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sizes in the micron and millimeter ranges. In this study, high-pressure
torsion (HPT), a nanostructuring approach that imposes compressive
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stress and extreme torsional strain on bulk materials is applied to an
Nanostructuring, additive additively manufactured (AM) 316L stainless steel (316L SS) for 10
manufacturing, high-pressure revolutions. The grain sizes, hardness, and corrosion performance
torsion, 316L stainless steel, before and after HPT are evaluated by using extensive microscopy
strength, corrosion performance techniques, Vickers hardness (HV) measurements, and electrochemical

tests conducted in 3.5 wt.% NaCl solution, respectively. The results
show that after 10 HPT revolutions, nano-sized grains (average: ~42
nm) are obtained, whereas a three-fold increase in HV values from
~220 HV to ~600 HV are observed. Furthermore, the corrosion
performance is also significantly enhanced as indicated by the
reduction in corrosion rate from 2.53 pm/year initially, to 0.48
um/year after HPT processing. These results highlight the benefits of
HPT in producing bulk nanostructured materials with remarkably high
hardness and excellent corrosion performance, potentially useful for a
myriad of applications.

1. Introduction

Nanoengineering is an engineering discipline that involves the manipulation and interaction of nanostructures in
the atomic and/or molecular scales (10-° nm or less) to produce materials, devices, or systems possessing entirely
new/programmable functionalities and capabilities [1]. Some examples of nanomaterials that result from
nanoengineering are carbon nanotubes (CNT), semiconductors, and microelectromechanical systems (MEMS).
CNTs have high strength-to-weight ratio and excellent thermal conductivity, which are incorporated in various
sports equipment to improve performance and durability. In addition, semiconductor devices find their
application in various electrical and electronics equipment, such that they are used as single discrete devices or
as integrated circuit (IC) chips. Moreover, MEMS devices are also used for similar applications as semiconductor
devices, but they are tiny integrated devices/systems in the sub-micron scale (<1 pm), that combine mechanical
and electrical components within a single component. Precision engineering techniques including
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photolithography (PL), electron beam lithography (EBL), nanoimprint technology (NIL), and micro-machining are
commonly used to produce such nanomaterials and nanodevices [2]. These techniques fall under the subtractive
manufacturing (SM) category, in which high-energy beams (PL, EBL, and NIL) and precision cutting tools
(micromachining) are used to remove some parts/sections of a bulk material to achieve the desired shapes and
structures.

On the other hand, bulk nanostructured materials (BNMs) are a class of metals and alloys having grain sizes
<100 nm with superior mechanical (e.g. tensile strength and superplasticity) and functional (e.g. corrosion and
wear) properties than their coarse-grained counterparts [3-5]. Such BNMs are typically produced via a
nanostructuring approach termed severe plastic deformation (SPD), in which extremely high strains are imparted
on bulk metallic materials to cause significant microstructural refinement that often results in improvement of
the properties [6,7]. High-pressure torsion (HPT) is an SPD technique that involves the application of combined
compressive force and torsional strain on thin disks (~1 mm thick) under high pressure (up to 6 GPa) via upward
movement and rotation/revolution of the lower anvil of the HPT machine, respectively. It is one of the most
effective SPD techniques in producing large volume fractions of high-angle grain boundaries (GBs), thereby
enabling the grain refinement level and homogeneity of strain distribution to be controlled by varying the number
of revolutions of the lower anvils [8,9]. Therefore, HPT can be regarded as a nanostructuring approach within the
realm of nanoengineering to produce nanomaterials.

Therefore, in this study, HPT processing through 10 revolutions is applied to produce nanostructures in a
316L stainless steel (316L SS) alloy additively manufactured (AM) by laser powder bed fusion (L-PBF), followed
by hardness and corrosion resistance tests to evaluate the mechanical and functional properties of the
nanostructured material, respectively. L-PBF is an additive manufacturing process that uses laser beam to
selectively melt and fuse successive powder layers to form a 3D object based on the initial computer aided design
(CAD) data. L-PBF AM 316L SS is selected to be subjected to HPT in this study because L-PBF AM is known to
produce novel microstructures comprising of melt pools, cellular structures, and fine grain sizes down to 10 um,
and due to its ability to tailor these microstructures to suit the required applications by varying the processing
parameters [10-12]. Additionally, 316L SS is chosen as it is an engineering alloy widely used for various
applications in the marine, biomedical, and nuclear industries. Thus, the combination of L-PBF AM and HPT in this
study is expected to yield unique nanostructural features that result in superior strength and corrosion
performance for the targeted alloy.

