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A 316L stainless steel was processed by high-pressure torsion (HPT) to evaluate the grain refinement and
phase transformation. The initial material was essentially a single phase γ-austenite with a coarse-
grained microstructure of ∼42 mm but the grain size was reduced to ∼45 nm after 10 turns of HPT. In
addition, there was a phase transformation and the initial γ-austenite transformed initially to ε-mar-
tensite and finally to α′-martensite with increasing strain. The dislocation density increased to an ex-
ceptionally high value, of the order of ∼1016 m�2, in the main α′-martensite phase after 10 HPT re-
volutions. The formation of the multiphase nanocrystalline microstructure yielded a four-fold increase in
hardness to reach an ultimate value of ∼6000 MPa. The Hall–Petch behaviour of the HPT-processed alloy
is compared directly with coarse-grained materials.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The 316L stainless steel is often used as a material for ortho-
paedic implants [1]. The three main alloying elements in 316L steel
are Cr, Ni and Mo where Cr is added to suppress atmospheric
corrosion (i.e. rusting) and Ni and Mo increase the corrosion re-
sistance of the alloy against chloride-containing human body
fluids. The alloy designation includes the letter L to indicate a low
carbon content (o0.03 wt%) which also improves the corrosion
resistance. The 316L steel is also used as a structural material in
nuclear power plants owing to its high strength, good ductility,
high fracture toughness, excellent corrosion resistance and low
absorption rate of neutron radiation [2–4]. The addition of Ni
stabilizes the metastable face-centred cubic (fcc) structure at room
temperature and this is designated γ-austenite [1]. The fcc iron
crystal is more ductile than the usual body-centred cubic (bcc)
structure of iron thereby producing a higher toughness. As a result,
the maximum tensile elongation for coarse-grained 316L steel can
reach 84%. At the same time, the hardness and the ultimate tensile
strength values in 316L steel are relatively low, of the order of
∼1400 MPa and ∼590 MPa, respectively, compared to steels having
a bcc structure [5].
a).
In all applications of 316L steel the mechanical strength is an
important factor. Over the last two decades, severe plastic de-
formation (SPD) was successfully applied for improving the
hardness of metallic materials [6–8] and, among all SPD proce-
dures, high-pressure torsion (HPT) is generally considered the
most effective technique for producing grain refinement and ul-
trafine-grained (UFG) or nanocrystalline microstructures [9].

The influence of HPT on the mechanical performance of 316L
steel was studied recently [5] and it was found that ten turns of
HPT at room temperature gave an increase in hardness from
1400 MPa to 4900 MPa and a decrease in the elongation to failure
from 84% to 23% while the material remained fully fcc γ-austenite
[5]. Additional annealing at 500 °C for 1 h yielded further hard-
ening to 5600 MPa with a simultaneous reduction of elongation to
16%, where this hardening was explained by the development of
subgrain/grain boundaries from the dislocations formed during
HPT. Other studies showed that γ-austenite in 316L steel may
transform partially into bcc α′-martensite during HPT [10]. How-
ever, charging of the samples with 22.3 ppm hydrogen reduced the
fraction of the transformed α′-martensite from 50% to 10%. This
effect is explained by the slip localization due to hydrogen-
enhanced slip planarity which then reduces the possibility of
a strain-induced transformation of metastable γ-austenite to
α′-martensite.

