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ABSTRACT

Research was conducted to investigate the effects of high-pressure torsion (HPT) and post-
deformation annealing (PDA) on the microstructure evolution and mechanical behavior of
an Fe-9.6Ni-7.1Mn (at.%) steel with an initial lath martensitic microstructure. The experi-
mental results showed that HPT processing led to the formation of an ultrafine grain
martensitic microstructure accompanied by small amounts of strain-induced austenite.
Phase analysis and microstructural examination confirmed that during PDA at 600 °C a
large fraction of fine and coaxial austenite grains was introduced in the microstructure by
diffusionless shear mechanism whereas its volume fraction at ambient temperature was
drastically decreased by increasing the annealing time. Also, the grain size was reduced
from a value of about 5.2 um in the solution-treated specimen to ultrafine values of about
570 and 280 nm for the martensite and austenitic phases, respectively, after PDA for 7.2 ks.
PDA yielded an outstandingly good combination of an ultimate tensile strength (~1340 MPa)
and fracture strain (~11.9%) in comparison to the solution-annealed condition which can
be attributed to the finer grain size and the presence of shear-formed austenite in the
microstructure. In addition, the fracture mode changed from a fully ductile nature in the
solution-treated specimen to a combination of ductile and brittle nature after applying the
HPT and then returned again to a ductile behavior after PDA.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Fe-9.6Ni-7.1Mn (at.%) alloy having the lath martensite matrix
with a high density of dislocations is categorized as a high
strength steel. This alloy has a ductile nature in the solution-
treated condition and is susceptible to age hardening
through the 6-NiMn precipitates formation. However, it suf-
fers from a severe embrittlement along prior austenite grain
boundaries after aging [1—-3]. Recently, various severe plastic
deformation (SPD) methods such as severe cold rolling [4—7],
equal-channel angular pressing (ECAP) [8] and high-pressure
torsion (HPT) [9—11] have been applied to the present alloy in
order to improve the mechanical properties. Under SPD
processing, in addition to the grain refinement, the strain-
induced austenite by a diffusionless shear mechanism can
be partially formed in the martensitic microstructure which
improves the mechanical properties [4—6,9]. The other
promising way to achieve strengthened and toughened Fe-
9.6Ni-7.1Mn martensitic steel is to use a suitable annealing
treatment in the two phase (ferrite + austenite) region
which can stabilize the diffusional or diffusionless reversed
austenite in martensite microstructure with appropriate
grain size and morphology [12—17].

Processing by SPD can easily introduce high values of
plastic strain even in materials having limited ductility [18,19].
Since under HPT processing, a large compressive hydrostatic
stress is introduced therefore, it is the most effective method
for processing difficult-to-work alloys compared to the others
SPD techniques [20,21]. In this process, a thin disk-shaped
specimen is compressed between two rigid anvils and sub-
jected to torsional shear straining. As HPT processing has
considerable characteristics such as significant grain refine-
ment [22], a high density of lattice defects [23—25], high
strength and hardness [26], superplastic properties [27] and
reasonable thermal stability [28,29] therefore, it has attracted
many researchers in two recent decades.

Using SPD processing leads to a temperature decrease in
re-crystallization and austenitization during subsequent
annealing [28]. Additionally, an annealing treatment after SPD
processing may produce small austenite grains in the o'-
martensitic microstructure such that a mixture of high
strength and fine ductility becomes feasible [29,30]. A combi-
nation of HPT processing and subsequent annealing has a
great impact in introducing a newly formed austenite with a
smaller grain size even at higher temperatures by comparison
with annealing without pre-deformation [31]. It was reported
that, following a high temperature annealing treatment of the
HPT-processed austenitic stainless steel, a reverse trans-
formation of o'-martensite to the y-austenite (reverse trans-
formation) yielded a fully austenitic microstructure with a
small grain size of around 200 nm which gave remarkably high
strength with a good ductility compared with the initial steel

[32]. During annealing, the reverse transformation can take
place by two competing mechanisms consisting of diffusional
and diffusionless shear mechanisms. The predominant
mechanism of the reverse transformation is sensitive to the
chemical composition of the alloy and the fundamental pa-
rameters of the heat treatment such as the annealing tem-
perature and the imposed time [33-37].

