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ARTICLE INFO ABSTRACT

Associate Editor: Jingjing Li Ti-6Al-4V was fabricated by powder-bed fusion using different laser scanning strategies. The microstructure and
deformation properties were investigated in the as-built condition, and also after the material had been subjected
to a laser-shock-peening (LSP) treatment. The microstructure in each condition was surveyed using 3D optical
microscopy, EBSD, and TEM. The post-manufacture residual stresses were determined. The results indicate a
correlation between the residual stresses and the substructures observed in TEM: tensile residual stresses from
the surface down to 1 mm depth were observed in the as-built material, corresponding to extensive deformation

through twinning of the {1012} type and wavy slip structures; while after LSP the alloy showed a variety of
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dislocation arrangements, especially planar and in significantly higher density, along with {1122} twins and with
the presence of compressive residual stresses. The findings indicate that the deformation capability is mecha-
nistically aided by the peening process, which effectively promotes the replacement of tensile residual stresses by
compressive ones, offering routes for potentially improving the mechanical properties of the additively manu-

factured Ti-6Al-4V, as well as its usability.

1. Introduction

Ti-6Al-4V is a dual-phase titanium alloy (a-hcp and f-bec) with
broad application in aerospace, energy, chemical (Bhadeshia, n.d.),
marine and biomedical sectors (Liu and Shin, 2019), amongst others.
Besides superior biocompatibility (Krakhmalev et al., 2016), the alloy
presents desirable mechanical properties: high mechanical strength and
toughness, high corrosion resistance, and low density (Boyer, 1996).

However, despite the high level of demand for its commercial use,
the undesirable properties of Ti-6Al-4V — namely, its low thermal con-
ductivity, its high reactivity to oxygen at high temperatures, the limited
slip systems available owing to its hep crystal structure, as well as its
tendency to strain harden — impose challenges to the manufacturing of
its products (Parry et al., 2016). Hence additive manufacturing is of
significant current interest to provide alternative fabrication routes,
based on cost-effective processes, capability of producing
near-net-shaped structures with complex geometries directly from CAD
models, and with minimal material waste.

One such process, belonging to the powder-bed fusion route, is

Selective Laser Melting (SLM), in which a laser beam scans and melts the
feedstock powders, building layer upon layer of molten material that
very rapidly cools and solidifies, thus prototyping the desired product
(Thijs et al., 2010). Because this process involves rapid melting and
resolidification, given the extremely localised heat input and brief
interaction time, the microstructure of the Ti-6Al-4V forms under very
high cooling rates, reported to reach about 10° K/s (Krakhmalev et al.,
2016), and severe temperature gradients. This unique thermal history
drastically affects the microstructure, promoting the formation of a
much less ductile martensitic ’-phase from the f-titanium than that
achieved in conventional processing (Kasperovich and Hausmann,
2015), and inducing the development of high-magnitude tensile residual
stresses, thus impairing the usability and the mechanical behaviour of
the products (Guo et al., 2018).

In order to relieve the surface stresses of the as-built material and so
minimise the possibility of distortion, post-processing treatments are
used. While heat and thermomechanical treatments may be considered
(Vrancken et al., 2012), some fabrication limitations would not be fully
addressed (Qiu et al., 2013). Thermomechanical treatments could lead
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to undesirable geometric deviations in as-built products with complex
shapes, and concerns regarding heat treatment causing non-uniformity
of the microstructure in parts with irregular shape (Liu and Shin,
2019). Thus, laser shock peening (LSP) offers an alternative process to
modify the as-built material surface properties and, with this, improve
the mechanical response of the manufactured parts.

LSP is a well-established technique capable of inducing high-
magnitude compressive residual stresses at large depths (of the order
of millimetres), completely replacing the SLM-generated tensile residual
stresses and refining the microstructure to a nanometric grain scale (Nie
et al., 2014). Krakhmalev et al. (2016) attributed these effects to the
plastic-deformation-induced twinning experienced by the material
under the high strain-rates achieved during LSP, while Murr et al. (2009)
pointed to the generation, movement and evolution of dislocations as
the chief mechanism, and Ren et al. (2016) suggested that both twinning
and dislocation motion promote the refinement of the microstructure,
but each at a different stage.

