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A report on twinning-induced plasticity in 316L stainless steel manufactured by metal additive manufacturing
(AM) is presented. A tapered tensile test geometry was used which enabled the investigation of twin formation
over a range of strain levels in a single specimen. Hardness and twinning concentration were observed to increase
with strain up to peak values of 380 + 10 HV and 28 + 4%, respectively. Furthermore, twin formation was found

to be regulated by grain size and crystal texture. This methodology can be applied to new AM materials
development and will inform the design of energy-absorbing structures that maximise the benefits of AM design

and strain-hardenable materials.

Introduction

Additive manufacturing (AM) enables the production of complex and
customised products, and has become a key technology in the automo-
tive, aerospace and medical sectors. Over the last decade, AM research
focus has shifted from fundamental problems such as ensuring
geometrical accuracy and eliminating defects (the main one being
porosity), to more practical issues, such as creating products with highly
desirable mechanical properties. For metallic alloys, the most widely
used AM production route is powder bed fusion-laser beam (PBF-LB)
[1].

PBF-LB gives rise to non-equilibrium microstructures distinct from
those formed by traditional processes such as forging and rolling. This is
due to the fast solidification rates and repeated heating-cooling cycles
inherent to the manufacturing process [2,3]. A major challenge facing
PBF-LB is that, while laser processing parameters are known to affect the
microstructure, the phenomena are not sufficiently understood to allow
complete microstructural control during manufacture [4].

This study focusses on 316L stainless steel, which has widespread
commercial use, is known to have PBF-LB manufacturability, and has
desirable characteristics including high strength, ductility and strain-
hardening behaviour thanks to twinning induced plasticity (TWIP) [5,
6]. PBF-LB 316L has attracted interest for use in crash protection ap-
plications [7-9], where the TWIP extends the plastic deformation and
therefore increases energy absorption before failure.

While the high strength of PBF-LB 316L is attributed to the high
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dislocation density and fine grain size via the Hall-Petch effect [5,10], its
high ductility is linked to a strain-hardening mechanism. The phenom-
enon is regulated by the hierarchical microstructure of PBF-LB 316L that
spans nearly six orders of magnitude [11]. Solute segregation along
cellular walls (mainly Cr and Mo, but also Si, O and Mn [12]) and
low-angle grain boundaries increase dislocation pinning and promote
twinning [11]. Twins oppose dislocation movement, providing an
additional strength increase [13,14].

Although the mechanisms of strain-hardening in PBF-LB 316L are
mostly understood, the development of the microstructure under strain
has not been given much attention. To address this, our methodology
utilises a tapered tensile specimen geometry with varying cross-section
in the gauge section. The tapered geometry was prepared so that a sin-
gle test would generate all the necessary information on twinning, since
the local stress and strain vary along the length of the specimen. The
angle of taper was kept small to keep the stress system as simple and as
near to a conventional tensile test as possible [15]. Comparison with
numerical predictions of the local strain made by finite element (FE)
modelling then provides a complete picture of strain-induced micro-
structural transformation. This study enables future work to focus on the
link between PBF-LB process parameters, microstructure and the
resulting strain-hardening behaviour.

Material and methods

Test specimens of 316L stainless steel were fabricated using a

Received 29 August 2023; Received in revised form 27 September 2023; Accepted 10 October 2023

Available online 11 October 2023

2772-3690/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ian.maskery@nottingham.ac.uk
www.sciencedirect.com/science/journal/27723690
https://www.elsevier.com/locate/addlet
https://doi.org/10.1016/j.addlet.2023.100176
https://doi.org/10.1016/j.addlet.2023.100176
https://doi.org/10.1016/j.addlet.2023.100176
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addlet.2023.100176&domain=pdf
http://creativecommons.org/licenses/by/4.0/

D.D. Crociata et al.

Renishaw SLM125 PBF-LB system. It was equipped with a 200 W
modulated Yb-doped fibre laser (4 ~ 1070 nm) with a spot diameter at
the powder bed of 40 pm. The feedstock was gas-atomised 316L powder
with particle size of 15-45 pm, with composition as given in Table 1.

Cubes (10x10x10 mm), standard tensile specimens (4 mm diameter
and 20.4 mm gauge length) and tapered tensile specimens (from 4 mm
to 5 mm diameter and 20.9 mm gauge length) were fabricated. An
optimised PBF-LB process parameter set was employed, as given in
Table 2. The effective laser scan speed is givenby v =d /(t, + t;), where
d is the point distance, and t, and t, are the exposure time and delay time,
respectively. The scan speed was therefore ~ 0.72 m/s.