Recently, the effect of HPT processing with different
numbers of turns on the microstructure and mechanical
behavior of an Fe-9.6Ni-7.1Mn (at.%) steel in different con-
ditions was studied [9,10]. The results demonstrated that the
initial microstructure, grain size and constituent phases
have crucial impact on the mechanical behaviors of the alloy.
In fact, a severely deformed structure would promote phase
transformations, ultrafine grain development and also sup-
ply a high density of nucleation sites with faster diffusion
tracks. Accordingly, the present study was conducted to
examine the effect of prior HPT processing on the reversed
austenite formation in the microstructure of Fe-9.6Ni-7.1Mn
(at.%) lath martensitic steel during post-deformation
annealing (PDA) in the dual phase (ferrite + austenite) re-
gion. Additionally, the effects of prior HPT processing and
PDA on the microstructure and mechanical behavior of the
steel were studied.

2. Experimental procedures

An ingot of the Fe-9.6Ni-7.1Mn (at.%) alloy was provided using
a non-consumable vacuum arc re-melting furnace and then
forged through 50% reduction in thickness at 1200 °C in order
to break the dendritic structure. The forged ingot was ho-
mogenized at 1100 °C for 172.8 ks in an atmosphere controlled
tube furnace and then solution treated at 900 °C for 3.6 ks
followed by quenching in cold water in order to achieve a fully
lath o’-martensitic microstructure. The nominal composition
of the prepared ingot is given in Table 1.

For applying HPT, some disk-shape samples with a diam-
eter of 10 mm and a thickness of 0.8 mm were cut from the
solution-treated (ST) specimen and then processed by HPT for
20 turns at ambient temperature under quasi-constrained
conditions [38] in 6.0 GPa pressure and rotation rate of 1 rpm.

Post-deformation annealing (PDA) was carried out on the
HPT-processed samples in a salt bath at 600 °C in the two
phase (ferrite + austenite) region for 0.04, 0.48, 1.8 and 7.2 ks
annealing times followed by cooling to room temperature.
According to an earlier report [13], the austenite start (As) and
austenite finish (A¢) temperatures were measured at about 570
and 640 °C, respectively, and therefore, the above mentioned
temperature was in the two phase (ferrite + austenite) region.
A schematic illustration of the thermo-mechanical process
including HPT and PDA is presented in Fig. 1.

Table 1 — Nominal composition of the prepared ingot.

Element Fe Ni Mn

S C N Al

At.% Bal. 9.62 7.11

0.008 0.006 0.004 0.003 0.003
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Fig. 1 — Schematic representation of the thermo-mechanical process consisting of HPT and PDA.

Phase analysis was conducted by X-ray diffraction (XRD)
method with Cu-K, radiation. It was performed using a step
scanning rate of 0.01° per 1.8 s over a range of 26 between 40
and 100°. Also, the microstructure of the specimens was
characterized using field emission scanning electron micro-
scopy (FE-SEM) coupled with an electron backscatter diffrac-
tion (EBSD) detector operating at 15 kV. In this case, for
microstructural characterization, a section of the specimens
was mechanically polished followed by electrolytically etched
in a chemical solution of 900 ml CH;COOH and 100 ml HCIO, at
a temperature of 11 °C and a voltage of 25 V. The EBSD analysis
was carried out by a step size of 20 nm and evaluated by using
TSL-OIM software.

Micro-hardness measurements were taken on the polished
surfaces using a Vickers micro-hardness tester with a load of
200 gf and dwell times of 10 s. In addition, tensile tests at
ambient temperature were conducted on the miniature ten-
sile specimens with gauge dimensions of 1.8 x 0.8 x 0.5 mm?
using a SANTAM testing machine with an initial strain rate of
6.0 x 10~* s7*. The fracture surfaces were also characterized
by FE-SEM.

3. Results
3.1.  Microstructure and phase evolution

Figure 2 shows the XRD patterns of the ST specimen, the HPT-
processed sample and the PDA-processed specimens for
different annealing times as pointed on the right. For the ST
and the HPT-processed specimens, only the peaks corre-
sponding to o'-martensite were observed and there was no
trace of a y-austenite peak. However, in the PDA-processed
specimens, beside the o -martensite peaks, five additional
peaks were also detected which corresponded to the various
planes of the austenite phase.