2. Materials and Experimental Procedures

Spherical gas-atomised 316L SS powder with particle sizes ranging from 5 - 55 pm supplied by Concept Laser
GmbH were used in this study. Electron dispersive x-ray spectroscopy (EDX) analysis reveal the following
chemical composition for the 316L SS powder (in wt.%): Cr: 18.43, Ni: 12.2, Mo: 2.46, Si: 0.75, P: 0.032, C: 0.02 S:
0.01, and Fe: bal. On the other hand, x-ray diffraction (XRD) measurements showed that the powder consists of a
single y-austenite phase.

L-PBF additive manufacturing of a 200 mm long cylindrical rod with a diameter of 10 mm was conducted using a
Concept Laser M2 Selective Laser Melting (SLM) machine. The following processing parameters were used for this
process as recommended by Concept Laser: laser power, P: 200 W fiber laser, scan speed, v: 1600 mm s™!, layer thickness,
h: 30 pm, hatch spacing, s: 150 um, and 5 x 5 mm? ‘island’ scan strategy. The build environment was purged with
nitrogen to prevent contamination and oxidation, while the internal temperature was kept at 21°C throughout the SLM
process. The rod was built vertically upright parallel to the z-direction.

The cylindrical rod was then machined to a diameter of 9.8 mm and then sliced into thin disks of thickness ~1 mm
before being ground to thicknesses ranging from 0.81 — 0.86 mm. HPT processing was then conducted using a HPT
facility at room temperature, such that the thin disks were placed inside a circular depression located in the middle of the
upper and lower anvils of the HPT facility. The disks were deformed via the upward movement of the lower anvil that
provided compressive force, subsequently followed by its rotation that imposed extreme torsional strains. The disk
samples were subjected to a pressure of 6 GPa and constant rotational speed of 1 rpm for 10 revolutions. The equivalent
von mises strain imposed by HPT, € pr can be estimated by the following equation [13]:

2ntNR

€upT W3 (1)
where N is the number of HPT revolutions (N=10 in this study), R is the distance from the centre, and h is the
initial disk thickness. Based on Eqn. 1, the HPT-imposed equivalent von mises strain were evaluated as 136.
The as-received and HPT-processed disks through 10 revolutions were then subjected to typical sample
preparation procedures for scanning electron microscopy (SEM) and electron backscattered diffraction (EBSD)
observations detailed in Ref. [14] and for transmission electron microscopy (TEM) described in Ref. [15]. The
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microstructural features before and after HPT processing such as melt pools, cellular structures, grain sizes, and
dislocations were characterised using these extensive microscopy techniques.

Vickers microhardness (HV) measurements were taken: (i) along the diameter of the disks with a distance of
0.6 mm between the main indents, with further 4 indents spaced at 0.3 mm around each main indent and (ii)
throughout the surface of the thin disks in a rectilinear grid pattern to evaluate the hardness evolution along the
diameter disk and hardness homogeneity throughout the disk, respectively. Both types of HV measurements were
conducted using Future Tech FM-300 Vickers hardness testing machine under an applied load of 100 gf with a
dwell time of 15 s.

For corrosion testing, a three-electrode electrochemical cell was immersed in a 3.5 wt.% NaCl solution with a
Gamry Reference 600 potentiostat. The electrodes consist of the following: (i) Teflon sample holder that placed
the thin disks as working electrode, (ii) Ag/AgCl electrode in 3.5 M KClI solution as reference electrode, and (iii)
graphite rod as counter electrode. The corrosion tests were conducted in a Faraday Cage at room temperature to
prevent vibrations and noises that can be induced from nearby movements, which may affect the test results. The
thin disks were firstly held inside the 3.5 wt.% NaCl solution for 1 hour to achieve a quasi-steady open-circuit
potential (OCP). Potentiodynamic polarisation (PP) behaviour was then assessed over a range of -0.2 Vto 1.5V
against the OCP at a scan rate of 0.17 mV s-1. Finally, the corroded as-received and HPT-processed disks were
subjected to SEM observations to qualitatively evaluate and correlate with the quantitative results obtained from
the OCP and PP tests to determine the influence of HPT processing on the corrosion performance of L-PBF AM
316L SS.