The temperature of the HPT processing strongly influences the
phase composition, the microstructure and the mechanical
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performance of 316L steel. If HPT is conducted at very low tem-
peratures, between �196 and 20 °C, γ-austenite transforms into
hexagonal close-packed (hcp) ɛ-martensite [11]. At high HPT
temperatures (4450 °C), dislocation glide is the dominant de-
formation mechanism in γ-austenite. At medium deformation
temperatures, between 20 and 450 °C, twinning was also ob-
served. Both twinning and the development of ɛ-martensite is
attributed to the low stacking fault energy (SFE) of 316L steel. The
hcp ɛ-martensite can be formed if stacking faults are developed on
every second {111} plane in fcc γ-austenite. At HPT-processing
temperatures between �196 and 720 °C, α′-martensite was not
observed [11]. Due to the change of the deformation mechanisms
in 316L steel, an abnormal hardening was observed with increas-
ing HPT temperature. Thus, the highest strength was detected at
∼600 °C while at lower and higher temperatures the hardness
decreased. Although numerous investigations were performed on
316L steel, there has been no detailed study of the concomitant
grain refinement and phase transformation in HPT-processed 316L
steel as a function of the number of turns imposed in the HPT
processing.

The present investigation was designed to address this defi-
ciency by examining the evolution of the phase composition, the
grain size and the dislocation density during HPT processing of
316L stainless steel. The study of the strain-induced phase trans-
formation in HPT-processed 316L steel is particularly important in
the hydrogen embrittlement of 316L steel because the insight
gained from this investigation can apply directly to studies where
the hydrogen influence is dependent upon the type of phases
present during any mechanical deformation process [4]. In addi-
tion, scanning and transmission electron microscopy were used to
examine the microstructures on cross-sections of the as-processed
disks as a function of the numbers of HPT revolutions. By contrast,
earlier studies examined only the disk surfaces of 316L steel after
HPT processing [5,10,11]. In addition, the dislocation densities at
the peripheries of the disks were determined by X-ray line profile
analysis to provide the first information on dislocation densities in
316L stainless steel processed by HPT. The evolution of hardness
during HPT and its relation to grain size was also investigated.
2. Experimental material and procedures

The chemical composition of the 316L stainless steel samples is
shown in Table 1. The material was annealed at 1100 °C for 1 h and
then quenched to room temperature in water to give a coarse-
grained single phase γ-austenite. For HPT processing, disks were
prepared with diameters of 9.85 mm and thicknesses of
∼0.85 mm. All disks were processed by HPT operating under quasi-
constrained conditions [12,13] with an applied pressure of 6.0 GPa
at room temperature. The HPT deformation was continued for
various numbers of revolutions, N, from 1/4 to 10 turns.

The HPT-processed microstructures were studied on the cross-
sections of the disks using an FEI Quanta 3D scanning electron
microscope (SEM). Each surface was mechanically polished with
1200, 2500 and 4000 grit SiC abrasive papers and then the pol-
ishing was continued with a colloidal silica suspension (OP-S) with
a particle size of 40 nm. Finally, the surface was electropolished at
28 V and 0.5 A using an electrolyte with a composition of 70%
Table 1
The concentrations of the main alloying elements as determined by energy-dis-
persive X-ray spectroscopy for 316L steel used in this study.

Element Fe Cr Ni Mo Mn Si Cu Co

wt% Bal. 17.20 8.97 2.13 1.03 0.77 0.48 r0.35
ethanol, 20% glycerine and 10% perchloric acid (in vol%). The
electron backscattered diffraction (EBSD) images were taken with
a step size of 30 nm and evaluated using OIM software (TexSem
Laboratories).

In the periphery of the HPT-processed disks it was not possible
to investigate the strongly refined and distorted microstructure by
EBSD. Therefore, transmission electron microscopy (TEM) in-
vestigations were applied for the determination of grain size. The
TEM lamellae were prepared with special care from the cross-
sections of the disks in order to avoid additional unwanted an-
nealing of the samples. Low temperature glue (GATAN G1) was
used at 60 °C to fix the sample in the 3 mm diameter Ti disk. Ion
milling was conducted at 7 keV with continuous cooling of the
sample by liquid nitrogen. The TEM examinations were performed
in a Philips CM20 electron microscope operating at 200 keV.
Images and diffraction patterns were recorded on imaging plates
and the diffraction patterns were indexed using the ProcessDif-
fraction program [14,15].