The volume fractions of the retained austenite at ambient
temperature after PDA for various annealing times were ob-
tained by XRD as indicated in Fig. 3. It is observed that the
retained austenite value in the PDA-processed specimen for
0.04 ks is about 58% which decreases by increasing the
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Fig. 2 — XRD patterns of the ST specimen, the HPT-
processed sample, and the PDA-processed specimens for
indicated times.
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Fig. 3 — Amount of the retained austenite at ambient
temperature after PDA for different annealing times
obtained from the XRD results.

Amount of austenite (Vol. %)
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annealing time such that only about 6% of the austenite is
stable at room temperature after PDA for 7.2 ks.

The grain boundary phase maps obtained from EBSD
analysis for (a) the ST specimen, (b) the HPT-processed sample
and (c-f) the PDA-processed specimens for different annealing
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times are presented in Fig. 4 so that the pink and green colors
indicate the o/-martensite and austenite, respectively. The
superimposed red and black lines are, respectively, low-angle
grain boundaries (LAGBs: <15 deg) and high-angle grain
boundaries (HAGBs: 6 > 15 deg). Based on Fig. 4(a), the
microstructure of the ST specimen consisted of typical lath o’'-
martensite including packet and block as a substructure of
lath martensite with a high fraction of LAGBs. By contrast, the
microstructure of the HPT-processed specimen in Fig. 4(b)
shows a mixture of equiaxed and elongated martensitic ul-
trafine grains accompanied by small fraction of fine-grained
austenite. The observed austenite is due to the strain-
induced reverse transformation during the HPT processing.
This consequence is not consistent with the results of XRD in
Fig. 2. After PDA of the HPT-processed specimen for 0.04 ks as
illustrated in Fig. 4(c), a large fraction of the fine and coaxial
austenite grains was nucleated in the deformed martensitic

microstructure due to the occurrence of the reverse trans-
formation such that its volume fraction drastically decreased
by increasing the annealing times (Fig. 4(d)—(f)). This indicates
that, by increasing the annealing time, a significant amount of
the reversed austenite re-transformed to the new martensite
under subsequent cooling to ambient temperature. Moreover,
it appears that the volume fraction of LAGBs significantly
decreased in the initial times of the PDA due to the reduction
of dislocations density through the occurrence of a recovery
process and then increased in further annealing times as a
result of a re-transformation of austenite to the new
martensite with a high amount of dislocations. The volume
fractions of LAGBs and HAGBs in different conditions as
measured by EBSD are indicated in Fig. 5.

The average grain sizes of the different phases achieved
from the EBSD maps in the ST specimen, the HPT-processed
sample and the PDA-processed specimens for different
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Fig. 4 — Grain boundary and phase maps achieved from the EBSD analysis for (a) the ST specimen, (b) the HPT-processed
sample, and the PDA-processed specimens for (c) 0.04 ks, (d) 0.48 ks, (e) 1.8 ks and (f) 7.2 ks.
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Fig. 5 — The volume fractions of LAGBs and HAGBs resulted
from the EBSD analysis in the ST specimen, the HPT-
processed sample, and the PDA-processed specimens for
various annealing times.

annealing times are indicated in Table 2. As expected, the
average grain size was reduced from about 5.2 ym in the ST
specimen to around 185 nm for the martensite and around
28 nm for the austenite in the HPT-processed sample. The
reported average grain size of martensite in the ST specimen
is a mean of the blocks size. It is difficult to achieve smaller
martensitic grains under HPT processing compared to
austenitic ones because the martensite has a high density of
dislocations which makes it difficult to recognize dislocation
generation as the major source of grain subdivision. In the
PDA-processed specimen for 0.04 ks, the average grain sizes of
the martensite and retained austenite were about 195 and
180 nm, respectively. By increasing the annealing time, the
average grain sizes of the two phases increased but not at the
same rate so that after PDA for 7.2 ks the average grain sizes of
martensite and retained austenite were measured as about
570 and 280 nm, respectively.

3.2.  Mechanical properties

Figure 6 shows the results for the Vickers micro-hardness, Hv,
for the HPT-processed sample and the PDA-processed speci-
mens for different annealing times where each experimental
result relates to the average of five discrete measurements.
The micro-hardness of the HPT-processed sample was about
690 Hv which decreased to around 445 Hv after PDA for only
0.04 ks. A next increase in the annealing time led to a slow
decline in the micro-hardness such that it eventually reached

Table 2 — Average grain size of the martensite and

austenite phases achieved from the EBSD results in
different conditions.