3. Materials and Experimental Procedures

3.1 Microstructural Evolution

Figs. 1(a) and (b) show representative images of the microstructures attained for 316L SS through L-PBF AM
processing. A mix of coarse and fine grains averaging 40 +30 um can be observed in a square-like pattern, also
termed melt pools that forms due to the ‘island’ or checkerboard sign strategy (Fig. 1(a)). The fine grains are
particularly concentrated at the junctions of the melt pools, which result from the rapid change of laser scanning
path direction that restrict grain growth and promotes multiple grain nucleation within a single melt pool [16,17].
SEM observations at higher magnification reveal equiaxed cellular structures in the sub-micron range, i.e. <1 pm
growing through the melt pools and grain boundaries (Fig. 1(b)). These honeycomb-like cells resemble the
microstructure of laser welded structure that typically form due to the rapid heating/cooling cycles during the
process [18]. However, the cells formed in L-PBF AM structures are much smaller than their laser welded
counterparts due to the higher solidification rate in L-PBF AM process (105 - 107 K s'1) compared to that in laser
welding (103 - 105 K s'1) [19]. After 10 HPT revolutions, the cellular structures are completely annihilated due to
the extreme torsional strain imposed during HPT processing as displayed in Fig. 1(c). Similarly, the grain
boundaries could no longer be resolved through EBSD, which suggest that the grains may have been significantly
refined into the sub-micron or even nano-scale region. Indeed, the bright field and dark field TEM images in Figs.
1(d) and (e), respectively exhibit equiaxed nano-sized grains with clear and distinct grain boundaries (average:
42 + 10 nm). Dense dislocation networks can also be observed within some of the grain interior, while some of
the grains are free from internal sub-structures (Fig. 1(d)). The formation of nano-scale grains and the presence
of dense dislocation within the interior of some grains after 10 HPT revolutions can be attributed to the competing
hardening and softening phenomenon, as well as the balance in dislocation nucleation and elimination as a result
of plastic shearing due to the extreme HPT-imposed torsional strain [20-23].

3.2 Hardness

Fig. 2(a) shows the variation in HV values with respect to the indentation locations across the diameter of the
disks, in which ~3-fold increase in microhardness is attained from ~220 HV before HPT processing to ~600 HV
after 10 HPT revolutions. The remarkable increase in HV values can be ascribed to the nano-scale grain boundaries
and dense dislocation networks that become effective sites to impede dislocation motions, generated as a result
of extreme torsional strain imparted by HPT processing [24-26], and is typical of HPT-processed metals and alloys
that exhibit strong strain hardening capabilities without recovery subjected to extremely high torsional strains
[27-29]. On the other hand, the colour-coded contour maps in Figs. 2(b) reveal homogeneous hardness
distribution throughout the disk surface after 10 HPT revolutions. This is interesting because Eqn. 1 estimates
that there should be a radial dependency in terms of the HPT-imposed torsional strain levels, such that the central
disk region (0 - 2.5 mm from the disk centre) should experience lower strains compared to the peripheral areas
(>2.5 mm from the disk centre). Thus, the central area of the disk should exhibit lower hardness compared to that
at the disk periphery, but the results of this study show relatively similar hardness values throughout the disk
surface. Actually, this phenomenon is termed ‘saturation’ and has also been observed in other metals and alloys
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processed by HPT, such that the work hardening rate decreases with increasing number of HPT revolution until
it reaches a ‘saturated’ state upon a critical torsional strain value [27,30,31], €;pr= 136 (N=10) in this study.

