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HIGHLIGHTS

e Advancing additive manufacturing and surface treatment for improved performance.
o Duplex treatment to enhance additively manufactured Ti64 substrates.

e Shot peening mitigates the tensile stresses and negative effect of build defects.

o Shot peening enhances the PVD coating’s load-bearing capabilities.
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In this research, the impact of an innovative duplex surface treatment on the surface characteristics of additively
manufactured Ti-6Al-4V was investigated. This duplex approach encompasses two distinct stages; the material is
initially subjected to mechanical shot peening, followed by the application of a ceramic multilayer coating
(consisting of Ti, TiN, TiAIN and TiAlCuN) through physical vapor deposition. The comprehensive analysis delves
into the influence of the shot peening procedure, employing advanced techniques such as X-ray diffraction stress
measurements, profile hardness assessments, and electron backscatter diffraction. The mechanical shot peening
treatment induced a hardened surface layer, approximately 150 pm thick. This transformation was accompanied
by the generation of compressive residual stresses, detected up to depths of 150 ym from the surface. Notably, the
most substantial compressive residual stress, measuring 770 MPa, is located at a depth of approximately 27 pm
beneath the surface. The existence of these stresses is further substantiated by average misorientation mea-
surements of the cross-sections. The duplex treatment led to a remarkable advancement in the material’s
microhardness, exhibiting an increase of approximately 210% when compared to the untreated sample. Addi-
tionally, the ceramic coating itself demonstrates outstanding mechanical properties, with a nanohardness of 26
GPa, and an elasticity index (H/E) of 0.08. Furthermore, when subjected to scratch tests, the duplex-treated
specimens exhibited enhanced durability attributed to the concurrent rise in surface roughness induced by the
peening process.

1. Introduction offset by its prolonged service life and reduced maintenance expenses

[4].

Titanium alloy Ti-6Al-4V (Ti64) has a longstanding presence in
various industries due to its desirable properties. Its popularity is
growing in marine applications owing to its impressive specific strength,
fatigue and corrosion resistance, while also significantly reducing
weight compared to traditional marine materials [1-3]. Despite its high
manufacturing costs and energy requirements, these drawbacks are
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This study addresses the substitution of conventionally wrought Ti64
with additively manufactured (AM) Ti64. Although widely used in other
sectors, additive manufacturing remains emergent in marine applica-
tions. Laser powder bed fusion (L-PBF) is used to create this alloy,
enabling the fabrication of intricate components that are challenging or
impossible to produce conventionally. This approach reduces
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production time and material waste by eliminating multiple
manufacturing steps due to near net-shape fabrication route [5]. How-
ever, the process can lead to elevated tensile residual stresses and sur-
face roughness, adversely impacting the fatigue, erosion, cavitation, and
corrosion resistance necessary for marine purposes [5,6]. To counter
these issues while enhancing material performance, a duplex treatment
strategy is proposed, involving shot peening (SP) followed by the
deposition of a ceramic multilayer coating via physical vapor deposition
(PVD), supplemented by a prior heat treatment.

Typically, duplex post-processing treatments for AM metals involve a
combination of heat treatment with other surface or bulk treatments.
The heat treatment aims to homogenise the microstructure, alleviate
induced tensile residual stresses, and eliminate anisotropy. It is often
combined with techniques like hot isostatic pressing, sandblasting, or
shot peening [7]. These treatments mitigate roughness, porosity, build
defects, or tensile stresses induced during additive manufacturing by
substituting them with compressive residual stresses. Shot peening also
enhances fatigue resistance by inducing compressive stresses, reducing
the pore size of any pores in the near-surface region, and enhancing wear
resistance through increased hardness [8]. PVD coatings primarily aim
to enhance the surface wear resistance and hardness, while also
providing corrosion protection by acting as a barrier [9]. A duplex
treatment is proposed to harness the benefits of both processes. Addi-
tionally, to enhance resistance against biofouling, copper ions are
incorporated into the multilayer coating’s final layer due to their anti-
fouling properties [10].