Condition o/-martensite (nm) y-austenite (nm)
ST ~ 5200 =

HPT ~ 185 ~28

PDA (0.04 ks) ~ 195 ~ 180

PDA (0.48 ks) ~ 360 ~ 245

PDA (1.8 ks) ~ 540 ~ 270

PDA (7.2 ks) ~ 570 ~ 280
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Fig. 6 — Vickers micro-hardness values for the HPT-
processed sample and the PDA-processed specimens for
various annealing times. The inset indicates the micro-
hardness values in the initial steps of PDA.

less than 320 Hv. As reported earlier [13], the micro-hardness
of the ST specimen was measured at about 275 Hv which is
lower than the micro-hardness of the PDA-processed
specimens.

Figure 7 shows the representative plots of engineering
stress against engineering strain at ambient temperature for
the initial ST specimen, the HPT-processed sample and the
PDA-processed specimens for 0.04 and 7.2 ks. Also, Table 3
includes the measured values of the yield strength (YS), ulti-
mate tensile strength (UTS) and fracture strain for the various
specimens. The UTS and fracture strain in the ST specimen
were ~830 MPa and ~16.4%, respectively, while after HPT-
processing the UTS was enhanced to ~2230 MPa with a
related decrease in the fracture elongation to ~3.1%. After PDA
for 0.04 ks, the UTS was decreased to ~1340 MPa and the strain
to fracture increased around four times to ~11.9% due to the
formation of the reversed austenite in the microstructure and
the reduction in the dislocations density by a recovery pro-
cess. Finally, PDA for 7.2 ks led to a reduction in the UTS to
~975 MPa and an increase in the fracture strain to ~14.4%.

The fracture surfaces of the initial ST specimen, HPT-
processed sample and the PDA-processed specimens for 0.04
and 7.2 ks after tensile testing are presented in Fig. 8. It is

2500
——HPT
—— PDA(0.04 ks)
2000 | ——PDA(7.2ks)
- —sT
o
5 1500
[}
[}
£ 1000 ¢
(7]
500 H
0 . i i ; i
0 3 6 9 12 15 18

Strain (%)

Fig. 7 — Engineering stress-engineering strain curves for
the ST specimen, the HPT-processed sample, and the PDA-
processed specimens for 0.04 and 7.2 ks.
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Table 3 — Yield strength (YS), ultimate tensile strength

(UTS) and fracture strain values for specimens in various
conditions.

Condition YS (MPa) UTS (MPa) Fracture Strain (%)
Silk 790 830 16.4

HPT 2040 2230 3.1

PDA (0.04 ks) 1050 1340 11.9

PDA (7.2 ks) 940 975 14.4

obvious that there are considerable differences in the frac-
tography of specimens in different conditions. In the ST
specimen (Fig. 8(a)), the surface indicates a ductile fracture
manner due to the presence of the dimple morphology with
various sizes and depths. After HPT processing (Fig. 8(b)), there
is a combination of fine dimples and cave-like shear band
cracks in the fracture surface suggesting a mixture of ductile
and brittle fracture modes. For the PDA-processed specimens
for 0.04 and 7.2 ks (Fig. 8(c) and (d)), the fracture surfaces
display again dimples with smaller sizes than for the ST
specimen which prove the appearance of a ductile fracture
mode.

4. Discussion
4.1. Microstructure and phase evolution
From the EBSD results in Fig. 4, it is apparent that the ST

specimen has a lath o’-martensite microstructure with a high
amount of LAGBs related to the high density of dislocations

