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Abstract: High-Mn austenitic steels have been recently developed for a storage or transportation
application of liquefied natural gas (LNG) in cryogenic fields. Since the structural materials are
subjected to extremely low temperature, it requires excellent mechanical properties such as high
toughness strength. In case of high-Mn steels, twinning deformation during the cold-working process
is known to increase strength yet may cause embrittlement of heavy deformed twin and anisotropic
properties. In this study, a recrystallization process through appropriate annealing heat treatments
after cold-working was applied to improve the impact toughness for high-Mn austenitic steels.
Microstructure and mechanical properties were performed to evaluate the influence of cold-worked
and annealed high-Mn austenitic steels. Mechanical properties, such as strength and impact
toughness, were investigated by tensile and Charpy impact tests. The relationship between strength
and impact toughness was determined by microstructure analysis such as the degree of recrystallization
and grain refinement. Consequently, both elongation and toughness were significantly increased
after cold-working and subsequent annealing at 1000 °C as compared to the as-received (hot-rolled)
specimen. The cold-worked high-Mn steel was completely recrystallized at 1000 °C and showed
a homogeneous micro-structure with high-angle grain boundaries.

Keywords: high-Mn steel; cold-working; annealing; recrystallization; twinning

1. Introduction

As the demand for cryogenic industries such as liquefied natural gas (LNG) has increased in the last
few years, the materials for storage and application of cryogenics have become more important [1,2].
Generally, materials with face-centered cubic (FCC) structures such as austenitic stainless steels,
like 9 wt% Ni-steels with the addition of Al and Ti elements, are widely used in cryogenic fields
because of their good mechanical properties at cryogenic temperature [3-5]. Yet, these materials have
disadvantages, such as costly products, difficult processing, low design strength and complicated
manufacturing. Therefore, high-Mn austenitic steels containing over 24 wt% of Mn with excellent
mechanical properties in a cryogenic environment have been newly developed to replace the existing
cryogenic materials [6].

The high-Mn austenitic steels show a fully austenite phase at room temperature and have good
mechanical properties by deformation mechanisms at low temperatures [7]. These steels demonstrate
mechanical twinning instead of phase transformation to martensite after plastic deformation, which is
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called twinning-induced plasticity (TWIP) [8]. These mechanisms depend on stacking fault energy
(SFE), and the SFE generally increases as Mn, Cr and Ni content increase in TWIP steels. TWIP effects are
activated in the SFE range of 2040 mJ/m? [9,10], and strength resultantly is enhanced by the formation of
mechanical twinning induced with cold plastic working [11,12]. The high work-hardening is generally
caused by reduction in dislocation mean free path with an increasing fractions of deformation twinning
acting as strong obstacles to the dislocation glide [13]. Nucleation of deformation twining occurs by
interaction of dislocation structure and the twin boundary [14,15]. The strength and toughness can be
simultaneously improved by an appropriate twinning effect. Thus, it isvery important to understand
the effects of microstructure and mechanical properties of twinning in TWIP steels [16,17].

In general, grain size refinement is an important mechanism for strengthening and toughening,
especially for high-Mn steels [18-21]. The recrystallization annealing combined with cold-working
is a very effective approach for the austenite grain size refinement, as many components used
in cryogenic environments are produced. The mechanical properties of cold-worked high-Mn
steels can be improved by subsequent annealing [22-25] as dislocation and the twin boundary act
as nucleation sites for recrystallization during annealing [26,27]. As the annealing temperature is
increased, ductility and toughness is improved by a recrystallized microstructure with grain refinement.
Grain refinement and recrystallization are affected by various conditions such as rolling reduction,
annealing temperature, compositions of alloying element [28,29]. Especially, it was reported that
recrystallization of austenitic high-Mn steels containing over 20 wt% of Mn started at temperatures
around 600 °C [30]. Also, the increase in deformation by cold rolling accelerated the recrystallization
kinetics and produced the effect of refining recrystallized grains. Therefore, the thermo-mechanical
processing of grain refinement using cold rolling and annealing is an effective way to improve
the mechanical properties of high-Mn steels.