Several studies have examined the impact of shot peening on
wrought Ti-6A1-4V [11-15]. Ahmed et al. [12] observed increases in
surface hardness up to 395 HV together with a 250 pm deep hardened
layer, and a maximum compressive residual stress of 1096 MPa just
beneath the surface following peening. Similar effects were observed for
shot-peened L-PBF Ti64, with values varying based on the peening pa-
rameters used [15,16]. Zhang et al. [16], after shot peening L-PBF Ti64,
noted a surface hardness of 416 HV, a maximum compressive residual
stress of 806 MPa, and a 180 pm deep hardened layer.

Electron backscatter diffraction (EBSD) enables comparison of
treatment effects on different microstructures; several researchers have
employed this technique to investigate the effect of the shot peening
treatment on grain size, orientation, and texture of wrought Ti64 [11,17,
18]. Wrought Ti64 typically exhibits an equiaxed microstructure,
whereas the microstructure of AM Ti64 is composed of fine elongated
laths, resulting in different behaviour. Unlike laser shock peening effects
on AM Ti64 [19-21], the effect of shot peening on AM Ti64 via EBSD
analysis has not been extensively studied. This investigation aims to
provide deeper insight into shot peening’s effects by analysing changes
in lath size distribution and misorientation values following the applied
treatments.

While the combination of shot peening together with PVD coatings is
relatively novel for AM Ti alloys, multiple studies have explored their
impact on wrought Ti alloys. Shot peening has been shown to enhance
adhesion of PVD coatings [22,23]. Zammit et al. [23] observed superior
adhesion in shot-peened and WC/C coated wrought Ti64 compared to a
coated-only condition, suggesting that the induced roughness does not
compromise adhesion properties. Adhesion is crucial for load transfer in
the coating-substrate system, and optimal performance necessitates
strong adhesion typically achieved by coating a smooth surface [9]. Shot
peening enhances surface roughness, encouraging mechanical bonding
between the surface and the coating, however this phenomenon di-
minishes beyond a certain threshold. Additionally, the work-hardening
from peening improves substrate deformation resistance, enhancing
coating resistance to delamination by reducing the underlying defor-
mation of the substrate upon application of a load [23,24].

To date, the impact of the proposed duplex treatment on additively
manufactured Ti64 remains largely unexplored in literature. This study
aims to provide a comprehensive analysis of how shot peening and PVD
coating collaboratively impact the surface and near-surface

Materials Chemistry and Physics 319 (2024) 129303

characteristics of this material. An array of advanced characterisation
techniques was employed, including electron backscatter diffraction
(EBSD), X-ray diffraction (XRD), nano- and microhardness testing, as
well as profilometry, to thoroughly investigate these effects. The out-
comes of this research are anticipated to yield significant insights that
can advance the fields of additive manufacturing and surface treatment
of Ti64.

2. Materials and methods

Cylindrical samples were generated employing an AmPro In-
novations SP100 Metal 3D Printer (China) laser powder bed fusion
system. The coupons, having a 20 mm diameter and 6 mm thickness,
were fabricated from Ti-6Al-4V powder with particle diameters ranging
from 15 to 53 pm. Key processing parameters included a laser power of
100 W, laser speed of 600 mms ™}, a layer thickness of 30 ym and a hatch
spacing of 70 pm. Subsequently, the coupons underwent heat treatment
in a nitrogen atmosphere at 800 °C for 2 h, followed by furnace cooling
using a T.A.V. Dualjet TPH-200 (Italy) furnace. These heat treatment
parameters were chosen with the aim of relieving tensile stresses whilst
ensuring the breakdown of the brittle acicular martensite phase, without
inducing significant grain growth and thus retaining the material’s
strength. The samples were then ground and polished using standard
metallographic techniques up to a mean surface roughness, R,, equiv-
alent to ~45 nm.