(Fig. 4(a)). It is well known that the lath martensitic structure
consists of martensite lath, block, and packet [39]. As a simple
rule, martensite lath is a single crystal of martensite having
large numbers of dislocations and lattice defects. The block is
also known as martensite variant that is the laths with the
same crystallographic orientation. The packet consists of
blocks having the same plane of parent austenite [40]. The
HPT processing leads to the transformation of a considerable
portion of the LAGBs to HAGBs and creates a mixture of
equiaxed and elongated grains of martensite oriented along
the shear strain direction (Fig. 4(b)). This is in good agreement
with the conventional trends related to the microstructural
evolution in metals and alloys processed by SPD techniques
[41]. During the SPD processing of the lath martensitic steel,
the microstructure is severely distorted and the substructure
of lath martensite (blocks or packets) is suppressed. In this
case, a number of dislocations are introduced and they pile up
and eventually form new low-angle boundaries. By increasing
the strain, the low-angle boundaries are transformed to high-
angle grain boundaries and therefore, the equiaxed and
refined grains of martensite are formed [42,43]. Furthermore,
it is obvious that the HPT processing creates a low amount of
the fine-grained austenite in the initial martensitic matrix due
to the strain accumulation and the resultant boost in tem-
perature which is not detected by XRD. This is likely due to the
low amount of austenite and its very small grain size. Earlier
reports described the possibility of austenite formation as a
consequence of a strain-induced reverse transformation in
SPD processing if the applied stress on the material supplied
the necessary driving force for the reverse transformation
[4,5,44]. Under HPT, a large fraction of the mechanical work

Fig. 8 — FE-SEM micrographs of fracture surfaces of (a) the ST specimen, (b) the HPT-processed sample, and the PDA-

processed specimens for (c) 0.04 ks and (d) 7.2 ks.
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converts to heat which leads to an increase in the specimen
temperature [45]. Also, based on the Clausius—Clapeyron
relationship, the imposed pressure on the material results in
a significant decrease in the equilibrium temperature of the
phase transformation [46].

From another point of view, the martensite with a lath
morphology includes a high density of dislocations and under
the reverse transformation the dislocations energy is released
to some degree as a consequence of the reversed austenite
formation. In fact, it is well-known that these different pa-
rameters lead to a decrease in the necessary driving force and
enhance the occurrence of the strain-induced reverse trans-
formation [4]. Additionally, the EBSD micrographs in
Fig. 4(c)—(f) show that during PDA of the HPT-processed
specimens a large fraction of the fine and coaxial grains of
austenite nucleates in the deformed martensitic microstruc-
ture after only 0.04 ks (Fig. 4(c)) so that its volume fraction
drastically decreases by increasing the annealing time
(Fig. 4(d)—(f)). The austenite formation under this condition is
related to the occurrence of a reverse transformation through
PDA. In addition, as indicated in Fig. 4(c)—(f) and Table 2, it is
apparent that, with an increase in the annealing time from
0.04 to 7.2 ks, the average grain size of the retained austenite
was increased from about 180 nm to around 280 nm, respec-
tively, due to the grain growth phenomena. It was reported
that the austenite stability is affected by different parameters
including the grain size, re-crystallization and the orientation
gradient of austenite [47]. Increasing the annealing time cau-
ses an increase in the grain size of austenite and consequently
raises the start temperature of martensite formation (Ms) [48].
Therefore, the austenite stability can be reduced with an in-
crease in annealing time.

As illustrated in Fig. 3, the calculated amount of the
retained austenite at ambient temperature using data of Fig. 2
reveals that the retained austenite value in the PDA-processed
specimen for 0.04 ks is about 58% which decreases signifi-
cantly to only about 6% after 7.2 ks annealing time. It has been
shown that the maximum austenite content of the homoge-
nized specimen after annealing at 600 °C for 7.2 ks is around
40% which is lower than the austenite content of the short
time PDA in this study [13]. The presence of nano-grained
austenite which stimulates further austenite nucleation,
together with nano-grained martensite including a high
dislocation density which suppresses the M, temperature,
appears to enhance the kinetics and volume fraction of the
reverse transformation.

The abrupt formation of a large amount of the reversed
austenite in the initial annealing times and its instability at
later stages of reversion indicates that the reverse trans-
formation probably occurs by a diffusionless shear mecha-
nism. It has been well clarified that a diffusionless shear
transformation is described with a fast change in the atomic
array that does not depend on time but it depends only on the
reversion temperature [49]. An earlier report suggested that
the reversed austenite formation under annealing of the
solution-treated Fe-9.6Ni-7.1Mn (at.%) steel at 600 °C for 7.2 ks
was taking place with a consecutive mixture of two mecha-
nisms, consisting of diffusionless shear and diffusional
mechanisms, as the volume fractions of the reversed
austenite formed by each of these mechanisms were

measured at about 40% and 18%, respectively [17]. By contrast,
in the present research all of the 58% reversed austenite was
formed by a diffusionless shear mechanism in the initial
times of PDA and there was no driving force for activating the
diffusional mechanism. This is attributed to the effects of
post-HPT processing on the starting material such as the
strain concentration, grain refinement and strain-induced
austenite formation. In addition, it seems that the volume
fraction of the reversed austenite during PDA at 600 °C is
almost constant for different annealing times before water
cooling to room temperature.