In order to study the mechanical properties during work hardening and annealing, it isvery
important to understand the deformed microstructure such as misorientation and grain boundary
properties. Low angle grain boundaries (LAGBs) and high angle grain boundaries (HAGBs) are often
defined with a misorientation angle of 2° < 8 < 15° and 15° < 0, respectively. The volume fraction
of LAGBs in deformed samples means the formation of a deformed microstructure and dislocations.
On the other hand, the grains after annealing have a lower volume fraction of LAGBs compared
to the deformed grains because of lower internal misorientation by annihilation of dislocation.
When considering the toughness of the steels, LAGBs are known to be less effective in impeding
crack growth than HAGBs. In other words, recrystallized microstructure after annealing consists of
larger volume fractions of HAGBs than LAGBs. In addition to the recrystallization, annealing heat
treatments decrease the deformation twins by the grain growth while increase annealing twins [31]
in which the annealing twin generated in the heat treatment causes grain refinement effect by
grain subdivision.

In this study, the degree of cold-working and subsequent annealing on microstructure
and mechanical properties were investigated in relation to recrystallization and grain refinement in
high-Mn steels. For cryogenic applications, the improvement of impact toughness is important to ensure
the safety and integrity of structural materials because strength increases at low temperatures [32,33].
Therefore, our study focuses on the improvement of impact toughness and investigates the correlation
between microstructural changes and mechanical properties by heat treatment to determine to improve
strength and ductility.

2. Materials and Methods

The chemical compositions of the high-Mn steels used in this study are shown in Table 1.
A plate with a width 1500 mm, length of 200 mm, and thickness of 20 mm was fabricated by the hot
rolling process.
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Table 1. Chemical compositions of high-Mn austenitic steels used in this study (wt%).

C Mn Si Cr P S Cu Fe
0.44 24 0.27 34 0013 0.0023 0.429 Bal.

From the as-received (AS) high-Mn steels, a plate of steel with 20 mm thickness was cold-worked
into different thicknesses of the plates CW5, CW10, and CW30, with reductions of plate thickness by
5%, 10%, and 30%, respectively. In order to recrystallize high-Mn steel, the cold-worked samples were
annealed at various temperature from 600 to 1000 °C for 15 min and followed by water quenching.
Schematic diagram of annealing process and specimen direction for high-Mn austenitic steels in this
study was shown in Figure 1.

For the microstructure analysis, the test samples were mechanically polished using a 320, 600,
1200, 2000 grit SiC paper and then micro-polished using a 3 and 1 pm diamond paste. Then, sample
surfaces of cold-worked samples were etched in a solution contacting 100 mL ethanol, 1g picric
acid, 5ml hydrochloric (Vilella’s reagent) and annealed samples were etched with 3% Nital solution
respectively. The microstructures of the cold-worked and annealed specimens were observed using
optical microscopy (OM). The average grain size of annealed specimens was evaluated by image
analysis, using the intercept method on the OM images.

The X-ray diffraction (XRD) patterns of the cold-worked and annealed specimens were measured
at room temperature in the range of 20-100° for 26 degree with Cu K« radiation. The phase was
identified by X'pert Pro XRD machine with a speed of 0.013 degree per second. The (111), (200), (220),
(311) and (222) peaks were used to observe austenite phases.

Tensile testing was carried out at room temperature using a 100 kN full-automatic MTS E45
tensile machine at a cross head speed of 1 mm/min. The dimensions of the plate-type sub-sized tensile
specimens were 25 mm in gauge length, 6 mm in width, and 2 mm in thickness in ASTM-E8. The 0.2%
offset stress was determined to be the yield strength in the specimens showing continuous yielding
behavior and the elongation determined by the travel distance of crosshead.

Vickers hardness tests were performed at room temperature with a load of 4.903 N with 10 s of
dwell time. At least seven measurements were made to calculate the average micro-hardness values
by excluding the minimum value and maximum value.

Charpy V-notch impact tests were performed to measure the absorbed energy at temperatures
from 20 °C to -180 °C using a full-automatic ZWIC impact test machine according (Zwick) to ASTM
E23. The geometry of the standard sized Charpy V-notched specimen measures 10 mm (width), 10 mm
(height) and 55 mm (length). The fracture surface of the Charpy impact test specimen was observed
with a FE-SEM HITACHI S-4800 (HITACHI, Tokyo, Japan)
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Figure 1. Schematic diagram of annealing process and specimen direction for high-Mn austenitic steels
in this study.
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Electron backscattered diffraction (EBSD) was carried out using JEOL FE-SEM 7200F with Oxford
software. The grain boundary distributions were obtained to determine the recrystallization behavior.
LAGBs were defined as the misorientation angles ranging from 2° to 15°, and HAGBs were defined
as the misorientation angles higher than 15°. Misorientation angle distributions of different annealing
conditions were obtained to discuss the relationship between microstructure and mechanical properties.
The EBSD measurements were operated at a voltage of 20 kV.