Shot peening was performed using an Industrial Surface Treatment
Ltd. AB850 air blasting machine, comprising an 80 mm-long nozzle with
an inner diameter of 6 mm. The shot peening process incorporated an
Almen intensity of 20 mmaA, a pressure of 7 bar and a working distance
of 100 mm. Zirshot Z300 (France) shots, primarily composed of ZrO,,
SiO2 and Al;Os3, with a size distribution ranging from 300 to 450 pm,
were utilised.

A multilayer coating, consisting of four distinct layers (Ti/TiN/
TiAIN/TiAlCuN), was deposited by unbalanced magnetron sputtering
(UDP800, Teer Coating Ltd., UK), using two Ti, one Al and one Cu tar-
gets. The deposition parameters are shown in Table 1. The specimen
rotation speed was 4 rpm, while the deposition pressure was 0.23 Pa.
The target-to-specimen distance was 145 mm. The deposition

Table 1
Deposition parameters for the PVD process.

Steps Total Time Bias OEM* Target current ( A )
time voltage (%) 1: o 3 4
(V) N
i Ti Al Cu
Clearing 10 0 200 0 0.5 / /
min Ramp 400
2 min
Stable 400
8 min
Ti layer 15 0 90 0 0.5 / /
min Ramp 8
10 min
Ramp
5 min
TiN layer 60 0 90 100 8 / /
min Ramp 35
30 min
Stable
30 min
TiAIN 60 0 920 35 8 2 /
layer min Ramp 8
5 min
Stable
55 min

TiAICuN 60
layer min

60 min 90 35 8 8 8

# OEM stands for the optical emission monitor system. Nitrogen flow was
dynamically regulated according to the intensity of glow generated by the atoms
on the surface of the Ti target.
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temperature is from 25 °C to 180 °C.

Table 2 shows the nomenclature used to categorise the different
sample conditions.

To assess the surface topography, an AEP Technology NanoMap-
500LS (USA) contact profilometer was employed to obtain linear
scans. Each line scan covered a 2500 pm distance at a scanning rate of
25 pms ™!, with a lateral resolution of 1 pm and a vertical resolution of
0.1 nm. Five scans were conducted at various positions to determine
average roughness measurements.

Vickers microhardness measurements were carried out using a
Mitutoyo MVK-H2 (Japan) hardness tester. A 100 gf load was applied for
all measurements, with five indentations to establish surface hardness
measurements repeated across the cross-section to create profile hard-
ness measurements.

For in-depth analysis of the coating, a Carl Zeiss Merlin Gemini
(Germany) scanning electron microscope (SEM) was utilised at high
magnifications. Elemental analysis was conducted out using SEM in
combination with an Ametek EDAX (USA) energy dispersive spectros-
copy (EDS) detector.

Nanohardness measurements were performed using a Nanomaterial
NanoTest 600 (U.K.) instrument, which was outfitted with a Berkovich
120° diamond tip indenter and applying a maximum load of 50 mN.
These measurements were conducted on a coating deposited on a
metallographically polished wrought Ti-6Al-4V sample.

Scratch testing was performed using a Bruker UMT TriboLab (USA)
machine, employing a 60° Rockwell C indenter. A total of five scratches
were made per sample, each spaced 2 mm apart. The test parameters
included a ramped load starting from 1 N to 40 N, a scratch length of 10
mm, a duration of 30 s and a scanning velocity of 0.33 mm s~ 1. The
scratch morphology was examined using a Carl Zeiss Axioscope 5
(Germany) optical microscope, and a Carl Zeiss Merlin Gemini (Ger-
many) scanning electron microscope (SEM) to identify the critical loads
(Lc) at which failure occurred, following EN ISO 20502:2016.

For phase analysis, a Bruker AXS D8 Advance (USA) diffractometer,
utilising Bragg Brentano geometry, was deployed. Scans were conducted
within a 20 range of 20° to 90°, with a 0.02° step size and a 2 s dwell
time. The Rigaku Ultima IV (Japan) diffractometer, configured in the
Glancing Incidence Asymmetric Bragg (GIAB) mode, was used to analyse
the coating, following the same parameters with an initial angle of 3°.
Both diffractometers employed a CuKa radiation source operating at 45
kV acceleration voltage and 40 mA current.

