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High-pressure torsion (HPT) is a severe plastic deformation (SPD) process that
produces ultrafine-grained (UFG) and/or nano-grained (NG) microstructures in bulk
disk-shaped metallic materials to enhance their mechanical properties, accompanied
by inhomogeneous microstructures and hardness distributions across the disk radius.
Although such inhomogeneity due to the radial dependency of HPT process is well-
documented in conventionally wrought and cast HPT-processed metals and alloys, it
has not been studied in their additively manufactured counterparts. Thus, this study
aims to investigate the inhomogeneous distribution of microstructures and hardness
values across HPT-processed disk-shaped 316L stainless steel (316L SS) samples
additively manufactured by laser powder bed fusion (L-PBF). The disk samples are
subjected to 1/4 and 1 HPT revolution, followed by extensive microstructural
characterisation and Vickers hardness (HV) measurements. The results show: (i) fine
micron (18+17 um) and UFG (118+25 nm) microstructures at the central (0<r<2.5 mm)
and peripheral (r>3 m) disk regions, respectively after 1/4 HPT revolution, and (ii) UFG
(980£500 nm) and true NG (68+15 nm) microstructures at the central and peripheral
disk regions, respectively after 1/4 HPT revolution. Unsurprisingly, a 2- to 3-fold
hardness increase (430 — 550 HV) is observed after HPT processing compared to the
as-received L-PBF AM 316L SS (200 — 250 HV) with the central disk area consistently
exhibits relatively lower hardness values compared to the disk peripheries. The results
present an exciting potential avenue to tailor or enhance the properties of additively
manufactured metals and alloys such as strength-ductility synergy by introducing
gradient nanostructures through the microstructural inhomogeneity attained via HPT.

1. Introduction

316L stainless steel (316L SS) is a common austenitic SS alloy commonly used in the biomedical,
marine, food and beverage, and nuclear industries due to its excellent corrosion resistance, low
neutron absorption, and good ductility. However, the relatively modest ultimate tensile strength of
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316L SS, <600 MPa resulting from its relatively coarse austenitic grains (>60 um) restricts its
applications for advanced structural applications such as those subjected to high loadings and harsh
environments as discussed in previous studies [1-3]. In fact, its low carbon content (typically <0.03
wt.%) mean that this alloy could not be heat treated to improve its strength, unlike Al and Ni alloys
that can be strengthened by various heat treatment procedures through the precipitation hardening
mechanism as has been shown in numerous studies [4-6]. Thus, the only viable approach for
increasing the strength of 316L SS is via grain refinement route based on the Hall-Petch relationship
(reducing grain size to improve yield/tensile strength), e.g. through cold working. Nevertheless, cold
working processes such as rolling, forging, and other conventional forming processes could only yield
limited grain refinement (within the range of tens of microns) due to their limited capabilities of
inducing plastic deformation as demonstrated by Xu et al., [7]. Thus, further grain refinements down
to the ultrafine grained (UFG) regions (grain sizes ranging from 100 nm — 1 um) and/or true nano-
grained (NG) regime (<100 nm), perhaps via higher degrees of plastic deformation is deemed
necessary to achieve the intended goal for this alloy to be used in advanced structural applications.

Fortunately, such an approach exists through high-pressure torsion (HPT), a well-known severe
plastic deformation (SPD) technique. It involves the application of extreme torsional strain levels on
disk-shaped metallic materials that can produce UFG and/or NG microstructures by introducing
dense dislocation networks and other nano-scale microstructural features as has been shown in
previous studies [8—10]. In HPT process, thin disk samples are placed within two large anvils whereby
the lower anvil is initially pushed up to provide large hydrostatic pressures (typically up to 6 GPa)
before being rotated to impose torsional shear strains onto the disks. The equivalent von Mises
strain, £.4. Imposed by HPT is typically estimated by the following equation described by Vorhauer et
al. [11]: &qq. = 2mN7r /h, where N is the number of HPT revolutions, ris the radius of the disk, and h
is the disk thickness. Based on this equation, in theory there should exist variations in applied strain
values across the radius of the disk, i.e. zero strain at the centre of the disk in which r=0 and increasing
strain towards the edge of the disk. This observation therefore implies a radial dependency in the
HPT process, possibly suggesting inhomogeneity in the microstructures attained and the resulting
hardness values that may vary considerably as a function of radial location of the disk based on the
strain gradient plasticity theory proposed by Ashby [12]. Indeed, previous studies reviewed by
Kawaski et al., [13] that (i) not only the strain at r=0 is not zero such that small deformation occurs at
least, evidenced by the hardness increase compared to the non-HPTed samples, but also (ii) different
levels of grain refinements and hardness values across the disk radius; i.e. UFG microstructures and
relatively lower hardness at central disk areas (0<r<2.5 mm) and NG microstructures at significantly
higher hardness closer to the peripheral regions (r>3 mm), particularly at lower strains during the
early deformation stages, e.g. N=1/4 to 1.