3. Results and Discussion

3.1. Microstructure Analysis of Cold-Worked High-Mn Steels

Figure 2 shows the optical microstructure of high-Mn Austenitic steels before and after
a cold-working process. The microstructure of as-received sample was typically a hot-rolled austenitic
structure consisted of austenite single phase and hot-rolling strips. These rolling strips were elongated
in the same direction as the grain boundaries drawn in the hot rolling direction, as shown in Figure 2a.
After the cold-working process, deformation twin and slip bands were observed inside grains in
Figure 2b—-d while deformation twinning increased with an increase in the cold-working level from
5% to 30% [8]. Therefore, the cold-working process induced deformation twinning in the austenite
grains, and the density of twinning increases with increasing cold-working reduction leading to
grain subdivision.

CW=10% ' = CW=30%

Figure 2. Optical microstructure of high-Mn Austenitic steels before and after a cold-working process
(a) as-received, (b) 5% CW, (c¢) 10% CW and (d) 30% CW.

Figure 3 shows the optical microstructure of cold-worked high-Mn steels after annealing at different
temperatures and degree of recrystallization. The typical partially recrystallized microstructure
observed around grain boundary at 600 °C. A number of the fine recrystallized grains increased
with the cold-working level from 5% to 30% in Figure 2a,d. Deformation twins were still present in
the grain boundaries at which recrystallization did not occur even after the annealing at 600 °C. It has
been recently studied that the twins generated by deformation at room temperature are stable up to
a temperature of 625 °C [34]. A lot of recrystallization was observed in 30% cold-worked specimens
than in other specimens because the nucleation site is increased and the recrystallization temperature
was lowered after cold-working process. Also, the driving force for recrystallization became larger
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from the stored energy of increased cold-working level. The prior cold-working introduces a high
density of dislocation [35], which transforms into polygonised subgrains upon heating to the processing
temperature [14]. In the case of annealing at 800 °C, grain boundaries refinement was more observed in
a 30% cold-worked specimen than in the other cold-worked conditions. In case of annealing at 1000 °C,
fine recrystallized grains grew and became homogeneous austenitic structure with annealing twin.
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Figure 3. Optical microstructures of cold-worked high-Mn steels after annealing. (a) CW5_H600,
(b) CW5_HS800, (c) CW5_H1000, (d) CW10_H600, (e) CW10_H800, (f) CW10_H1000, (g) CW30_H600,
(h) CW30_H800, and (i) CW30_H1000.

Figure 4 shows the average grain size of cold-worked high-Mn steels after annealing. The average
grain size of the as-received specimen was measured to be about 47 um and the average grain size
after the annealing at 1000 °C was significantly reduced to less than about 23 pm. After the annealing
at 1000 °C, there was no significant difference in the grain size according to the cold-working level from
5% to 30%. The grain refinement by annealing is caused by the recrystallization and grain subdivision
by annealing twin.
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Figure 4. The average grain size of cold-worked high-Mn steels after annealing.
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Figure 5 shows an EBSD inverse pole figure (IPF) map with grain boundaries of 30% cold-worked
steels after annealing from 600 °C to 1000 °C. The microstructure of the 30% cold-worked specimen
(CW30) is mostly elongated austenitic grains due to the deformation caused by the cold-working
process (Figure 5a). In case of annealing at 600 °C, the microstructure exhibits heterogeneous structures
which have fine recrystallized grains and non-recrystallized grains (Figure 5b). In case of annealing
at 800 °C, most of the grain boundaries were observed to have a grain refinement by recrystallization.
However, the recrystallization was not completed yet, and it still had a heterogeneous structures.
In case of annealing at 1000 °C, the microstructure shows fully austenite structure with homogeneous
recrystallized grains (Figure 5d).