The aim of this work was to conduct a comprehensive examination of
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the Ti-6Al-4V in as-built and LSP conditions, for investigating defor-
mation processes down to the sub-grain scale using both qualitative and
quantitative methods. Recent investigations on alloys manufactured by
SLM have aimed at surveying and comparing the microstructure and
substructure of the as-built material and its LSP-processed counterpart.
For example, Kalentics et al. (2019) applied EBSD to SLMed 316 L
stainless steel, in order to analyse changes in the microstructure due to
LSP. Lu et al. (2020) produced a descriptive TEM survey of substructural
features (twins and dislocations) in SLM-LSPed Ti6Al4V; and Lan et al.
(2020) provided a qualitative appraisal on the number of such defects in
the microstructures of SLMed Ti6Al4V before and after LSP. The present
work aligns itself with such studies, by identifying the nature of sub-
structural defects and their evolution throughout the processing of the
alloy. Furthermore, accounts of the presence of twins in the post-LSP
microstructure vary and are therefore a key element in the investigation.
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Fig. 1. Laser scanning patterns on subsequent layers under different scanning strategies, (a) unidirectional scanning, (b) bidirectional scanning, (c) island scanning;
(d) chessboard scanning. In (e), a schematic of the shift between neighbouring layers.
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2. Experimental approach

Gas-atomised Ti-6Al-4V powders in the size range of 20-50 pm were
supplied by TLS Technik. A Concept Laser M2 Cusing SLM system,
employing an Nd:YAG laser with a wavelength of 1075 nm and a
maximum laser output power of 400 W (measured in continuous wave
mode), was used to prepare 50 mm x 50 mm x 5 mm blocks of the
material, with and without a base plate. Each block was produced with a
different scanning strategy, including unidirectional, bidirectional, is-
land scanning, and chessboard scanning. The details of the scanning
patterns for each strategy on each layer are illustrated in Fig. 1. For the
island scanning strategy, a cross section (or layer) is divided into a
number of square islands, and the laser scanning direction within an
island is perpendicular to those in the neighbouring islands. During
processing, these “islands” are randomly scanned and the scan direction
is rotated by 90° in a new layer. For all these scanning strategies, a shift
along the X and Y directions by 1 mm in neighbouring layers, as shown
in Fig. le, was used. The laser beam, with a spot size (d) of 75 um in
diameter, scanned the powders at a speed of 1000 mm/s. A hatch
spacing (i.e., the distance between two neighbouring hatch scan vectors)
of 0.5d was adopted. The overlap of the scan vectors between two
neighbouring islands was set to 0.15d, while the overlap between the
contour scan vector and the nearest raster scan vector is 0.25d.

One block of as-built material with base plate from each scanning
strategy was subjected to laser shock peening (LSP) post-manufacturing.
The LSP was conducted on one of the 50 mm x 50 mm free surfaces of
the as-built Ti-6Al-4V using a 10 GW/cm? laser with pulse duration of
18 ns. A square laser spot with a size of 3 mm x 3 mm was used. The
material was covered with a black tape ablative layer and subject to
double impacts adjusted for 50% overlap. Water was used as a plasma-
confinement medium. The peening strategy adopted consisted in scan-
ning the laser spot for patch-peening onto one of the free surfaces along
the build direction (z-axis), as shown in Fig. 2a, with the laser hitting the
material parallel to the y-axis. The as-built blocks with the base plates
manufactured in each of the previously mentioned scanning strategies

(a) 50 mm

Journal of Materials Processing Tech. 316 (2023) 117959

are illustrated in Fig. 2b.

Analyses of the surface profiles of the as-built blocks were carried out
using a Bruker ContourGT-KO 3D optical scanning microscope. For each
SLM scanning strategy, an area of 16 mm x 11 mm in the XY plane,
perpendicular to the direction of material layer deposition, was
surveyed.