Stress measurements were acquired using a Rigaku Ultima IV
(Japan) diffractometer. The o-Ti (213) pyramidal plane peak was
selected for peak shifting measurements, and scans were conducted
across a 20 range of 139° to 144°, using a 0.02° step size and a 5-s
acquisition time. Measurements were taken at seven W tilts, ranging
from 0° to 60°, with stresses calculated via the Sin?y method. Layer
removal was performed using a Struers LectroPol-5 (Denmark) electro-
polishing machine, employing an electrolyte comprising 10% perchloric
acid and 90% ethanol. The value of Young’s Modulus used was 114 GPa
which was obtained from tensile tests carried out on the material, while
the Poisson’s ratio used was 0.3.

For electron backscatter diffraction (EBSD) analysis, specimens were
sectioned and metallographically polished to a mirror finish. EBSD
measurements were conducted using Carl Zeiss Merlin Gemini SEM

Table 2
Nomenclature used to categorise sample conditions.
Designation ~ L- Heat Polished  Shot PVD
PBF treatment peened Coated
AB v
HT v 4 v
SP v 4 v v
PVD v v v v
DU v v v v v
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equipped with an EBSD/EDX Ametek (USA) detector. Scans covered a
290 pm by 240 pm with a 0.5 pm step size, a working distance between
12 and 14 mm, a working voltage of 20 kV and a probe current of 10 nA.
Data analysis was carried out using OIM Analysis™ v8 software. Scans
were filtered to exclude points with a confidence interval less than 0.1
and grain size of less than five points. Additionally, scans were processed
using a grain dilation method ensuring that less than 10 % of the scan
data was altered.

3. Results and discussion
3.1. Analysis of the surface morphology

In Fig. 1, the mean roughness (R,) and mean maximum height (R;)
values were observed to be similar for the as-built and heat-treated (HT)
and coated-only (PVD) substrates. However, an increase of a magnitude
of ~30, becomes evident in the case of the shot peened (SP) and duplex-
treated (DU) conditions. This increase in surface roughness can be
attributed to the peening treatment’s effects, as the impacting shots
induce surface deformation and the formation of dimples characteristic
to the process. The extent of surface roughening is intricately linked to
the intensity of the peening process, whereas the maximum depth of
dimple achieved is directly influenced by the diameter of the shot par-
ticles employed [16]. Furthermore, it is worth noting that the deposited
coating reflects the underlying rough surface morphologies, resulting in
a highly conformal coating. This behaviour can be attributed to the
light-of-sight deposition characteristics of magnetron sputtering. It is
good to note that, in certain cases, the smoothing of the coating may not
be the preferred outcome as there is a potential consequence of
achieving a shallow coating thickness at surface asperities, which, in
turn, could promote crack initiation through fragmentation mechanisms
[25].

3.2. Analysis of the hardness

The hardness measured on the AB sample was 346 HV, while after
heat treatment the hardness decreased to 332 HV. This can be attributed
to the phase transformation from o’ to o and f, which is softer. After
subjecting the material to surface engineering treatments, significant
improvements in microhardness were observed, with a 13% increase for
SP conditions and a 210% increase for the DU conditions. This increase
in hardness can be primarily attributed to the induced work hardening
resulting from the peening treatment. While the treatment has the po-
tential to induce a martensitic transformation that contributes to further
hardening, the investigations, as confirmed by XRD phase analysis in
Section 3.4, revealed that such transformation did not occur in this case.
This non-occurrence aligns with prior research on Ti alloys, where the
small crystal lattice distortion makes the transformation unlikely [26].