The phase composition, the crystallite size and the dislocation
density were investigated by X-ray diffraction (XRD). The XRD
patterns were measured using a high-resolution diffractometer
with CoKα1 radiation (wavelength: λ¼0.1789 nm). The X-ray line
profile analysis (XLPA) was carried out with the Convolutional
Multiple Whole Profile (CMWP) fitting method [16]. In this pro-
cedure, the diffraction pattern is fitted by the sum of a background
spline and the convolution of the instrumental pattern and the
theoretical line profiles related to the crystallite size and disloca-
tions. Because of the nanocrystalline microstructures of the sam-
ples, the physical broadening of the profiles was much larger than
the instrumental broadening and therefore instrumental correc-
tion was not applied in the evaluation. The theoretical profile
functions used in this fitting procedure were calculated on the
basis of a model of the microstructure where the crystallites have
spherical shape and a log-normal size distribution. The following
parameters of the microstructure were determined from the
CMWP fitting procedure: the area-weighted mean crystallite size
(ox4area) and the mean dislocation density (ρ). The value of
ox4area was calculated as ox4area¼m exp(2.5 s2), where m is
the median and s2 is the log-normal variance of the crystallite size
distribution.

The hardness was measured as a function of the distance from
the centre of the HPT-processed disks using a Zwick Roell ZHm
hardness tester with a Vickers indenter, an applied load of 500 g
and a dwell time of 10 s. Additional nanohardness measurements
were performed on the cross-sections of the disks using a UMIS
nanohardness device with a Vickers indenter and a maximum load
of 3 mN. The size of the indents was ∼1 mm. A series of 400 in-
dentations was recorded which were arranged in an 8�50 matrix
with lateral spacings of 10 mm. The shorter edge of this matrix was
parallel to the disk diameter.
3. Experimental results

3.1. Change of phase composition during HPT

The microstructure of the initial material is illustrated in Fig. 1.
The EBSD images in Fig. 1a and b show the grain structure in fcc γ-
austenite and bcc α′-martensite, respectively. It is apparent that
the majority (∼97 vol%) of the initial sample is γ-austenite with a
mean grain size of ∼42 μm. Smaller α′-martensite grains are also
observed besides the austenite grains as shown in Fig. 1b. Fig. 2a
and b present the X-ray diffractograms obtained for the centre and
the periphery of the disks, respectively, in the initial specimen and
the HPT-processed samples with the smallest (N¼1/4) and the
highest (N¼10) numbers of turns. The comparison of these



Fig. 1. EBSD images showing the grain structure in the initial sample for (a) fcc γ-austenite and (b) bcc α′-martensite.

Fig. 2. X-ray diffractograms obtained (a) for the centre and (b) for the periphery of disks in the initial condition and after HPT processing with the smallest (N¼1/4) and the
highest (N¼10) numbers of turns.

Fig. 3. Backscattered electron images obtained by SEM on the cross-sections of the
initial sample and the disks processed by HPT for 1/4 and 10 turns.
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diffraction patterns reveals a change of the phase composition due
to HPT straining. The initial sample is almost a single phase
γ-austenite with a very small fraction of α′-martensite in ac-
cordance with the EBSD results. Processing by HPT gave a phase
transformation such that fcc γ-austenite transformed into hcp
ɛ- and bcc α′-martensites. The higher the numbers of turns and
the greater the distance from centre, the more advanced the
transformation. For the highest number of turns (N¼10) the HPT-
processed disk at the periphery contains mainly α′-martensite.
This observation suggests that the phase transformation is pro-
moted by the strain applied in the HPT processing.