For the tapered tensile specimen, the geometry was designed to
provide a reduction in load-bearing area across the gauge section of 36
% [15]. The resulting local stresses and strains under tensile loading
were calculated from finite element analysis (FEA), with the 316L ma-
terial model based on the stress-strain curve collected from the standard
specimen, including post-yield behaviour. FEA was performed using
Abaqus/Standard 2021 from Dassault Sistemes with quadratic tetrahe-
dral elements (C3D10).

The standard and tapered tensile specimens were tested to failure
using an Instron 5969 universal testing machine with a 50 kN load cell.
The tests were performed at room temperature with a strain rate of 10>
s~L. In both cases, the direction of the tensile load was aligned with the
PBF-LB build direction. All samples, standard and tapered, were tested
with their surfaces in their as-printed condition. Following fracture, the
tapered specimen was cut longitudinally, ground and polished according
to standard practice, with a final polish of colloidal silica, to expose the
interior for metallurgical analysis.

Vickers hardness tests with a load of 5 kg were carried out using a
Buehler Wilson VH3100 automatic hardness tester. The microstructure
was characterised with scanning electron microscopy and electron back-
scatter diffraction (EBSD) using a ZEISS Crossbeam 550 FIB-SEM. EBSD
data were collected with a step size of 0.25 pm. The PBF-LB build di-
rection was parallel to the EBSD Z direction. EBSD data were post-
processed with the MTEX toolbox in Matlab to evaluate crystallo-
graphic phases and texture [16]. Grain boundaries were defined using a
threshold of 5°. Twin boundaries (TBs) were defined as 3 coincidence
site lattice boundaries with a misorientation angle of 60° and rotational
axis of (111). A slight angular deviation from the nominal misorienta-
tion (15°/ /3 =8.66°) was accounted for using Brandon’s criterion [17].
Twin concentration was determined by the areal fraction of twins
observed in the micrographs. Kernel average misorientation (KAM) and
Schmid factor maps were used to identify the presence of defects in the
material in the plastic regime. KAM maps were used to specify the
average misorientation between each measurement point and the
nearest neighbours, meaning that the presence of defects in the structure
is displayed. As reported in previous work by Gussev et al. [18], KAM
maps are used to provide a representation of the distribution of
geometrically necessary dislocations in the structure at various strain
values. Misorientations exceeding a critical value of 5° were excluded in
the calculation.

Lastly, X-ray diffraction (XRD) analysis was performed with a Bruker
D8 Advance Da Vinci with a Lynxeye 1D detector. Data was acquired
with a step size of 0.02° and a step time of 0.2 s in the range 20 = 20° —
100 Diffraction peaks were identified using Bruker software Diffrac.
EVA.

Table 1
Composition of 316L stainless steel powder feedstock, as provided by LPW, 1td.
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Results and discussion

A cube of PBF-LB 316L stainless steel was sectioned in the build
plane, ground and polished. XRD determined the face-centred cubic
crystal structure, while EBSD revealed distinct columnar grains (Fig. 1
(a)), which are a consequence of laser processing, as described by Ma
et al. [19]. The grains have a minor preferential orientation of [001]
parallel to the BD. A general lack of defects was revealed, with porosity
below 0.1 %. Fig. 1(b) illustrates the crystal texture of PBF-LB 316L. The
image in the centre shows a preferential {101} fibre texture perpen-
dicular to the BD, while the other two show weak {001} and {111} cubic
texture. Etching and microscopy revealed a random orientation of the
solidification dendrites, the ones aligned along the BD having a width of
0.57 £+ 0.07 pm. A similar value (0.6 + 0.16 pm) was previously re-
ported for this material by Dépinoy [20]. Fig. 1(c) provides a
stress-strain curve obtained from the standard tensile specimen, with the
load applied along the BD. The resulting mechanical properties are given
in Table 3. The yield strength and ductility are in decent agreement with
previous investigations [21]. The strain hardening rate (SHR) curve for
the tested standard specimen is shown in Fig. 1(d). This SHR is consis-
tent with previous studies that show presence of twinning, as obtained
by Karthik et al. [22].

Fig. 1(e) illustrates the tapered tensile specimen geometry, which
was manufactured in PBF-LB 316L and tested to failure, and simulated
using FEA to estimate the distribution of local strain. To clarify the role
of plastic strain on the microstructure evolution, the tapered specimen
was sectioned longitudinally and five regions of interest were chosen
along the long axis that showed increasing local plastic strain.