4.2. Mechanical properties

According to the microhardness measurements for the HPT-
processed sample and the PDA-processed specimens for
different annealing times in Fig. 6, and also investigating the
EBSD maps in Fig. 4, it is anticipated that the high hardness
value of the HPT-processed sample (690 Hv) is related to the
very high concentration of dislocations in the material and the
grain refinement of the microstructure. After PDA for only 0.04
ks, the hardness value decreases significantly to about 445 Hv
due to dislocation annihilation by a recovery process. There-
after, further annealing leads to a re-transformation of the
shear-formed austenite to new martensite having a ductile
nature as well as grain growth of the microstructure resulting
in a decline in the value of hardness.

As shown in Fig. 7 and indicated in Table 3, the YS and UTS
values in the ST specimen are almost the same together and
there is only a slight strain hardening associated with the high
number of dislocations in the o'-martensite, whereas the alloy
gives an elongation of around 16.4% because of its relatively
ductile nature. Processing by HPT enhances the UTS value of
the ST specimen to ~2230 MPa and simultaneously decreases
its elongation to ~3.1%. This higher strength and lower elon-
gation in HPT-processed sample is attributed to grain refine-
ment and the high density of dislocations and shear bands
introduced in the material [7]. After the PDA for 0.04 ks, the
UTS is decreased to ~1340 MPa and the fracture strain is
enhanced by about four times to ~11.9% which is associated
with the formation of the reversed austenite in the micro-
structure and the reduction in dislocation density by a re-
covery process. By contrast to the other specimens, the tensile
test results of this specimen show a pre- and post-uniform
deformation (necking) with a sharp UTS. This difference is
attributed to the bi-modal microstructure of the specimen
which includes a high volume fraction of ductile austenite and
a high dislocation martensite. Finally, PDA for 7.2 ks leads to a
greater reduction of the UTS to ~975 MPa and an increase of
the fracture strain to ~14.4% which is attributed to the
decrease in the amount of the shear-formed austenite and the
increase in the grain size by increasing the annealing time.
Accordingly, PDA at initial times leads to a good combination
of high strength and good ductility for the studied steel.

The SEM images of the fracture surfaces in Fig. 8 confirm
the results of the tensile test. The ductile fracture surface of
the ST specimen is in agreement with the recorded elongation
of around 16.4% (Fig. 8(a)). After applying HPT (Fig. 8(b)), the
fracture behavior changes from necking to shearing and
therefore the surface of fracture indicates a mixture of ductile
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and brittle manner as reported earlier [9,50]. The presence of
ultrafine dimples confirms the ductile fracture behavior of the
sample [49,51] and the cave-like shear bands produced
through shear deformation have a destructive effect on the
evaluated elongation [52]. It is important to note that under
the HPT processing, accumulation of deformation-induced
vacancies produces small vacancy agglomerations. These
agglomerates enlarge with increasing strain. During the ten-
sile testing, shear bands form and generate progressively and
the formation and propagation of these bands are revealed by
the FE-SEM image from the fracture surfaces of specimens
after HPT processing as shown in Fig. 8(b). As the shear bands
have higher strains compared to the bulk material, more de-
fects and correspondingly higher free energies are created in
these regions [53]. This excess free energy supplies the
required driving force for void formation during the shear
deformation. As the shear deformation develops, if the local
maximum shear stress exceeds the shear yield stress then the
voids gradually transform to sub-micrometer or even micro-
cracks [7] and these defects may reduce the overall ductility
and affect the fracture behavior during tensile deformation.
The fracture surfaces of the PDA-processed specimens for 0.04
and 7.2 ks (Fig. 8(c) and (d)) show again dimple shape
morphology with smaller sizes by comparison with the ST
specimen indicating a ductile facture mode with lower
ductility.

the solution-treated condition to a combination of ductile
and brittle nature after HPT. The fracture surfaces of the
PDA-processed specimens again showed ductile behavior.
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