Recently, efforts to enhance the mechanical (hardness, yield and tensile strength and functional
(e.g. corrosion, wear, etc.) in additively manufactured metallic materials by applying HPT process
have been initiated by Mohd Yusuf et al., [14-19] for 316L SS and Al Zubaydi et al., [20,21] for AICuMg.
However, these studies only reported on overall enhancements in the mechanical and functional
properties by discussing the general UFG and/or NG microstructures formed after HPT, rather than
focusing on the inhomogeneous microstructures formed at the central and peripheral disk regions
that contribute to such improvements in the properties. Thus, in this study, HPT processing is initially
applied to 316L SS samples additively manufactured by laser powder bed fusion (L-PBF) from N=1/4
to 1, i.e. lower strain levels. This is followed by detailed microstructural characterisation of the UFG
and NG microstructures formed as well as hardness analysis at the central and peripheral areas of
the disk to address the inhomogeneity aspect of HPT processing on L-PBF 316L SS at the early
deformation stages.
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2. Methodology

At first, L-PBF process is used to additively manufacture a 316L SS cylindrical rod (200 mm length,
10 mm diameter) by using a Concept Laser M2 LaserCusing machine with the following processing
parameters; laser power, P: 200 W, scan speed, v: 1600 mm s}, layer thickness, d: 30 um, scan line
spacing, h: 150 um, and scan strategy: 5x5 mm islands. In preparation for HPT processing, the rod is
precisely sliced into thin disks of 1 mm through wire electrical discharge machining (EDM) and further
ground to ~ 0.85 mm by using 800 grits of SiC paper. The disks are then subjected to 1/4 and 1 HPT
revolutions (N=1/4 and N=1, respectively) in a quasi-constrained condition under 6 GPa of pressure
and speed of 1 rpm. The schematic of HPT process is adapted from Zhang et al., [22] and shown in
Figure 1.

\. Lower Anvil

P -_\ N ﬁJ Load
| Lower Anvil Rotation

Fig. 1. Schematic of HPT process taken from Zhang et al., [22]

After HPT processing, the disks are subjected to typical sample preparation procedures for
scanning electron microscopy (SEM) observations, including grinding (800 — 4000 grits SiC paper),
polishing (1 um diamond suspension), and etching (Kalling’s No. 2 reagent). SEM observations are
conducted at the central (0<r<2.5 mm) and peripheral (r>3 mm) disk areas. It is known that for
nanostructured metallic materials, advanced characterisation techniques are required to ascertain
the UFG and UG microstructures, Thus, electron backscattered diffraction (EBSD) analysis is
conducted at the central disk areas and transmission electron microscopy (TEM) observations is
carried out at the periphery as per the custom of numerous HPT-related studies [23—25]. For EBSD,
the disks are electropolished in 80:20 ratio methanol-perchloric acid mixture solution for 18 s at 16
V and 0.5 A. Subsequently, EBSD images are taken at areas of 100x100 um (step size 0.1 um) that
covers >100 grains each. For TEM, the disks are further mechanically ground to 80 um thickness
before 3 mm smaller disks are extracted to be dimpled using a dimple grinder and then polished into
thin foils by using a precision ion poilishing system (PIPS). The intercept method described by
Thorvaldsen [26] is used to measure the average grain sizes based on 300 grains in 20 TEM images
each. Finally, the hardness values are analysed based on the results of Vickers microhardness (HV)
measurements taken in a rectilinear grid pattern throughout the disk surface in a previous study by
Mohd Yusuf et al., [18] and correlated with the microstructures observed in this study.
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3. Results and Discussions
3.1 Microstructural Characterisation

Figure 2 displays the representative microstructures of the as-received and HPT-processed L-PBF
AM 316L SS. In particular, the EBSD map in Figure 2(a) exhibits a mix of coarse and fine grains
averaging 40 = 30 um formed after L-PBF (as-received condition) in almost square-like patterns
corresponding to the ‘island’ scan strategy used during the AM fabrication process. The inverse pole
(IPF) figure (inset of Figure 2(a) suggests generally random grain growth without any preferred
orientation and therefore no dominant texture as explained in various studies [27-32].