Figure 5. EBSD inverse pole figure (IPF) map of 30% cold-worked high-Mn steels after annealing:
(a) CW30, (b) CW30_H600, (c) CW30_H800 and (d) CW30_H1000.

Figure 6 shows the misorientation angle distribution and X3 grain boundary distribution of
30% cold-worked steels after annealing from 600 °C to 1000 °C. In the grain boundary maps, low
angle grain boundaries(LAGBs) with 2° < 6 < 15°, high angle grain boundaries (HAGBs) with 6 >
15° are drawn in Figure 6a. The fraction of LAGBs and HAGBs for 30% cold-worked steels (CW30)
are 52.8% and 45.3%, respectively, while the value for annealed specimens at 1000 (CW30_H1000)
are 3% and 95.2%, respectively. As the annealing temperature increased, the fraction of LAGBs
decreased and the fraction of HAGBs increased. It is indicate that austenite structure with LAGBs
is transformed into austenite structure with HAGBs after annealing. The relative frequency of
coincidence site lattice (CSL) 23 which is defined as a twin boundary was maintained at 800 °C, but
it was significantly increased above 800 °C (Figure 6b). Especially, the relative frequency of CSL
for annealed specimens at 1000 °C (CW30_H1000) increased about three times compared to the 30%
cold-worked specimen (CW30). As a result of the average grain size (Figure 4), the annealing twins
produced by recrystallization contribute to the grain refinement by grain subdivision.
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Figure 6. Misorientation angle distribution (a) and frequency of X3 grain boundary (b) in the 30%
cold-worked high-Mn steels after annealing.

Figure 7 shows the XRD patterns of cold-worked high-Mn Austenitic steels before and after
annealing. Before and after a cold-working process, only austenite peaks were observed in all conditions
(Figure 7a). TWIP mechanism activates in the SFE range from 20 to 40 mJ/m?, whereas decreasing
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the SFE from 20 to 12 mJ/m? results in improving the ductility of the steel by the transformation-induced
plasticity (TRIP) effect. According to the composition-temperature-related equations proposed by
Curtze et al. [10], the room temperature SFE is calculated to be 29 mJ/m? for 24Mn steels in this study.
Also, since the SFE of the high manganese steel was 20 or more even after annealing, only peaks of
austenite was observed in Figure 7b. It is indicated that work hardening by a cold-working process is
not induced by TRIP effects but twinning mechanism of deformation.
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Figure 7. XRD patterns of cold-worked high-Mn Austenitic steels (a) before and (b) after annealing.

3.2. Tensile and Hardness Properties of Cold-Worked High-Mn Steels

The engineering stress—strain curves obtained by tensile tests for the high-Mn austenitic steels
before and after a cold-working process are shown in Figure 8a. The ultimate tensile strength of highly
cold-worked steel (CW30) was about 1.5 times higher than that of the as-received steels (AS). The tensile
strength and yield strength (0.2% offset) gradually increased with an increase of the cold-working
level from 5% to 30%. This behavior was attributed to the strain hardening owing to the interaction
among dislocation and twin generated by the cold-working process. However, the elongation of
cold-worked steels decreased due to a increase in dislocations density [22]. Especially, the strengthening
in cold-worked high-Mn steel was increased by twinning mechanism and increase in dislocations
density [22,36]. As shown in the EBSD analysis results (Figure 5), misorientation distribution of
cold-worked high-Mn austenitic steels have characterized as LABGs, resulting in increased strength
and decreased ductility.
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Figure 8. The engineering stress—strain curves of cold-worked high-Mn steels before and after annealing:
(a) before annealing, (b) CW5, (¢) CW10 and (d) CW30.
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The engineering stress—strain curves for the cold-worked high-Mn steels after annealing are shown
in Figure 8b—d. Tensile strength and yield strength decreased with increasing annealing temperature
from 600 °C to 1000 °C, but the elongation increased. In particular, the elongation of the highly
cold-worked specimen after annealing significantly increased from 15% (CW30) to 110% (CW30_H1000)
and increased by about 83% compared with as-received specimen (AS). The tensile properties of
annealed specimens at 800 °C were different from those of as-received specimen. As previously shownin
the microstructure analysis results (Figure 3b,e h), the microstructure was not completely recrystallized
nor homogenized below 800 °C. In addition, ductility was not recovered due to the still presence of
mechanical twin within the grains. However, the elongation at temperatures above 800 °C has higher
than that of the as-received specimen. At annealing temperatures above 800 °C, the austenitic grain
with homogeneous microstructure was completely recrystallized, and the ductility was improved by
grain refinement induced by annealing twin and recrystallization. Such recrystallization microstructure
changed from LAGBs to HAGBs improved ductility with increasing annealing temperature (Figure 6a).
The tensile properties did not depend on the cold-working level due to the completely recrystallized
new grains at 1000 °C.