3.2. Microstructure evolution as determined by SEM and EBSD

Backscattered electron images were taken on the cross-sections
of the initial and the HPT-processed samples by SEM. Fig. 3 shows
representative SEM images for the initial sample and the disks
processed by 1/4 and 10 turns of HPT in order to illustrate the
evolution of the cross-sectional microstructure. The initial speci-
men exhibits a uniform coarse-grained microstructure but the
strain gradient along the radius of the HPT-processed disk causes a
non-uniform microstructure: in the centre (low strain) coarse
grains of several tens of microns were detected while far from the
centre (large strain) a flow pattern was developed which consists
of dark and bright regions in the SEM images. The coarse-grained
microstructure in the centre and the flow pattern at the periphery
for the sample processed by 1/4 turn are shown at higher mag-
nifications in Fig. 4a and b, respectively. The grain size was not
refined to the UFG regime in the vicinity of the disk centre (closer
than 0.5 mm to the centre) even after 5 turns. At the same time,
apart from the centre region the grain size cannot be resolved in
the SEM images due to the very fine and distorted microstructure.
After HPT for 10 turns, the grain size cannot be determined by SEM
even in the centre. In addition to the grain refinement, cracks
developed in the samples processed by three or more turns as
revealed by the SEM images in Fig. 4c and d taken on the cross-
sections of disks processed by 3 and 10 turns, respectively.

In the centre of the HPT-processed disks, lamellae were formed



Fig. 4. SEM images of the coarse-grained microstructure in (a) the centre and (b) the flow pattern at the periphery for the sample processed by 1/4 turn. Cracks on the cross-
section of the disks processed by (c) 3 and (d) 10 turns.

Fig. 5. SEM image (a), IQ map (b), and crystallographic orientation maps of γ-austenite (c), ε-martensite (d) and α′-martensite (e) for the centre of the disk processed by 1/4
turn.
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inside the coarse grains which appear in bright contrast in the
SEM images (see, for example, Fig. 4a for 1/4 turn). Fig. 5a shows
these lamellae at a higher magnification. The image quality (IQ)
map in Fig. 5b reveals low IQ values in the bright regions sug-
gesting severely distorted microstructures in these volumes. The
EBSD images in Fig. 5c–e show that in most of the bright regions
the fcc γ-austenite transformed into ɛ-martensite with hcp crystal
structure. It has been shown [17] that ɛ-martensite can be formed
by developing stacking faults (SFs) on every second {111} plane in
fcc γ-austenite. The IQ values are low in all ɛ-martensite lamellae,
indicating severe distortion in this phase which may be caused by
dislocations and SFs in the hexagonal structure. If the sequence of
SFs does not follow the order required for hcp stacking, the IQ
values are low but ɛ-martensite is not identified. Such bands can
be seen in the middle and the right side in Fig. 5b. Therefore, it can
be concluded that the areas with bright contrast in the SEM
images are ɛ-martensite lamellae or severely deformed bands.
Fig. 5e shows that α′-martensite grains were nucleated in the ɛ-
martensite bands. These grains are less distorted as indicated by
the higher IQ values (see Fig. 5b) and have darker contrast in the
SEM image compared to ɛ-martensite (see Fig. 5a). The observed
contrast difference between ɛ- and α′-martensites is consistent
with earlier investigations [17,18]. The present SEM/EBSD in-
vestigations suggest the sequence γ-ɛ-α′ for the phase trans-
formation during HPT-processing, which is in accordance with
results reported for other deformation methods [17,19–21]. The
fractions of ɛ- and α′-martensites increased at the expense of γ-
austenite with increasing number of HPT turns as illustrated by
the EBSD images in Fig. 6 taken at the centre of the disk processed
Fig. 6. SEM image (a) and crystallographic orientation maps of γ-austenite (b), ε-mar
by 1/2 turn. This observation is in accordance with the XRD ex-
periments shown in Fig. 2.