2.0 14
ER,
' R 12
1.6 m
1.4+
A _8 _—
g 1.2 g_
~ L6 =,
s 0.04 - B
' -4
0.02 Ly
0.00 - -0

HT SP DU PVD

Fig. 1. Surface roughness measurements obtained for all sample conditions.
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The examination also unveiled the formation of a robust hardened layer
approximately 150 pm below the surface, as depicted in Fig. 2. It is
worth noting that the literature reports variations in hardening depths,
contingent on peening parameters and the microstructure under treat-
ment. Increased peening duration, intensity and shot size typically
promote greater hardening depths [12,27]. The deposition of a coating
onto a hardened, shot peened surface holds notable advantages. A
harder substrate enhances the load-bearing capabilities of the coating
mitigating stress concentration at the substrate-coating interface and
thereby extending the service life of coatings in harsh environments [2.8,
29]. Additionally, the multilayer structure of the coating contributes to
the improved load-bearing capabilities, as the various layers further
impede dislocation movement [30].

3.3. Analysis of the coating

Fig. 3 shows the coating’s dense and characteristic columnar struc-
ture typical of titanium nitride coatings [30]. The successive deposition
of distinct layers effectively interrupts the growth of these columnar
grains, leading to a denser coating with reduced grain size, in agreement
with the findings of Comakli et al. [30]. Overall, the coating has an
average thickness of 4.26 pm, with individual layer thicknesses as fol-
lows: (i) Ti: 0.35 pm; (ii) TiN: 1.25 pm; (iii) TiAIN: 1.80 pm; and (iv)
TiAlCuN: 0.86 pm. This multilayer structure not only enhances me-
chanical properties but also contributes to an improved corrosion
resistance by impeding the transportation of corrosive media through
coating defects typical of columnar structures [30]. Analysis of the
cross-sections of the coating revealed no sub-surface cracks, thus
over-peening did not occur.

Table 3 presents the nanoindentation results, encompassing hard-
ness, modulus of elasticity and elasticity index of the coating. A 50 mN
load resulted in a maximum indentation depth of approximately 336
nm, which is less than 10% of the total coating thickness. These findings
align with previous studies by Feng et al. [31] who obtained a hardness
equivalent to 24.52 GPa for a Ti-Al-Cu-N monolayer coating having
1.07 at% Cu, whilst Belov et al. [32] observed a hardness equivalent to
22 GPa which increased up to 49 GPa when having 3.05 at% Cu. The
high elasticity index obtained signifies the coating’s ability to absorb
elastic deformation without failure, making it resistant to crack initia-
tion under cyclic stresses [11]. Therefore, the application of the coating
is deemed advantageous, as it exhibits a higher index compared to the
untreated sample.

To delve deeper into the coating’s characteristics, two sample con-
ditions, duplex-treated (DU) and coated-only (PVD) substrate, were
subjected to scratch testing. Figs. 4 and 5 provide detailed insights into

1060 -
1040 1
1020 1
1000 1
980 1
960 1

= HT = Sp = DU

Ol)

380 iE .

360 - L

340 4
[ T Tl 1 PP SO
o s b

Vicker's Microhardness (HV,

T T T T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400
Depth below the surface (nm)

Fig. 2. Vickers microhardness surface and profile measurements.
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2pm |
Fig. 3. High magnification micrographs depicting a) the various layers of the
multilayer coating and b) a fractured section of the coating showing the coat-
ing’s columnar structure.

Table 3
Data obtained from nanohardness testing of the multilayer coating compared
with the data of printed and heat-treated Ti-6A1-4V.

Hardness, H (GPa) Modulus of Elasticity, E (GPa) Elasticity Index, H/E

HT 3.00 + 0.03
PVD  26.00 + 2.00

99+ 3
337 £ 38

0.030 + 0.001
0.080 + 0.011

the observed characteristics following these tests. High-magnification
micrographs in Fig. 5 suggest that while the DU sample exhibited less
distinct scratching, it suffered comparatively more damage toward the
end of the scratch, eventually leading to complete delamination.