Electron backscatter diffraction (EBSD) was used to investigate the
grain orientation, using a Philips XL30 SEM, operated at 20 kV and with
a 0.9 mm scanning step size. Samples were prepared by grinding with
SiC paper and polishing down to sub-micron-size silica colloidal sus-
pension. EBSD maps and pole figures on the XY or YZ-plane of selected
samples were collected.

In order to evaluate the influence of the SLM scanning strategy, the
use of base plate for layer deposition, and the post-manufacturing LSP
process on the behaviour of the additively fabricated Ti-6Al-4V, residual
stresses were characterised via the incremental hole drilling technique.
Four 2-mm-diameter holes were drilled in each sample, along the y-di-
rection, using a Stresscraft hole driller with the integral method of stress
analysis, using the methodology recommended in the NPL Good Practice
Guide (Grant et al., 2002). Strains were measured using a rosette strain
gauge for hole drilling measurements, in a series of increasing in-
crements as the hole depth increased, to an overall hole depth of
1.4 mm, in order to measure the o, and o, components of the residual
stresses (XZ plane). The analysis provides the residual stress to a depth of
1 mm. The incremental hole drilling method has numerous sources of
error, as discussed in the Good Practice Guide, that have been incor-
porated into estimates of inaccuracy on the data as presented here.

As will be described later in the Results section, the “worst” combi-
nation of manufacturing conditions was found to be the use of an island
scanning strategy for SLM with a base plate. In consequence, a detailed
TEM examination of the as-built and LSP-processed Ti-6Al-4V manu-
factured in these conditions was carried out. As-built island-scanned Ti-
6Al-4V samples for TEM characterisation were extracted from different
positions in the parent block and from the XZ plane of the LSP block,
opposite to and at maximum distance from the peened surface. In the

Laser-peened
area

Build Direction

Peening direction

Base plates

Fig. 2. (a) Schematic of the laser shock peening process and (b) additively manufactured Ti-6Al-4V blocks with an indication of the peened surfaces.
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case of the LSP-processed material, samples for TEM were also extracted
from the top (peened) surface down to 600 um below it. In all cases, the
slices were ground to approximately 90 um thickness using 40 pm,
15 um and 5 pum SiC paper grits, and cut into 3-mm-diameter discs.
These latter were further thinned to electron beam transparency via jet
electropolishing using a 5% perchloric acid (HClO4) in ethanol solution
at —50°C as electrolyte. The examinations were conducted on a JEOL
JEM 2100 transmission electron microscope operated at 200 kV in
bright field (BF) imaging mode.

For quantitative TEM analysis, dislocation densities were calculated
using a line intersection method, based on the superposition of a grid
with a number of randomly oriented lines on the TEM micrographs. Each
surveyed area of a foil was imaged under three or four different g-vec-
tors, in order to check for dislocations that may not have been readily
visible. Image-processing software was deployed for combining the
resulting micrographs into an overlaid composite, on which a pattern of
five lines with random orientations was drawn (Williams and Carter,
1996). An estimate of the uncertainties was made for the calculated
dislocation density figures, taking into account variations in the foil
thickness, errors in determining the angle between the zone axis and the
plane of the defect (Fultz and Howe, 2012), and the underestimation
associated with BF imaging mode, due to its incapacity of discriminating
very close dislocations in a bundle (Norfleet et al., 2008). While other
methods for estimating dislocation density are available, they are also
affected by variations in the thickness of the examined foil (Klimiankou
et al., 2005) and by distortions in its flatness in the region of analysis
(Norfleet et al., 2008), offering similar uncertainty ranges. It is relevant
to mention that, due to the nature of the aforementioned errors, the
numbers hereby calculated serve as a lower bound for the dislocation
densities.