The SEM images revealed flow patterns with bright and dark
regions on the cross-sections apart from the sample centre for all
HPT-processed disks. This flow pattern is illustrated for 1/4 turn in
Fig. 4b. The thickness of the bright and dark regions varies be-
tween 2 and 20 mm independently of their positions along the disk
radius. Energy-dispersive X-ray spectroscopy (EDS) in SEM re-
vealed no significant difference between the chemical composi-
tions of these two regions. Additional EBSD investigations, which
are not shown here, indicated that all three crystalline phases
existed in both regions. However, in the bright volumes the ratio of
the fractions of ɛ- and α′-martensite is much larger than in the
dark volumes. As an example, after 1/4 turn the fractions of the γ, ɛ
and α′ phases in the two neighbouring bright and dark regions
were determined as 13%, 62%, 25% and 4%, 42%, 54%, respectively.
As the contrast of ɛ-martensite in the SEM images is brighter than
for γ-austenite or α′-martensite (see Figs. 5 and 6), the larger
fraction of ɛ-martensite yields brighter contrast in the flow
pattern.

The mechanical performance of the areas with dark and bright
contrast was determined by nanoindentation. In order to ensure
that the indent size was below the thickness of the dark and bright
regions, measured between ∼2 and ∼10 mm as determined from
SEM images as for the 1/4 turn in Fig. 4b, the load was limited to
3 mN to give an indent size below 1 mm. The mean and the stan-
dard deviation of the nanohardness values for the bright region
were obtained as 9.0 and 1.2 GPa, respectively, and the corre-
sponding values for the dark region were 9.9 and 1.4 GPa,
tensite (c) and α′-martensite (d) for the center of the disk processed by 1/2 turn.



Fig. 7. TEM images obtained at the periphery of the disks processed by 1/4 (a), 1/2 (b) and 10 (c) turns and at the centre after 10 revolutions (d).

Fig. 8. Fitting on the XRD pattern taken on the periphery of the disk processed by
10 turns of HPT. The open circles and the solid line represent the measured and the
fitted patterns, respectively. The indices of reflections of the evaluated peaks of
α′-martensite are given above the reflections. The difference between the measured
and fitted diffractograms is shown at the bottom of the figure.
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respectively. This means the hardness values are very close in
these two regions despite their different phase compositions.
Apart from the centre part of the disks, the grain size was of the
order of the pixel size of the EBSD investigation (∼30 nm) and the
microstructure was very distorted so that it was not possible to
determine the grain size using EBSD. Thus, TEM was performed to
study the grain size far from the disk centre.

3.3. Grain size and dislocation density by TEM and XLPA

Close to the periphery of the HPT-processed disks, the micro-
structure was studied by TEM. The dark field TEM image in Fig. 7a
shows that the grain structure is very fine at the periphery even
after 1/4 turn of HPT. The grain size was determined from the dark-
field TEM images as the diameter of the individual grains. About
one hundred grains were evaluated for each disk. The average grain
size was measured as ∼120 nm for this sample. The grain size was
further refined with increasing numbers of HPT revolutions. Re-
presentative TEM images obtained at the periphery after ½ and 10
turns are shown in Fig. 7b and c, respectively. After 10 turns the
average grain size was reduced to ∼45 nm at the periphery of the
HPT-processed disk. The different crystalline phases were not se-
parated in the TEM images and therefore the grain sizes represent
the average values for all phases in the peripheral regions of the
disks. As noted in Section 3.2, after 10 turns coarse grains were not
observed at the disk centre by SEM and therefore this micro-
structure was also investigated by TEM (see Fig. 7d). The measured
average grain size was ∼95 nm thereby demonstrating the occur-
rence of a nanocrystalline microstructure even in the centre of the
sample processed by 10 revolutions of HPT.
The XLPA was applied to determine the crystallite size and the
dislocation density in the HPT-processed samples. Due to the
strongly overlapping peaks of γ-austenite and ɛ-martensite (see
Fig. 2), the line profiles of these phases were not evaluated.
Therefore, the parameters of the microstructure were determined
only for α′-martensite. A major attempt was undertaken to de-
termine crystallite size and dislocation density values characterizing



