM morphology and AGSs was thor-
oughly investigated under dynamic loading conditions. The DIM at large
strains exhibits various aspect ratios and its morphology is controlled by
growth limitations at different boundaries. The following conclusions
can be drawn from the investigation:

1. As the AGS increases, the deformation products of metastable
austenite consist of a’-martensite alone (UFG samples), twinning+o’-
martensite (FG samples), and o’-martensite/e-martensite (CG sam-
ples). At large strains, most intermediate deformation products (i.e.,
deformation twins and e-martensite) will further transform into
o’-martensite.

2. It is found that the morphology of o’-martensite is controlled by its
nucleation sites and adjacent crystallographic/phase boundaries. If
o’-martensite is nucleated within deformation twins or existing
e-martensite (FG and CG samples), twin boundaries and y-¢ bound-
aries are shown to stop the growth of o’-martensite, resulting in lath-
like o’-martensite. In the absence of twins and e-martensite (UFG
samples), o’-martensite nucleates at austenite grain boundaries and
is constrained by austenite boundaries on the other side of the
nucleate, promoting the formation of blocky a’-martensite. When
both twin boundaries and austenite boundaries are present, a mix of
lath-like and blocky morphologies are found in FG samples.

3. The absence of deformation twins and e-martensite in UFG steels is
attributed to the combined effect of twining nucleation stress and
SFE. With decreasing AGSs, the twinning nucleation stress and SFE
increase, resulting in higher activation energies for twins and
e-martensite and their suppression during transformation.
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