Figure 9 shows the result of the Vickers hardness test before and after a cold-working process.
The hardness value of as-received steel (AS) was about 280HV. Similar to the tensile test results,
the hardness values increased in the degree of cold-working. The hardness value of highly cold-worked
steel (CW30) with a reduction of plate thickness by 30% was about 86% higher than that of
the as-received steels (AS). The increase of hardness values after cold-working process was resulted from
the same mechanism as that in the tensile results, owing to the deformation twinning and increased
dislocation density. The hardness of the cold-worked specimens after annealing decreased with
increasing annealing temperature. At temperatures below 700 °C, hardness values differ according to
the cold-working level. Below 800 °C, the grains were not completely recrystallized despite annealing,
which maintained high twinning and high dislocation density. In addition, the microstructure
had a mixture of twinned deformed grains and dislocations-free recovered grains for cold-working
specimens. However, hardness values do not depend on the cold-working level since the dislocation
density and twinning were almost recovered above 800 °C. Likewise, the hot-rolling strips and high
dislocation density existing in the as-received specimen were also recovered after annealing above
800 °C. Mechanical properties such as the test results of the tensile properties and Vickers hardness
values are summarized in Table 2.
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Figure 9. Hardness of cold-worked high-Mn steels before and after annealing. (a) Before annealing,
(b) after annealing.
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Table 2. Tensile properties and Vickers hardness values of the specimens used in this study.

Specimen ID Yield Strength  Tensile Strength Elongation Average Vickers

(MPa) (MPa) (%) Hardness (Hv)

As-received 486 920 83 259
CW5 791 1091 49 336
CW5_H600 690 1093 57 345
CW5_H700 603 1063 61 337
CW5_HS800 524 1030 67 274
CW5_H900 322 931 96 260
CW5_H1000 318 881 107 260
CW10 1042 1187 31 383
CW10_H600 834 1164 43 372
CW10_H700 721 1133 51 346
CW10_H800 571 1052 58 312
CW10_H900 346 956 920 237
CW10_H1000 338 856 107 228
CW30 1365 1384 15 484
CW30_H600 1149 1355 31 449
CW30_H700 846 1179 40 413
CW30_H800 498 1051 60 293
CW30_H900 362 955 88 212
CW30_H1000 311 870 110 201

3.3. Impact Toughness of Cold-Worked High-Mn Steels

The absorbed energy vs. test temperature curves for specimens with a cold-working process
is shown in Figure 10a. At room temperature, the absorbed energy of as-received specimens was
about 120 J. Although high-Mn Austenitic steels with face centered cubic (FCC) structure does not
show the ductile-to-brittle temperature (DBTT) behavior, the absorbed energy tends to decrease with
decreasing temperature. The absorbed energy of cold-worked steels decreased with the cold-working
level from 5% to 30%. High-Mn steels after a cold-working process generally resulted in a higher
yield strength and lower ductility due to the increase in dislocation density and deformation twinning.
Therefore, the result of the Charpy impact test provided the decrease in absorbed energy due to
the reduction of ductility by a cold-working process.