Fig. 10. Microhardness as a function of the distance from the centre of disks pro-
cessed for different numbers of HPT turns.
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relatively large volumes in the samples and accordingly the XRD
patterns were evaluated only in the peripheral regions of the disks
where α′-martensite was the major phase. As an example, Fig. 8
illustrates the fitting on the XRD pattern taken at the periphery of
the disk processed by 10 turns of HPT. Four peaks of α′-martensite
were measured by Co radiation in the Bragg angle range 40–140°.
These reflections were fitted by the CMWP method as indicated by
the indices of reflections in Fig. 8. The peaks of γ-austenite and
ɛ-martensite phases were put into the background. The difference
between the measured and the fitted diffractograms is practically
zero as shown at the bottom of Fig. 8, indicating an excellent fitting
of the theoretical pattern to the measured diffractogram. Therefore,
the reliability of the values of the microstructural parameters
(crystallite size and dislocation density) is high despite the over-
lapping of the peaks of the different phases. The uncertainty of the
results was determined from the error of the fitted parameters as
given by the CMWP software. The uncertainties of the crystallite
size and the dislocation density were in the range 5–15%. In addi-
tion, each fitting procedure was repeated several times using con-
siderably different initial parameter values. The difference between
the results obtained by the repeated fitting procedures was below
their errors given by the CMWP program.

Fig. 9 shows the average grain and crystallite sizes, and dis-
location density as a function of the number of HPT revolutions. It
was found that the crystallite size decreased from ∼37 to ∼21 nm
while the dislocation density increased from ∼66�1014 m�2 to
∼133�1014 m�2 with increasing numbers of HPT turns from 1/4
to 10. It is therefore concluded that the crystallite size is very small
and the dislocation density is very large at the peripheries of the
disks even after 1/4 turn. After 10 revolutions, the crystallite size
and dislocation density reached, respectively, exceptionally small
(∼21 nm) and large (∼133�1014 m�2) values. It is noted that this
crystallite size is smaller than the grain size obtained by TEM by a
factor of ∼2–4. This apparent discrepancy is often observed in SPD-
processed materials and is readily explained by the breaking of
X-ray coherency due to the small misorientations inside the grains
[22]. Therefore, the XLPA measures the size of the subgrains or
dislocation cells rather than the true grain size. The better statis-
tics of XLPA compared to TEM may also contribute to the differ-
ence between the crystallite size and the grain size values. For
each sample, about one hundred grains were evaluated in the TEM
images while the number of crystallites contributing to the X-ray
diffraction peaks was at least three orders of magnitude larger.
Fig. 9. The average grain size obtained by TEM and the crystallite size and dis-
location density determined by X-ray line profile analysis for α′-martensite at the
periphery of the HPT disks as a function of the numbers of revolutions.
3.4. Evolution of hardness in the HPT-processed stainless steel

Fig. 10 shows the microhardness as a function of the distance
from the centre for the disks processed for different numbers of
HPT turns. The hardness of the initial material was ∼1400 MPa
throughout the disk. After ¼ revolution there was a strong hard-
ening and the hardness values increased by factors of ∼2.7 and
∼3.5 in the centre and periphery, respectively. A further increase in
the numbers of turns gave additional hardening and the highest
hardness of ∼6000 MPa was achieved at the periphery of the disk
processed by 10 revolutions. It is noted that this value is more than
4 times larger than the hardness of the initial material. Further-
more, the results show that most of this increment in hardness
was achieved after only 1/4 turn of HPT. The microhardness in-
creased with distance from the centre for all disks in accordance
with the increase of strain along the HPT sample radius. This in-
creasing hardness with increasing distance from the centres of the
disks is consistent with the general trends reported for many
metals processed by HPT [23]. Furthermore, the hardness dis-
tribution remained inhomogeneous even after 10 revolutions of
HPT indicating that a saturation in hardness was not achieved in
the disk centre after the highest number of turns. A failure to
achieve a hardness saturation is consistent with other recent re-
sults from HPT processing where there was no saturation in a NiTi
alloy after 40 turns [24] or in a β-Ti alloy after 50 turns [25].
4. Discussion