3. Results
3.1. Structure of the material and residual stresses
The results from the 3D optical scanning microscopy of the surface

profile of each block are presented in Fig. 3. A comparison between the
topographic profiles indicates a higher degree of surface irregularity for

(a)
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the Ti-6Al-4V built using the island scanning strategy, whereas the
chessboard-scanned as-built material provided the best surface profile
amongst the investigated scanning strategies, with more uniformity in
the layer deposition.

Fig. 4 summarises the observations from the EBSD survey on the as-
built Ti-6Al-4V across several surveyed areas. The microstructure of the
alloy consists of martensitic hep o’-Ti laths and grains, and bec prior-f
grains, as shown in Fig. 4a. The martensitic hcp o’-phase has been
identified, in EBSD, from the crystallographic relationships (0001), |
(110), and < 2110 >, || < 111 >4, and its presence is consistent with
the high cooling rates due to SLM (Yan and Yu, 2015). The pole figures
for the hep o’-Ti and for the bee p-Ti for each scanning strategy are
shown in Fig. 4c. As can be seen, the unidirectional scanning promotes
more pronounced orientation distribution for both phases. The bidi-
rectional, island, and chess scans produced similar distributions of grain
orientations in the microstructure. Two aspects, however, were common
to all scanning strategies tested and are directly seen from Fig. 4c. One
refers to the observation of a weak texture for the o’-Ti. The other,
conversely, indicates a strong (100) texture for the retained columnar f
grains, reported to develop along the grain growth direction (Simonelli
et al., 2014).

Residual stresses along the z- and x-axis, determined from the surface
of the material to 1000 pm of depth, are shown in Fig. 5a for the Ti-6Al-
4V built on a base plate and Fig. 5b for the material built without a base
plate. In practically all cases, the use of a base plate increased the
magnitudes of the residual stresses present in the as-manufactured ma-
terials (the exception being the continuous unidirectional scanning
strategy case). The support and restraints provided by the base plate
promoted a nearly 200 MPa shift upwards in the ¢, components of the
residual stresses and a 100 MPa shift in the 6, components.

The residual stress profiles for the LSP-processed Ti-6Al-4V alloys
produced with the island and continuous bidirectional scanning strate-
gies are presented in Fig. 6. As can be seen, the peening process
completely eliminated the high-magnitude tensile residual stresses in
the material, introducing, instead, residual stresses of compressive na-
ture in both analysed directions (z- and x-axis) up to ~1 mm from the
reference surface.

. L 2 » 456.189 um
8.2 z 2 »
362.928 um |

(d)

270.089 um l
284.744 um '

4.000 8.001 12,001

16.001 mn

Fig. 3. 3D optical scanning surface profiles of the additively manufactured Ti-6A1-4V in different scanning strategies: (a) continuous unidirectional, (b) continuous
bidirectional; (c) island and (d) chessboard. See Fig. 1 for the corresponding laser scanning schematics.
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Fig. 4. EBSD map showing the grain morphology as well as the martensitic o’-phase and retained bec p-Ti grains for the unidirectional scanned Ti-6Al-4V (a). The
same map is presented in (b) with the IPF colour-coding identifying the orientation distribution and a line indicating the scanning direction. The pole figures for each

phase in each scanned sample are seen in (c).
3.2. General TEM investigations

TEM analysis of the additively manufactured Ti-6Al-4V in island
scanning strategy has shown significant differences between the as-built

v

material and following LSP. As illustrated by Fig. 7, the as-built alloy
displays signs of early deformation, with instances of wavy slip dislo-
cations (tangles, junctions), predominance of loops and the presence of
planar structures such as pile-ups and twins. These latter were observed
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Fig. 5. Residual stresses as a function of distance from the surface in the as-built Ti-6A1-4V manufactured using a base plate (a) and manufactured without a base
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Fig. 6. Residual stress profiles as a function of depth in the laser-peened Ti-6Al-
4V built with the continuous bidirectional and island scanning strategies.

in several micrographs, which revealed heavily twinned areas forming
multidirectional intersections, such as the one shown in Fig. 7b.