Fig. 1 Microstructures of as-received samples (a) and (b); and microstructures after 10 HPT revolutions (c) - (e)
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Fig. 2 HV measurements (a) across the diameter; and (b) throughout the surface of the as-received and HPT-
processed disks

3.3 Corrosion Performance

Potentiodynamic polarisation (PP) test is a well-known approach that enables quantitative evaluation of the
corrosion performance of a material in a certain environment. The resulting PP curves of the as-received and HPT-
processed disks immersed in a 3.5 wt.% NaCl solution are shown in Fig. 3. Subsequently, Tafel fitting was
conducted on the PP curves to extract various corrosion performance parameters such as corrosion current
density, icorr, that is used to calculate the corrosion rate, and pitting potential, Epit, all of which are determined
using the Gamry Echem software based on the ASTM G102-189 standard [32]. The results of Tafel fitting are
displayed in Table 1.
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Table 1 Corrosion performance parameters from PP test

Sample Icorr Corrosion rate Epit
P (uA cm2) (um year) (mV)
As-received 0.0616+0.0151 2.53+£0.62 2565
N=10 0.0117+0.0005 0.48+0.21 984+8
1.2
As-received
s LR Sy — N=10
g 08 |
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Fig. 3 Representative SEM images of the worn samples (a) before HPT processing; and (b) after 10 HPT revolutions

Based on Fig. 3 and Table 1, it is obvious that the icorr value, and thus the corrosion rate after 10 HPT
revolutions is lower than those of the as-received counterpart, thereby suggesting enhanced corrosion
performance after HPT processing. On the other hand, the Ejit value of the disk subjected to 10 HPT revolutions is
significantly higher than the as-received disk, implying reduced susceptibility to pitting corrosion [33]. In
addition, SEM observations are also conducted on the surface of the corroded disks to gain further insight on the
corrosion behaviour in the as-received and HPT-processed disks. Fig. 4(a) shows a large and deep crevice formed
on the corroded as-received disk surface (solid circle), which could be due to the inability of the protective oxide
layer on the surface of 316L SS to re-passivate as a result of lack of oxygen [34,35]. Corroded pits are also observed
within the vicinity of the crevice, which suggests that the pits begin to grow from and scatter near the crevice area
[36,37]. However, the surface of the disk subjected to 10 HPT revolution exhibit considerably smaller and
shallower crevice with less pits, implying better corrosion resistance (Fig. 4(b)).

The observed improvements on the corroded disk surfaces in Fig. 4 correlate well with the quantitative results
from PP tests (Fig. 3 and Table 1), confirming HPT processing yields better corrosion performance for L-PBF AM
316L SS when immersed in 3.5 wt.% NaCl solution. The improvement in corrosion performance after HPT
processing through 10 revolutions can be attributed to the nano-scale grain refinement in such passivating
environment as 3.5 wt.% NaCl solution that accelerates the formation and adhesion of passive oxide layers on the
base metal due to increased amounts of grain boundaries [38]. Apart from that, the extreme HPT-imposed
torsional strain also results in dense dislocation networks and higher residual stress that provide more nucleation
sites that promote the stability and intactness of the thin passive oxide films [39]. Overall, it can be inferred that
the enhanced corrosion performance can be ascribed to the rapid development of thick and dense passive oxide
layer induced by the nano-scale grain refinement attained via HPT processing.
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As-Received

Fig. 4 Representative SEM images of the worn samples (a) before HPT processing; and (b) after 10 HPT revolutions

4. Conclusion

In this study, a nanostructured 316L SS fabricated by L-PBF AM was successfully attained by nanostructuring
through HPT processing for 10 revolutions, followed by hardness and corrosion performance tests to evaluate the
mechanical and functional properties. The following conclusions can be drawn based on the results of this study:

i HPT processing yields exceptional grain refinement down to the nano-scale (average: ~42 nm) together
with dense dislocation networks. Such microstructural refinement resulted in ~3-fold hardness increase
as the immense grain boundaries and dislocations are effective sites to impede dislocation motions.

ii. 81% decrease of the corrosion rate and the observed much shallower crevice and less corroded pits after
HPT processing provide evidence of enhanced corrosion performance in 3.5 wt.% NaCl solution. Such
improvement in corrosion resistance is attributed to the accelerated production of thick and dense
passive oxide layers due to the nano-scale grain refinement induced by HPT-imposed extreme torsional
strain.

iii. Overall, the results of this study show the benefits of nanoengineering by nanostructuring through SPD
to produce BNM with enhanced mechanical and functional properties that possess significant potential
for various engineering and industrial applications.
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