4.1. The phase transformation and grain refinement in 316L stainless
steel

The use of EBSD and XRD in this investigation showed that the
initial fcc γ-austenite transformed gradually into hcp ɛ- and bcc
α′-martensites during HPT (see Figs. 2, 5 and 6). The phase
transformation followed the sequence γ-ɛ-α′. Previous studies
[20,21,26] showed that the γ-α′ transformation can occur di-
rectly or with the formation of the intermediate ɛ-martensite
phase. Theoretical calculations [27] suggest that ɛ-Fe is a high-
pressure modification of iron and is stable only at pressures above
∼10 GPa. However, this phase is often observed after deformation
performed at pressures lower than 10 GPa. For example, in the
present experiments a large fraction of ɛ-martensite was detected
although the HPT pressure was only 6 GPa. This apparent dichot-
omy can be explained by the local stresses inside the material
which may be higher than the external pressure. The low stacking
fault energy (SFE) in 316L steel may also facilitate the formation of



Fig. 11. Hall–Petch plot for the relationship between the Vickers hardness and the
grain size, d, measured in this study (solid symbols) and in earlier reports [5,36–40]
for 316L steel: the phase compositions are given at the symbols.
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ɛ-martensite. The alloying elements (e.g. Cr and Ni) in stainless
steels reduce the SFE to a value lower than 20 mJ/m2 [28] leading
to an easier formation of SFs. If SFs are developed on every second
{111} plane in fcc γ-austenite, the fcc stacking ABCABC transforms
into the hcp structure ABABAB. Thus, ɛ-martensite may form in the
lamellae exhibiting this special order of SFs. As the SFs are formed
by gliding of partial dislocations in fcc crystals, ɛ-Fe is most
probably developed in deformation bands and there is evidence
that α′-martensite forms at the intersection of these deformation
bands. However, the present investigation suggests that α′-mar-
tensite grains may be nucleated in the ɛ-martensite lamellae even
if they are not intersected by other deformation bands (see, for
example, Fig. 5). It should be noted that the high fraction of
α′-martensite in the present HPT-processed samples most prob-
ably deteriorates the corrosion resistance of the 316L steel since
the fcc γ-austenite has better resistance against corrosion [29]. It is
also noted that a reverse martensitic transformation (α′-ɛ) was
observed during room temperature HPT in a stainless steel with a
different chemical composition [30].

The present results demonstrate that the grain refinement in
316L steel is very fast at the periphery of the HPT-processed disks
and a nanocrystalline microstructure develops after only 1/2 turn.
At the same time, coarse grains with sizes of ∼30–40 mm can be
observed in the centre even after 5 turns. It should be noted,
however, that these grains are fragmented into lamellae contain-
ing γ, ɛ and α′ phases and therefore their strengthening effect is
much larger than for the initial grains with similar sizes. The large
hardening effect of this lamellae microstructure is demonstrated
by the high hardness increment in the centres of the disks after
1/4 turn (see Fig. 10). The very different microstructures in the
centre and the periphery yield a strong hardness gradient along
the disk radius which is maintained even after 10 turns of HPT. In
order to achieve a more homogeneous microstructure and hard-
ness, a larger number of HPT revolutions will be required. It should
be noted, however, that cracks developed during HPT processing
(see Fig. 4) which reduce the tensile strength of the material. Thus,
it is possible that further straining by HPT may lead to more ex-
tensive cracking and an overall diminution in the tensile perfor-
mance of the 316L steel.