For the DU-treated sample, the very rough surface impeded the clear
visualisation of L¢; (the start of chevron cracking in the coating), but this
does not necessarily indicate an absence of chevron cracks. Both sample
conditions exhibited L¢y characteristics (chipping failure on the edges of
a scratch track), while no L¢3 (delamination of the coating within the
scratch track) was observed for the PVD-only sample. This suggests su-
perior coating adhesion when applied to a polished untreated alloy
compared to that deposited on a shot-peened surface. Evidently, the DU
samples experienced continuous coating removal at a normal load of 33
N, which was not apparent in the PVD sample. The variance in perfor-
mance can be ascribed to the increased roughness of the DU sample,
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Fig. 4. Bar graph of critical loads sustained by each sample (Lc; is character-
ized by the start of chevron cracking in the coating, Lca by chipping failure on
the edges of the scratch track, and L¢3 by delamination of the coating within the
scratch track). *1 No values were obtained for L¢; on the DU sample, since these
characteristics were difficult to identify on the roughened surface. *2 No values
were obtained for Lcz as the PVD coated only substrate sustained no
such damage.

altering the interaction between the tip and the surface and encouraging
a higher defect density during deposition, leading to a loss in local
adhesion [9].

However, it is worth noting that the substrate’s initial hardness also
plays a significant role. Comparatively, the AM Ti64 substrate exhibited

PVD Lci
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higher hardness and less roughness than the AM 316L SS substrate re-
ported by Bonnici et al. [33]. In particular, the AM Ti64 substrate proved
to be 46% and 12% harder than AM 316L SS in the untreated and
shot-peened conditions, respectively. Consequently, the harder and
smoother AM Ti64 substrate facilitated load-carrying capabilities for the
coating, as evidenced by its enhanced performance compared to the
softer AM 316L SS substrate.

3.4. X-ray diffraction analysis

X-ray diffraction phase analysis, as presented in Fig. 6, provides
crucial insights into the structural transformations within the material.
In the as-built and heat-treated (HT) samples, the presence of a slight
B-Ti(110) peak confirms the transformation from o’ to o + p. Notably,
the peaks in the HT sample exhibit a slight shift towards lower 26 values
when compared to the standard powder diffraction files of hcp o-Ti and
bce p-Ti. This shift can be attributed to the heat treatment process, which
alters the crystal parameters due to the diffusion of solute atoms,
resulting in lattice expansion and increased parameter values [34].

Similarly, a shift towards lower 20 values is observed for the as-built
and shot peened (SP) sample, alongside broader and less intense peaks.
These changes can be attributed to the increased surface roughness,
where surface asperities absorb diffracted rays, thus altering the
diffraction spectra [11] while the shift is a consequence of the induced
compressive residual stresses. No new reflections were detected in this
study, indicating that phase transformation due to SP did not occur,
likely due to the relatively low peening intensity employed.

For the duplex-treated (DU) sample, as with the SP sample, peak
broadening and differences in intensity compared to the coated-only
(PVD) sample were observed. These differences can be attributed to
the surface condition of the prior shot peened DU sample. Both DU and

PVD Lc2

Fig. 5. High magnification micrograph of the various characteristics observed in the scratch tracks.
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Fig. 6. X-ray diffraction peaks obtained for the different sample conditions.

PVD samples exhibited reflections along the (111), (200) and (220)
planes, characteristic of TiN and TiAIN coatings [30]. No copper peaks
were observed, suggesting either the Cu phases were not crystalline or
not present in sufficient quantities to be detectable.

Fig. 7 illustrates the residual stresses observed at and below the
surface for various sample conditions. Notably, the SP condition
exhibited a compressive residual stress (CRS) of 744 MPa at the surface,
indicating significant plastic deformation. A maximum CRS of 777 MPa
was observed at a depth of 27 pm, consistent with findings by Zhang
et al. [16] for L-PBF Ti64 following shot peening. The magnitude of the
induced stresses is influenced by shot velocity and diameter, with higher

m HT = SP = DU = PVD

100

. n
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1 [l
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e
0 20 40 60 80 100 120 140 160 180 200 220

Depth below the surface (im)

Fig. 7. Residual stress measurements obtained via x-ray diffraction for the
different sample conditions. Residual stress errors were obtained via Gaussian
error propagation, whilst depth errors were obtained by the min-max method.
Measurements are along the build direction.
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speeds inducing greater plastic deformation and increased surface CRS
[16].