Back-scattered electron imaging was used to examine the selected
areas, with the results shown in Fig. 2(a)-(e). Fig. 2(a) shows well
defined columnar grains, interrupted only in sporadic areas by twins
represented with brighter contrast. In Fig. 2(b) and (c) the density of
twins increases, with an evident orientation with respect to the build
direction. In Fig. 2(d), the columnar grains are poorly defined, while in
Fig. 2(e) the microstructure has been deformed to such an extent that it
is not possible to recognise the grains from the starting condition, as in
all of them bright twins have emerged. This is in broad agreement with
previous studies by Wang et al. and Gao et al. [14,11] which show that
plastic strain causes strain-hardening by dislocation slip followed by
twin activation.

EBSD in the same regions of the tapered specimen confirmed the
presence of deformation twinning. At low strain, twinning is activated
only in a subset of grain orientations, in which it is possible to reach the
critical shear stress needed to move partial dislocations. For example, it
is seen in Fig. 2(f) that grains with the [111] direction parallel to the BD
are the first to activate twinning. It is thought that these grains do not re-
orientate during tensile loading, and therefore the accumulated strain
contributes to reaching the critical shear stress necessary for twin acti-
vation, as found by Wang et al. [23]. As the strain increases, more grains
show twinning activity, as illustrated with arrows in Fig. 2(g). As
described by Giiden et al. [24] the origin of twins in these grains might
be due to a lattice rotation that aligns the [111] crystal orientation to the
loading axis, as the tensile load is increased. Below around 15 % strain it
is believed that grains with orientations other than [111] mainly expe-
rience dislocation slip, as they possess slip systems favourably orientated
to the stress state. Finally, as the plastic strain reaches the highest levels,
up to ~60 % (Fig. 2(h-j)), the critical shear stress is reached in almost all
the grains and peak twin concentration is achieved, as previously
identified by Sun et al. [25].

Element (weight%)

C Cr Ni Fe Mo Mn
0.02 17.8 12.7 Bal. 2.3 0.8

Cu N (0] P S Si
0.02 0.09 0.03 0.008 0.005 0.65
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Table 2

PBF-LB process parameters for 316L stainless steel.
Power (W) Exposure time (us) Point distance (um) Delay (us) Hatch distance (um) Layer thickness (um) Scanning strategy Rotation angle (°)
160 50 50 20 50 30
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Fig. 1. PBF-LB 316L crystal texture and tensile properties. (a) Z-IPF map; the [100] orientation is aligned with the BD and Z direction. (b) Contour pole figures
evaluated along Z//BD. (c) Engineering stress-strain curve from a standard tensile specimen and a drawing of the specimen. (d) strain hardening rate versus true

plastic strain plot. (e) Drawing of the tapered specimen.

In Fig. 3(a) the Schmid factor map for the region of the tapered
specimen at ~15 % plastic strain is presented, with the grain orientation
defined with the same convention as the EBSD data in Fig. 2. As
observed by Bean et al. [26], grains with a low Schmid factor (up to 0.4)
present deformation twins. However, this is true only for grains with
[111] parallel to the BD. Smaller grains (indicated by red arrows in

Fig. 3(a)) and the same low Schmid factor show no noticeable twinning.
As described by Barnett [27], the stress at which local yielding occurs
increases with decreasing grain size. This means that, in the smallest
grains, deformation slip acts instead of twinning. To confirm this
experimentally, KAM maps with overlap of the twin boundaries were
obtained. The KAM maps are shown in Fig. 3(c) and 3(d) for the 15 %
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Table 3 plastic strain value. Fig. 3(c) represents a large grain, with [111]
Mechanical properties of 316L stainless steel obtained from standard tensile orientation, where many twins formed in areas with low KAM values
specimens. and lower geometrically necessary dislocation distribution. The average
Elastic modulus  Yield strength  Ultimate tensile Elongation at KAM in that area is lower than that determined in a smaller grain, with
(GPa) (MPa) strength, UTS (MPa) failure (%) same orientation, displayed in Fig. 3(d). In the smaller grain, deforma-
179 + 11 485 + 12 585 + 5 5549 tion slip is the predominant deformation mechanism, as confirmed by

only one twin being formed and the presence of many geometrically
necessary dislocations within the grain.