The foils from the surface and subsurface regions of the built blocks
where the laser shock peening process was carried out revealed a sub-
stantially different microstructure, in which more diverse dislocation
arrangements were observed. Planar structures were still present, but
now the most prominent of them are hexagonal networks. These
hexagon-shaped structures are reported to result from the trans-
formation of pile-ups, via the interaction of dislocation junctions, by
lowering the Schmid factor associated with their glide planes (Feaugas,
1999; Fujita and Kimura, 1983), when more than one slip system is
active. Fig. 8 illustrates these dislocation arrangements in the LSP
Ti-6Al-4V microstructure for the surface foils (extracted between 0 and
300 ym) and for the subsurface foil (representing the material from
depths 300-600 pm).

Wavy slip structures, such as multipoles, tangles, walls and cells,
were prevalent in the LSP layers, whose observation revealed a more
homogeneous distribution of dislocations within the grains than that of
the as-built material. The micrographs in Fig. 9 depict the wavy slip
dislocations along with a few planar structures, such as bowed disloca-
tion lines. A relevant aspect of the LSP alloy images is that, despite the
surveyed areas being more populated with dislocations, twins were
much less observed in its microstructure.

For the as-built condition, the trace composites created from the TEM
images for dislocation density estimates indicated a skewed, inhomo-
geneous distribution of dislocations and their structures, with areas less

populated by dislocations in alternation with more strained regions. The
average calculated density amounted to a minimum of 5.1 x 10*® m™2,
The same quantitative analysis applied to the LSP micrographs yielded a
dislocation density of atleast 1.1 x 10'* m™. A visual comparison of the
results from the quantitative analysis of the Ti-6Al-4V, along with their
uncertainties, is provided in Table 1. The much higher density found for
the LSP processed material is explained on the basis that high-strain-rate
plastic deformation is imparted to the matrix during peening, whereas
the straining due to SLM is due to thermal effects, which is less effective
than mechanical effects in promoting heavy dislocation-based sub-
structures (Zhong et al., 2018).

3.3. Analysis of twins

Analyses of the TEM micrographs and their diffraction patterns
indicate that the laser peening process altered the nature of the twins
observed in the material. Fig. 10 shows a TEM micrograph of the as-built
Ti-6Al-4V in which twins are detected. They have been identified as
{1012} from the positions of the reflexes in the selected-area electron
diffraction pattern. This twin is very frequently observed in Ti-6Al-4V
(Yang et al.,, 2016). The same procedure, applied to the LSP alloy,
pointed to the presence of a different type of twins, found to belong to
the {1122} family, as illustrated by Fig. 11. In both cases, the twins were
tens of nm wide and several hundreds of nm long, having a needle-like
structure. Some twins, however, were a few hundreds of nm wide,
presenting a lamellar aspect, as seen from Figs. 10a and 11a.

4. Discussion

The analyses of the surface profiles by 3D optical microscopy indi-
cated that the surface quality of the additively manufactured alloy is
sensitive to the scanning strategy. The chessboard layering produced a
relatively smooth surface profile, while the unidirectional and bidirec-
tional strategies yielded similar surfaces, and the island scanning
resulted in topographic variations exceeding 1 mm.

Whilst the surface properties differed significantly as the strategy for
layer deposition changed, the residual stress profiles were mainly
similar. In all cases, the axial tensile residual stresses (¢, component)
developed during the SLM process reached peaks in excess of 1000 MPa,
presenting magnitudes comparable to the reported yield strength of the
alloy (Mertens et al., 2014; Rafi et al., 2013). The most deleterious
combination of parameters for the SLM was the island scanning strategy
with a base plate. As seen in Fig. 5a, the residual stress near the top
surface of the as-built Ti-6Al-4V reached 1400 MPa, approaching the
UTS of the additively manufactured material (Murr et al., 2009). These
findings are surprising, considering that the island scanning pattern has
been designed to reduce the levels of residual stress in as-built parts
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Fig. 7. Micrographs extracted from the surface (0-300 um) of the parent as-built Ti-6Al-4V showing (a) a dislocation pile-up; (b) an area with multidirectional twin
intersections (MTIs) observed from the basal plane, as indicated by the corresponding selected area diffraction pattern in (c); and some bowed dislocations forming

loops and tangles in (d).