As-received

Fig. 2. (a) Coarse-grained microstructures in the as-received samples, and
UFG//NG microstructures at the central and peripheral disk regions after (b-c)
N=1/4 and (d-e) N=1
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However, the central and peripheral regions begin to exhibit changes in microstructures after 1/4
and 1 HPT evolutions. The impact of the torsional strain imposed by HPT is clearly pronounced at the
disk centre after N = 1/4 (0<g,, <4.6) by the visibly elongated grains (Fig. 2(b)). Here, the average
grain size is 18+17 um, indicating that the grains are still within the fine micron range and has not
entered the UFG domain yet. Contrastingly, the TEM image of the representative peripheral disk area
in Fig. 2(c) (5.5<€,.4.<9.2) exhibit similarly elongated, but sub-micron sized grains suggest that UFG
microstructures could already be formed even at the early HPT deformation stage, i.e. after 1/4
revolution in this case. Indeed, measurements through the intercept method reveal that the average
grain size obtained after N=1/4 at the peripheral disk region is 118425 nm. As the number of HPT
revolutions increase to N=1, the fraction of elongated grains reduces at the disk centre (0< &,, <18.5),
and equiaxed sub-micron grains (UFG microstructure) start to form with an average intercept grain
size of 980500 nm (Fig. 2(d)). On the other hand, nano-scale grains are formed at the peripheral
area afterl HPT revolution (22.2<g,.,<37) as shown in Fig. 2(e). However, the grain boundaries
appear ill-defined and somewhat wavy and diffused at this stage, a microstructural phenomenon
commonly observed in HPT-, SPD-processed metallic materials in general that is indicative of high-
energy non-equilibrium boundaries and an excess of extrinsic dislocations as explained by Ma et al.,
[33]. The average grain size here is determined as 68+15 nm, exhibiting true NG microstructures
attained at the peripheral region after 1 HPT revolution. Nevertheless, Mohd Yusuf et al., [34].
explained that the grain refinements in HPT-processed L-PBF AM 316L SS at early deformation stages
can be attributed to the competing mechanisms of dislocation generation/multiplication, primary
and secondary nanotwin formations and shear banding of the nanotwins.
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Fig. 3. Inhomogeneity in grain size distributions at disk centre (0<r <2.5 mm) and
periphery (r> 3 mm) after 1/4 and 1 HPT revolutions.
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Meanwhile, Figure 3 exhibits the distribution of grain sizes at the central and peripheral disk
region after 1/4 and 1 HPT revolutions. The grain sizes remain in the fine micron region (1-35 um) at
the central area despite the refinement after 1/4 HPT revolution (0 <&, <4.6) as shown in Figure 3(a),
but UFG and NG microstructures ranging from 90 — 150 nm are already formed at the periphery at
this early deformation stage (5.5<€,,<9.2). Increased torsional strain to 1 HPT revolution result in
further grain refinements at the central disk region (0<¢.,<18.5) down to 0.1 — 2 um, while true
nanostructured regime (53 — 83 nm) is reached at the periphery (22.2<¢,, <37) as respectively
displayed in Figure 3(c) and (d). Thus, the microstructural observations and analysis provided in
Figure 2 and 3 clearly show inhomogeneous microstructural formation and distribution in the HPT-
processed material at early deformation stages, correlating well with the studies reviewed by
Kawasaki et al., [13] previously. Consequently, these would also suggest certain levels of
inhomogeneity in the resulting hardness values at the central and peripheral disk regions.