The absorbed energy vs. test temperature curves for cold-worked specimens after annealing are
shown in Figure 10b—d. At annealing range from 600 to 800 °C, the absorbed energy was lower than
that of the as-received steel due to the heterogeneous microstructure by incomplete recrystallization
and the remaining twinning and high dislocation density. However, the absorbed energy was higher
than that of the as-received steel at annealing temperatures above 800 °C. Especially at 1000 °C,
the absorbed energy increased about two times comparing the as-received steels regardless of
the cold-working level. Figure 11 shows EBSD grain boundary maps of as-received and 30%
cold-worked specimen after annealing (1000 °C). Low angle grain boundaries (LAGBs) and high angle
grain boundaries (HAGBs) are plotted by red lines and black lines, respectively. For the as-received state,
the austenitic grains with diameter about 47 um (Figure 4) have some of LAGBs, shown in Figure 11a.
However, for the 30% cold-worked specimen after annealing (1000 °C), the fully recrystallized
microstructure shows coarse equiaxed grains with diameter about 27 um (Figure 4) and there are few of
LAGBs than as-received samples, as observed in Figure 11b. In addition, microstructure was changed
from LAGBs to HAGBs by recrystallization and grain growth after annealing process. In particular,
grain refinement occurred due to recrystallization and grain subdivision by the annealing twins.
For the reasons such as HAGBs and grain refinement, the improvement of impact toughness is due to
an increase in energy consumption by cracks through the grain boundary [37]. Therefore, the absorbed
energy of the 30% cold-worked specimen after annealing (1000 °C) was significantly increased due



Metals 2019, 9, 948 10 of 14

to a homogeneous microstructure with HAGBs and grain refinement by complete recrystallization
at 1000 °C.
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Figure 10. The absorbed energy vs. test temperature curves of cold-worked high-Mn steels after
annealing. (a) Before annealing, (b) CW5, (¢) CW10 and (d) CW30.

Figure 11. EBSD grain boundary maps of (a) as-received and (b) CW30_H1000. The LAGBs, HAGB:s,
boundaries are plotted as red lines, black lines, respectively.

Figure 12 shows the fracture surface of cold-worked high-Mn steels before/after annealing
(1000 °C) at cryogenic temperature (—180 °C). The fracture surface of the as-received specimen
showed mostly quasi-brittle fracture mode and partially ductile mode including dimples (Figure 12a).
The cold-worked specimens were fractured without plastic deformation; the quasi-brittle fracture
mode was mostly observed in the fracture surface (Figure 12b—d). The fracture surfaces of annealed
specimens (1000 °C) mostly show ductile fracture modes including many small dimples and partially
quasi-brittle fracture mode (Figure 12e—g). There was no significant difference in the fracture surface
depending on the annealing temperature. The shape of the fractured specimen after annealing shows
severe plastic deformation compared to that of the as-received specimen. The results of fracture surface
analysis were in good agreement with the results of the absorbed energy from the Charpy impact test
at cryogenic temperature.
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Figure 12. The fracture surface of cold-worked high-Mn steels before/after annealing (1000 °C)
at cryogenic temperature (—180 °C): (a) as-received, (b) CWS5, (¢) CW10, (d) CW30, (e) CW5_H1000,
(f) CW10_H1000 and (g) CW30_H1000.

4. Conclusions

In this study, we investigate the effects of recrystallization on strength and impact toughness of

cold-worked and subsequently annealed high-Mn austenitic steels.

1.

Microstructures of as-received exhibited elongated austenite grains and the cold-worked
high-Mn austenitic steels reveal deformation twinning in the grains. The microstructure of
annealed specimens below 800 °C exhibits heterogeneous microstructure which have partially
recrystallization region with a high volume fraction of LAGBs, whereas the microstructure of
annealed specimens over 800 °C shows homogeneous microstructure which have fully austenite
structure with HAGBs.

The average grain size of the as-received specimen was measured to be about 47 um and the average
grain size after the annealing at 1000 °C was significantly reduced to less than about 23 um.
The grain refinement after the annealing is caused by the recrystallization and grain subdivision
by annealing twin.

The tensile strength and yield strength of cold-worked steels increased with an increase of
the cold-working level from 5% to 30% due to the deformation twinning and high volume
fraction of LAGBs. At an annealing temperature above 800 °C, the austenite grain was completely
recrystallized, and the elongation was improved by grain refinement induced by annealing twin
and homogeneous microstructure with HAGBs.
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The absorbed energy of cold-worked steels decreased with the cold-working level from 5%
to 30%. After annealing, the absorbed energy increased with increasing annealing temperature.
Especially at 1000 °C, the absorbed energy increased about two times comparing the as-received
steels regardless of the cold-working level. It was found that the increase in impact toughness after
annealing is due to homogeneous microstructure with HAGBs and grain refinement by complete
recrystallization. In addition, the results of fracture surface analysis were in good agreement with
the results of the absorbed energy from the Charpy impact test at cryogenic temperature.
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