Fig. 8. A planar hexagonal network found on the surface (foils extracted between 0 and 300 pm) of the LSP Ti-6Al-4V material (a). In (b), the hexagonal network is
accompanied by some attractive junctions, which indicate a transformation taking place in the subsurface material (300-600 um depth).

(Sames et al., 2016), but are in agreement with previous investigations
on materials manufactured by SLM (Wu et al., 2014). It must be noted
that the effects of the scanning strategy on residual stress are not yet well
understood, with a wide variety of residual stress levels being reported,
depending on parameters such as scan vector length and rotation (Ali
et al,, 2018). The present study, though, suggests that the use of
continuous scanning results in lower residual stress levels, behaviour
also noted by Sames et al. (2016) and Wu et al. (2014). Another relevant
aspect seen from Fig. 5 refers to the base plate, which seemed to
intensify the development of axial residual stresses in the material built
with the island scanning pattern, but had no significant effect for the
other scanning strategies, nor on the transverse residual stress compo-
nents. It is possible that, similarly to the scanning pattern, the presence
(or not) of the base plate produces effects that are conditioned to many
parameters, but this requires further examination.

Irrespective of the manufacturing conditions, the adoption of laser
shock peening as a complementary process is noted as being potentially

desirable and advantageous. The pronounced temperature gradients
experienced by the material during SLM (both melting and cooling)
means tensile residual stresses will always be present in the as-built part.
While methods aimed at reducing them in additively manufactured
components are welcome, LSP is still a necessary step to transform
tensile residual stress into compressive within hundreds of microns of
depth. Its advantages are not limited to surface hardening, with recent
works on Ti-6Al-4V evidencing both hardening of surface layers and
grain refinement (Guo et al., 2018).

The EBSD microstructural analysis revealed features consistent with
what is expected for Ti-6Al-4V produced by SLM. The parallelism re-
lationships found in the survey indicated a fully martensitic hep o’-Ti, a
metastable phase associated with the fast cooling experienced by the
alloy in SLM (Kazantseva et al., 2018), alongside bcc prior-f grains,
whose vertical grain boundaries were detected by EBSD (Fig. 4a).
Despite the crystallographic differences between the unidirectional
scanned sample and its counterparts, all scanning strategies produced
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Fig. 9. Wavy slip dislocation arrangements depicted in the LSP material. The surface foils (extracted between 0 and 300 pm depth), illustrated in (a) and (b), showed
a high density of dislocations, organised in poles, tangles, walls and cells. The subsurface foils (extracted between 300 and 600 um depth) also revealed significant
dislocation populations, with multipoles along several directions (c), and walls in a fairly parallel arrangement (d).

weak o’ texture, as seen in Fig. 4, from the multiple orientations of the
martensitic grains formed within the prior-f phase. Likewise, the pres-
ence of the (100) pole in all B-Ti pole figures evidences epitaxial growth
of the B grains, as successive layers are deposited, producing a strong

Table 1 -
Dislocation density obtained from the line intersection method and, in
brackets, its uncertainty for each condition.

— - - - P
Condition Average Dislocation Density / m texture along the grain growth direction and a columnar grain structure.
LSP 1.1 x 10 (4.0 x 10'%) These results are in agreement with those from similar investigations on
As-built 5.1 x 10" (2.2 x 10 SLM Ti-6Al-4V (Simonelli et al., 2014). Such findings suggest that the
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Fig. 10. Two-beam TEM micrograph of a subsurface (300-600 pm depth) layer of the as-built Ti-6Al-4V showing twins (a) and corresponding selected area
diffraction pattern (b). A schema of the pattern showing the lattice symmetry plane of the twin is shown in (c).
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Fig. 11. Two-beam micrograph of a subsurface (300-600 pm depth) sample of the LSP Ti-6A1-4V in (a), showing a few twins identified in the SAED as {1122} (b). A

schema of the diffraction pattern is presented in (c).

scanning strategy does not exercise a significant effect on the grain
morphology and orientation.