4.2. Dislocation density and the Hall–Petch relationship

The dislocation density in α′-martensite at the disk periphery
was very large even after 1/4 turn (∼66�1014 m�2) and it further
increased to ∼133�1014 m�2 after 10 revolutions of HPT. This
value is extremely high compared to dislocation densities obtained
by XLPA for other HPT-processed materials [31]. The grain size was
also very small at the periphery even after 1/4 turn (∼120 nm) and
this was further refined to ∼45 nm after 10 revolutions. This na-
nocrystalline microstructure led to a very high hardness at the
peripheries of the disks (see Fig. 10).

The correlation between the grain size, d, and the hardness, H,
is usually described by the Hall–Petch relationship which is given
by [32,33]

= + ( )−H H K d 1H0
1/2

where H0 and kH depend on the structure and the chemical
composition of the material. In addition, the values of H0 and kH
are often different for coarse-grained and UFG (or nanocrystalline)
microstructures. For example, in Cu when the grain size is reduced
to the range ∼20–100 nm the Hall–Petch slope, kH, decreases [31].
This breakdown of Hall–Petch behaviour is usually explained by
the grain size dependence of the stress required to operate a
Frank–Read source [34] and the strong reduction in the numbers
of dislocations in pile-ups with decreasing grain size [35].
There is also a similar difference between the Hall–Petch
parameters for coarse-grained and UFG regimes in 316L steel.
Fig. 11 shows a Hall–Petch plot for 316L steel using published data
[5,36–40] and the results from this study. It is evident that, con-
sidering the total grain size range from 35 nm to 49 mm, the data
do not follow a single Hall–Petch equation. On the contrary, se-
parate lines may be fitted for the datum points of the coarse-
grained and UFG samples. For grain sizes larger than ∼1 mm,
H0¼745 MPa and kH¼2804 MPa mm1/2. For the UFG regime, the
straight line in the Hall–Petch plot was determined by fitting the
results obtained in this study as represented by solid circles.
However, some datum points from investigations with grain sizes
smaller than ∼1 mm also follow this trend which is given by values
H0¼3220 MPa and kH¼580 MPa mm1/2. The data in Fig. 11 were
obtained on 316L samples with different phase compositions
which are indicated in the figure legend. Thus, it can be seen that
the grain size has a more deterministic effect on hardness com-
pared with the influence of the phase composition so that datum
points with similar grain sizes but different phase compositions lie
close to each other in the Hall–Petch plot. By contrast, it is readily
apparent that there are differences between the hardness values of
the samples with similar grain sizes and different phase compo-
sitions. In most cases, a higher fraction of γ-austenite is accom-
panied by a slightly lower hardness for similar grain sizes and this
is most probably due to the softer fcc lattice (for example, on the
right side of the Hall–Petch plot in Fig. 11).
5. Summary and conclusions
1. Coarse-grained 316L stainless steel with an fcc structure (γ-
austenite) and a grain size of ∼42 μm was processed by HPT
under a pressure of 6.0 GPa for up to 10 turns. The grain size
was reduced to ∼45 nm at the disk periphery after 10 turns.

2. During HPT deformation, the fcc structure was gradually
transformed into hcp and bcc phases (ε- and α′-martensites,
respectively). The ε-martensite formed initially as lamellae in
the γ-austenite coarse grains and then α′-martensite grains
were nucleated in the ε-martensite phase. At very high strains
in the peripheral region of the disk after 10 turns, the main
phase was α′-martensite.

3. Examination of the α′-martensite by X-ray line profile analysis
after 10 turns gave a crystallite or subgrain size of ∼21 nm and
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an exceptionally high dislocation density of ∼133�1014 m�2.
4. Processing by HPT increased the hardness from ∼1400 to

∼3800 MPa in the disk centre after 1/4 turn and the hardness
increased with increasing numbers of revolutions and distance
from the centre. A maximum hardness of ∼6000 MPa was
achieved at the periphery of the disk processed by 10 turns of
HPT.

5. The grain size versus hardness results followed the Hall–Petch
relationship but the slopes were different in the coarse-grained
and ultrafine-grained regimes. The results show the hardness is
more sensitive to the grain size than the phase composition.
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