The DU condition displayed similar stress values to the SP condition,
with a surface CRS of 708 MPa and a maximum CRS of 729 MPa at a
depth of 30 pm. This indicates that the coating deposition process did
not alleviate these residual stresses significantly. Beyond depths of
140-150 pm from the surface, residual stresses in both sample condi-
tions were no longer compressive, correlating with the hardened layer’s
depth induced by the peening treatments, consistent with microhardness
measurements. Conversely, the HT and PVD samples exhibited minor
tensile residual stress at the surface, with values of 2 MPa and 6 MPa,
respectively. These tensile stress levels are deemed insignificant,
demonstrating the effectiveness of the heat treatment in relieving any
substantial tensile residual stresses induced by the L-PBF process.

3.5. EBSD analysis

The grain size plots and misorientation maps obtained for the
different conditions are depicted in Figs. 8 and 9, respectively, to
comprehensively analyse the microstructure’s response to the
manufacturing process and surface treatments. The microstructure
initially comprises columnar prior-p grains, which upon cooling during
the L-PBF process transform into laths. The columnar growth parallel to
the build direction is a hallmark of L-PBF and is driven by steep tem-
perature gradients resulting from the heat flow toward the substrate,
combined with epitaxial growth between layers from re-melting previ-
ously solidified layers [35]. Subsequently, these columnar grains un-
dergo a diffusionless transformation to o lath colonies upon rapid
cooling, as demonstrated in Fig. 9(a) for the as-built (AB) condition [36].

Given the thin and elongated lath morphology, grain diameter

I rvD
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s
(S
<
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Fig. 8. Relationship between grain size (in terms of area) and area fraction
across various sample conditions, as determined through EBSD measurements.
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Fig. 9. Grain average misorientation maps for cross-sections of the different conditions, obtained along the cross-section up to depths of 240 pm from the surface.

measurements prove inaccurate for grain size analysis. Hence, grain area measurements occurred. Following heat treatment, the lath structure
measurements were utilised in this study. Grain area was plotted against remained intact (as shown in Fig. 9(b)).

area fraction values for various sample conditions (Fig. 8) within a near- The SP treatment did not lead to significant lath refinement as
surface area of approximately 290 pm by 100 pm. Due to the wide range indicated in Fig. 8, a finding in line with Hu et al.’s observations [37] for
of lath sizes observed, common after AM processes due to varying laser peened direct laser deposited Ti64. The pre-existing fine micro-
thermal gradients throughout the specimens, significant overlap in structure prior to peening may contribute to this result. Yeo et al. [20]
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note a slight decrease in average grain size following laser shock peening
of L-PBF Ti64, though their work showed some statistical overlap in
values. Similarly, in this study, significant statistical overlap in mea-
surements suggests that any refinement, if present, was slight and not
statistically significant.

Aspect ratios for the near-surface microstructures are provided in
Table 4, indicating a slight decrease in aspect ratios for the SP and DU
samples compared to the heat-treated specimens. This suggests a po-
tential shift from an elongated to a more globular shape, albeit with
minimal change within the limits of statistical uncertainty. Grain
refinement in hcp materials via severe plastic deformation techniques is
challenging due to the structure’s high deformation resistance [38].
Plastic deformation triggers dislocation generation and motion, with
accumulated dislocations eventually becoming immobile, leading to
grain refinement as low-angle grain boundaries transform into
high-angle grain boundaries [11]. An initial fine microstructure inhibits
dislocation mobility, necessitating exceedingly high peening intensities
for significant grain refinement.