The TEM study indicates some straining experienced by the alloy
during SLM, related to the severe thermal history; and a strongly
deformed microstructure following LSP, as the magnitudes of the
dislocation densities in Table 1 show. However, the most significant
aspect of the TEM survey relates to twinning: that is, twinning is
abundant in the as-built Ti-6Al-4V and significantly reduced following
LSP. The presence of twins in the microstructure of the as-built alloy is
not a surprising result. Krakhmalev et al. (2016) attributed the devel-
opment in the microstructure of the SLM Ti-6Al-4V to the thermal
stresses induced by the thermal gradients, prompting the emergence of a
strain accommodation mechanism. Considering that the hcp structure
has a limited number of independent slip systems for dislocation motion
(Liu et al., 2013), it is reasonable that the current work identified areas
with large quantities of twins in the as-built alloy, required to ensure
deformation compatibility out of the basal and prismatic planes, along
the c-axis of the hexagonal lattice (Chichili et al., 1998; Sun et al., 2013).

In the case of the LSP-processed Ti-6Al-4V, a variety of results were
reported, with contradictory accounts. Lainé et al. (2017) reported twins
to be practically absent from the microstructure of their conventionally
manufactured alloy following LSP; evidences of twins are also not found
in the investigation conducted by Lu et al. (2016) on Ti-6Al-4V manu-
factured by selective electron beam melting process, from the powder
bed fusion route. Other studies on both conventional (Ren et al., 2016)
and additively manufactured (Guo et al., 2018) Ti-6Al-4V showed
abundant thin, needle-shaped twins in the microstructure. In some
cases, depending on the number of impacts and on the laser pulse en-
ergy, these twins even formed the same multidirectional twin in-
tersections (MTIs) observed in Fig. 7b. The present work seemed, at first,
to support the idea of few (or absent) twins, given that instances of
twinned planes were much less often observed in the LSP micrographs.
However, an analysis of the role of each microstructural feature high-
lighted by the TEM examination reveals that the presence of twins is
possible and that, in reality, no contradiction exists. The dislocation

structures found in the as-built material range from pile-ups to multi-
directional twin intersections (MTIs), a result that indicates that one or,
at most, two slip systems were active during the SLM-induced defor-
mation. Even if more systems were active, twinning would still occur,
given that only four independent slip systems exist for the hcp structure,
while a minimum of five is required to maintain plastic deformation
compatibility in polycrystalline materials (Wu et al., 2011). Given that
the most significant effect of twinning is to reorient portions of the
crystal to positions that are more favourable to slip, it becomes
reasonable to admit that heavily twinned areas, with a high density of
MTIs, will favour dislocation generation and motion, rather than further
twinning, if further deformation is induced. Thus, the LSP process, when
applied to an as-built material in similar conditions to that in Fig. 7,
which is already considerably twinned, would trigger intense plastic
deformation by slip, causing early dislocation arrangements to evolve
into walls, cells and others while suppressing the formation of twins.
This explains the much higher dislocation density found for the LSP
alloy, in comparison to the as-built counterpart. And, since the evolution
of the dislocation structures depends on the pre-LSP condition of the
material (grain size, deformation level) and on the LSP parameters
(energy, number of impacts, induced strain rate), it is not surprising that
a wide variety of post-processing microstructures are observed, some
densely populated by twins, some containing very few instances — or
even devoid of them. Irrespective of the case, in the event of continued
straining, dislocation slip will always follow the onset of twinning, since
this mechanism cannot accommodate large deformations in the lattice
due to the fact that atom displacements are much less than the
inter-atomic distance (Wen et al., 2009).