The Schmid factor map at ~ 26 % plastic strain, given in Fig. 3(b),
shows that the average Schmid factor increased from the ~ 15 % plastic

Plastic strain ~ 9%

Necking

BD

(111]

[001] [101]

Fig. 2. Microstructural evolution at various strain levels along the axis of the tapered specimen. (a—e) Back-scattered electron images of selected areas of the
sectioned tapered specimen covering a range of plastic strain; twins are visible as striations, as circled in (c). (f—j) EBSD maps in the same areas; black arrows indicate
grains where twinning is detected.
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Fig. 3. Schmid factor and KAM maps at increasing plastic strain. (a, b) Schmid factor map for the areas where twinning takes over as predominant deformation
mechanism; small grains which do not show twinning are indicated with red arrows. (c, d) KAM maps of two regions highlighted by the dashed boxes in (a), taken
from grains with [111] orientation; twin boundaries (TB), dislocations (D) and grain boundaries (GB) are highlighted. (c) is the inset of a large grain, (d) is the inset of

a smaller grain.

strain state, and shows a far greater quantity of twins. Fig. 3(b) confirms
that, as the strain increased, the next favourable orientations for
deformation twinning were [101] followed [001]. This is consistent
with the observation from Pham et al. [13] that the [001] grains are the
last to form twins because these grains are preferably orientated for
dislocation slips. Moreover, as in Fig. 3(a), Fig. 3(b) shows that small
grains with [111] orientation do not form twins, thus confirming the
importance of grain size in the activation of twinning.

Fig. 4(a) shows the trend of the trues stress versus position along the
specimen’s axis, zero being the fracture point, while in Fig. 4(b) hard-
ness from the experimental investigation of the tapered sample is given
versus position along the specimen’s axis. Hardness increased along the
axis towards the fracture tip, with the highest value being 380 HV. This
demonstrates that significant strain-hardening occurred during defor-
mation. Similarly, the concentration of twins increased along the spec-
imen toward the tip. To provide an overview of the stress trend on the
tapered specimen at the point at which the UTS was reached, in Fig. 4(c)
is the FEA prediction of the stress. In Fig. 4(d), hardness and twin con-
centration are expressed in relation to the local strain predicted by FEA.
Notably, below 15 % plastic strain the twin concentration is quite stable.
In this strain region, twins are believed to occur only within grains
where the [111] direction is favourably orientated with the loading
direction, meaning the Schmid factor is sufficiently low to produce local
twinning [28]. Between 15 % and 26 % strain, a significant increase in
twin concentration was observed from around 2 % to 11 % of the
examined areas. Then, at 44 % and 60 % strain, the twin concentration
rose to 15 % and 28 %, respectively. This behaviour, including an initial
low strain phase with low twin concentration followed by a rapid in-
crease of twinning, and finally a twin concentration plateau, was pre-
viously observed by Gao et al., who conducted compression tests on
additively manufactured 316L [14].

Hardness also increased as a function of strain, with an initial rapid
increase in the region up to 15 % strain, from 230 HV to 300 HV.
Thereafter, once twinning was activated, a more modest rate of increase
was seen, with the peak value reaching 380 + 10 HV at the fracture tip.

As for the localised true stress in the regions between 15 % and 26 %
strain, our FEA predicts an increase from 544 MPa to 694 MPa. This is in
good agreement with the stress range found by Giiden et al. in their
examination of 316L also under tensile loading [24]. This means that
work hardening occurred after the yield point and slip motion was the
responsible mechanism. Twinning therefore became the predominant
deformation mechanism only above a threshold strain, which is in
keeping with the theoretical concept of twinning activation in
strain-hardenable materials put forward by Christian et al. [29].

Conclusions

This report introduces a new methodology to investigate the devel-
opment of twinning in strain-hardenable 316L stainless steel made by
additive manufacturing. A tapered tensile specimen was loaded and
brought to failure, providing insights into to the microstructural evo-
lution of the material by inducing a large range of hardness, stress and
plastic strain along the loading axis.

The main conclusions of this work are: (1) The tapered specimen
allowed the quantification of twin concentration as function of plastic
strain in a single sample, at strain levels between 0 % and 60 %. This is
particularly important for the design of crashworthy engineering
structures, because twins are responsible for extending plastic defor-
mation prior to failure. (2) Below 15 % strain the main deformation
mechanism of PBF-LB 316L stainless steel was dislocation movement.
Above that threshold, deformation occurred via a combination of dis-
locations and twinning. Our results show that twinning takes place first
in grains with [111] preferentially aligned with the BD, and there is a
subsequent progressive activation of twins in otherwise orientated
grains; [101] from 26 % strain, followed by [001] at the highest strain.
(3) The onset of twinning is regulated not just by grain orientation but
also by grain size. It was noticed that amongst grains with the favourable
[111] orientation, the largest were the first to develop twins.

The tapered tensile specimen methodology is recommended to
examine the evolution of twinning in 316L stainless steel made under
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