3.2 Vickers Microhardness Distribution

Figure 4 shows colour-coded contour maps of HV measurements taken in a rectilinear grid
pattern on the as-received and HPT-processed L-PBF AM 316L SS conducted previously by Mohd
Yusuf et al., [18]. The X- and Y- positions are arbitrarily assigned, but the coordinate (0,0) represents
the dead centre of the disk (r=0). Meanwhile, the colour key at the right side of Figure 4 indicates the
range of HV values.

As-received N=1/4

Microhardness (HV)
we

Y-postion (mm)
Y-posion (mm)

X-position (mm) X-position (mm)

Y-position (mm)

L N

X-poston (mm)
Fig. 4. HV distribution throughout the surface of as-received and HPT-processed
L-PBF AM 316L SS presented as colour-coded contour maps based on result of

Mohd Yusuf et al., [18].
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A homogeneous distribution of HV values can be observed for the as-received disk, ranging from
200 — 250 HV. The average hardness, 220 HV is higher than conventional wrought/cast 316L SS, but
is common for 316L SS fabricated by L-PBF AM. This phenomenon has been attributed to the novel
microstructures formed resulting from the high cooling rates (10> — 107 Ks'!) compared to <103 Ks™*
in conventional approaches and also the layer-wise scan strategy involved during the fabrication
process as explain in previous studies [35—37]. Nevertheless, inhomogeneous hardness distributions
throughout the surface of the disks can be observed after 1/4 and 1 HPT revolutions as expected,
consistent with the radial dependency of HPT process described previously. After N=1/4, the HV
values at the central area ranges between 430 — 480 HV, whereas the peripheral region exhibits
hardness between 500 — 540 HV (Fig. 4(b)). With increasing number of HPT revolution to N=1, the
hardness values continue to increase to ~500 HV centrally, whereas the periphery only experiences
marginal increment to ~ 550 HV (Fig. 4(c)). Nevertheless, the rapid ~2 to 3-fold increase in hardness
values at the early HPT deformation stages (N=1/4 to 1) in this study can be ascribed to the significant
work hardening that results in grain refinement, dislocation generation/multiplication and as
reported in various literature [38—40]. These results highlight the effectiveness of HPT processing in
producing UFG/NG microstructures that significantly enhances the hardness, and possibly yield and
tensile strengths compared to conventional plastic deformation approaches such as rolling and
forging. Another interesting implication from the outcomes of this study is the exciting possibility of
introducing gradient nanostructures in additively manufactured metallic materials through the
microstructural inhomogeneity resulting from HPT or other SPD processes such as equal channel
angular pressing (ECAP) and accumulative roll bonding (ARB). Numerous studies have shown the
advantages of gradient-nanostructured materials, including excellent strength-ductility synergy,
coupled with improved functional properties, e.g. corrosion and wear as evident in various literature
[41-44]. Therefore, this presents and interesting opportunity to embark on studying the effects of
gradient nanostructures resulting from the microstructural homogeneity via HPT processing on the
strength and ductility, as well as the resulting functional properties of L-PBF AM materials in the
future.

4. Conclusions

In the present study, the microstructural and hardness inhomogeneities in L-PBF AM-fabricated
316L SS processed by HPT through 1/4 and 1 revolution are investigated by extensive microstructural
characterisation, and the UFG/NG microstructures are correlated with Vickers microhardness (HV)
measurements from a previous study. The following conclusions can be drawn based on the results
of this study:

i Microstructural inhomogeneity is observed after HPT processing, in which the central disk
areas (0<r<2.5 mm) reveal smaller grain sizes compared to those at the peripheral regions
(r>3 mm).

ii. After 1/4 HPT revolution, the average grain size at the central disk area is still in the fine
micron region (18+17 um), whereas the peripheries exhibit UFG grain microstructures
(average grain size: 118+25 nm).

iii. After 1 HPT revolution, UFG microstructures with an average grain size of 9804500 nm is
attained at the disk centre, whereas true NG microstructures (average grain size: 68+15
nm) are observed at the peripheral region.

iv. The microstructural inhomogeneity after HPT processing is accompanied by an
inhomogeneous increase in HV values at the central and peripheral disk regions.
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The microstructural and hardness inhomogeneities can be attributed to the radial
dependency of HPT processing that results in competing mechanisms of grain refinement,
dislocation generation/multiplication, and primary/secondary nanotwin formation.
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