Misorientation measurements were used to examine the effect of shot
peening. Fig. 9 compares grain average misorientation (GAM) maps for
different conditions. An increase in the degree of local misorientation is
expected to occur due to localised stress application from the SP process
and residual stresses from the additive manufacturing process. Local
average misorientation measurements within a crystal structure can be
correlated with geometrically necessary dislocations (GNDs), whereby
an increase in misorientation can indicate an increase in GNDs [39,40].
The as-built (AB) sample in fact, exhibited significant misorientation
distributed across the cross-section, attributed to tensile residual stresses
induced by the steep thermal gradients during L-PBF. Following heat
treatment, as expected, misorientation values significantly decreased.

In contrast, both shot-peened (SP) and duplex treated (DU) condi-
tions exhibited substantial misorientation levels at the surface, attrib-
utable to induced compressive residual stresses from shot peening. GNDs
can introduced through strain hardening processes such as shot peening,
thus resulting in an increase in the misorientation measurements
observed near the surface and a decrease as one moves to the interior of
the specimen. This increased measurable misorientation values
extended to a depth of approximately 100 pm beneath the surface,
corroborating stress and hardness measurements of the near-surface
area. No evidence of twinning, a typical mechanism in hcp crystals,
was observed, possibly due to factors such as small initial grain size,
insufficiently high peening intensity and a high Al content suppressing
twin formation [17,41,42].

To quantitatively assess the induced stresses, the Kernel Average
Misorientations (KAM) along the depth from the surface were plotted, as
shown in Fig. 10. Upon heat treatment, the KAM value decreased from
0.76 to 0.67, reflecting stress relief caused by the heat treatment.
However, the SP and DU samples exhibited a rise in KAM near the
surface, indicating localised strain concentration and induced residual
compressive stress [20]. These induced stresses and plastic deformation
from the SP process would have led to an increase in dislocation density
resulting in a change in grain orientation near the surface. The rotation
of laths is attributed to dislocation movement within the lattice,
contributing to the elevated KAM values in the near-surface area.

Table 4

Aspect ratio measurements across different sample con-
ditions as determined through EBSD measurements with a
resolution of 0.5 pm.

Sample Condition Aspect Ratio

AB 3.37
HT 3.68
SP 3.27
DU 2.90
PVD 3.60
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Fig. 10. Kernel Average Misorientation measurements along the depth for the
different sample conditions.

3.6. Summary

The results presented in the previous sections explore the surface
morphology, hardness, coating characteristics, X-ray diffraction analysis
and microstructure of a Ti-6A1-4V titanium alloy subjected to various
treatments, including shot peening and a duplex treatment. The
following section summarises the key findings.

A comprehensive analysis, employing a range of characterisation
techniques on duplex treated additively manufactured Ti64 titanium
alloy, including X-ray diffraction and electron backscatter diffraction
analysis was carried out. The following key findings were obtained:

1. The duplex treatment led to a remarkable 210% increase in hardness
attributed to a combination of factors, namely, the introduction of
compressive residual stresses, and the inherent high hardness of the
multilayer coating, having a nanohardness of 26 GPa. This treatment
resulted in the formation of a hardened layer ~150 pm deep.

2. The PVD coating exhibited very good adhesion characteristics,
particularly on smooth polished surfaces, where it demonstrated
high resistance to large normal loads. The introduction of surface
roughness through the peening process was not conducive to me-
chanical interlocking.

3. The peening treatment did not induce any phase transformation; but
did generate significant compressive residual stresses, detectable up
to a depth of 150 pm. While some evidence of grain refinement was
observed, it was minimal due to already fine initial microstructure.

4. The deposition temperature of the coating did not impact its hard-
ness and did not result in stress relief or a reduction in
misorientation.

4. Conclusion

This work confirms that the proposed duplex treatment is highly
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beneficial for enhancing the properties of additively manufactured
substrates, effectively addressing the limitations inherent to the printing
process. Through the introduction of compressive residual stresses, this
treatment mitigates the negative effect of build defects and tensile
stresses on the material’s fatigue life. Additionally, the increased sub-
strate hardness enhances the coating’s load-bearing capabilities, with
the potential for further improvement by reducing the roughness
induced by the peening treatment. This study thus contributes valuable
insights into advancing the field of additive manufacturing and surface
treatment for improved material performance.
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