The qualitative TEM investigation provides a complementary
perspective on the analysis of twinning in Ti-6Al-4V. The predominant
twin type found in the as-built material was the {1012}(1011), known to
be generated by tensile straining in titanium (Wang et al., 2010; Wie-
lewski et al., 2012). This correlates well with the high-magnitude tensile
residual stresses shown in Fig. 5 of the present study, and with the
findings of Xiao et al. (2020) and Yadroitsev and Yadroitsava (2015),
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who also measured residual stresses in Ti-6Al-4V manufactured by SLM.
Also, the presence of tensile twins in the substructure is associated with
the existence of preceding high-magnitude compressive stresses
(Kazantseva et al., 2018), developed in the material during the building
process by deposition of sequential layers. As for the LSP alloy, its less
frequently observed twins were found to be of the {1122}(1123) type.
Once again, agreement with the nature of the residual stresses in the
material is noticed, since this twinning system is compressive. However,
this system was not initially expected, considering that the
{1011}(1012) variant of compressive twin, with half the shear strain of
the {1122}(1123) twin, is available for hcp metals (Christian and
Mahajan, 1995). The predominance of the {1122} can be rationalised by
considering that the preferred twin system in a given material depends
on several parameters such as the critical resolved shear stress (CRSS),
strain level, and texture. As an example of this, Sun et al. (2013) also
identified the {1122} twin system as the predominant compression twin,
along with the tensile {1012}, in ultrafine-grained Ti processed by dy-
namic plastic deformation. It is suggested that {1122} twinning is fav-
oured when the [0001] direction of the metallic matrix is nearly parallel
to the loading direction (Munroe et al., 1997). Irrespective of the type,
the predominance of compressive twins in the substructure of the LSP
Ti-6Al-4V is reasonable, given that these twins are formed when a
compressive force is applied along the c axis of the hcp structure, which
may have been the case during peening.

Both quantitative and qualitative TEM analyses converge to indicate
that twinning has a significant role in ensuring continuity and compat-
ibility of deformation in any transformation the microstructure of the
material may suffer as a result of its processing. Thus, it is expected that
deformation in Ti-6Al-4V proceeds by alternating dislocation slip and
twinning.

5. Conclusions

The present study has demonstrated that:

1. Amongst the four scanning strategies adopted for SLM of Ti-6Al-4V,
the island pattern is shown to be the most deleterious, in terms of
more pronounced surface irregularity and the highest level of tensile
residual stress, particularly when a base plate (or substrate) is used.
In contrast, the continuous scanning strategies were noted to lower
the peak residual stresses, and the chessboard scan produced a
smoother surface.

2. The scanning strategy adopted does not affect the microstructure of
the SLM Ti-6Al-4V, given that all patterns adopted produced similar
grain orientation distributions, with weak texture for the martensitic
o’ phase and a strong (100) texture for the columnar f grains.

3. High-magnitude tensile residual stresses resulted from the SLM
process, with the stress component in the build direction (z-axis)
being comparable to the material’s yield stress. LSP successfully
eliminates the tensile residual stress, introducing compressive re-
sidual stresses to a depth of several hundreds of microns from the
surface.

4. The dislocation density of the LSP material is significantly higher
than that of the as-built, indicating intense plastic deformation
during the peening process. However, after the LSP processing, twins
are noted to play an important role in assuring deformation
compatibility, allowing dislocation generation and motion to occur
in the hcp structure.

5. The substructure of the as-built Ti-6Al-4V showed a predominance of
early dislocation arrangements such as pile-ups along with a high
density of twins. Wavy slip structures such as bowed dislocation
lines, loops and tangles were also found. The LSP Ti-6Al-4V pre-
sented a more diverse range of substructural features, with pre-
dominance of wavy slip structures (multipoles, walls and cells),
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along with remnants of planar arrangements such as junctions and
networks. Also, fewer instances of twins were observed.

6. The {1012} tensile twinning system predominated in the as-built
substructure, while {1122} compressive twins were the prevalent
type in the LSP alloy matrix. In both cases, the twinning system
correlated to the nature of the detected residual stresses in the
material.
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