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Abstract
Large-scale industrial application of additively manufactured (AM) components in general, and specifically cold sprayed 
additive manufactured (CSAM), is limited due to the nature of this technology and the resulting product’s porosity and 
embrittlement. To improve the final properties of additively manufactured material, many lengthy, complex, or expensive 
post-treatments have been proposed. Reducing the environmental impact, cost, and time required for additive manufacturing 
will allow for greater use in industrial applications. A novel thermomechanical treatment known as in situ electro-plastic 
treatment (ISEPT) is used in this study to treat CSAM Ti-6Al-4 V alloy known as grade 5 titanium. The Ti-6Al-4 V alloy 
has approximately three times the strength and hardness of commercial purity titanium (CP-Ti) with lower ductility and a 
dual-phase (α + β) microstructure that poses challenges during the CSAM process. Compared to CP-Ti, the results showed 
that CSAM Ti-6Al-4 V presented double the porosity and triple the number of ISEPT passes that presented ~ 2 µm ultra-fine 
grain microstructure. The ultimate tensile strength (UTS) of the ISEPT material was superior to that of CSAM Ti-6Al-4 V 
and increased from 184 to 1096 MPa with improved ductility rise from 1.1 up to 8.8%. Six ISEPT passes in air resulted in 
a slight increase in oxygen from 0.2% in the as-CSAM condition to 0.35%. Tensile properties of the ISEPT material were 
comparable to wrought Ti-6Al-4 V with 989 MPa UTS and 8.3% elongation. The ISEPT passes consolidated the CSAM 
(α + β) dual-phase Ti-6Al-4 V and allowed for the nucleation of equiaxed grains at the vicinity of former CSAM splat bounda-
ries. The formation of lamellar colonies within the splat’s inner regions was observed. The role of ISEPT conditions on the 
rapid elimination of porosity and the evolution of cold spray splat boundaries via dynamic recrystallization were discussed.

Keywords Cold spray additive manufacturing · Thermomechanical treatment · Thermomechanical processing · Grade 5 
titanium · Ti-6Al-4 V · Recrystallization · Electroplastic effect

1 Introduction

Grade 5 titanium (Ti-6Al-4 V) is the most commonly used 
titanium (Ti) alloy and accounts for 50% of total titanium 
alloys due to its attractive combination of high strength, low 
density, and corrosion resistance [1]. The other benefits of 
Ti-6Al-4 V alloy such as biocompatibility, formability, and 

better response to heat treatment have been broadly utilised 
for many commercial applications [1, 2].

Titanium, however, is expensive due to its reactivity to 
oxygen at high temperatures that requires inert atmosphere 
or vacuum from upstream sponge production to downstream 
heat treatment and hot deformation processing [3, 4]. Com-
pared to commercial purity titanium (CP-Ti), the higher 
strength and lower ductility of Ti-6Al-4 V further increase 
the downstream manufacturing costs.

One of the potentially cost-effective methods to produce 
grade 5 Ti components is the cold spray additive manufac-
turing under atmospheric conditions with reduced environ-
mental impact and capital cost (CSAM) [5]. In the CSAM 
process, ~ 5–70 µm size titanium particles are propelled using 
nitrogen or helium gas to supersonic speeds (500–1500 m/s) 
through a nozzle and deposited on a substrate without melting 
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to produce parts. This is to form a metallurgical bond com-
bined with mechanically interlocking after deposition [5–8]. 
The outcome of the additive process can be a solid-state 3D 
structure from deformed and infused powder (splat) [5, 7, 
9]. The performance of the CSAM material is controlled by 
many process parameters, such as the propellent gas pressure, 
temperature, and its type and the standoff distance between 
the nozzle and substrate. Powder material, shape, and size 
have been identified as important factors for successful 
CSAM deposition [7–9]. All these parameters affect the criti-
cal particle velocity that is required for successful cold spray 
bond formation [9, 10]. The role of each process parameter 
on critical particle velocity and the resulting CSAM product 
properties have been intensively studied elsewhere [6–17].

The melt-less CSAM is a high deposition rate additive 
process with the ability to produce larger-size products 
while maintaining powder material initial microstructure. 
However, CSAM generally introduces brittleness and poros-
ity that could present as low as 1% to as high as 10–15% 
depending on the propellent gas i.e. helium or nitrogen [7]. 
Helium as a carrier gas, despite its considerably higher cost, 
increases Ti-6Al-4 V particles velocity significantly above 
the critical velocity (> 900 m/s) reducing porosity [7, 18]. 
Elimination of porosity, however, does not overcome the 
brittleness of CSAM Ti-6Al-4 V that requires further treat-
ment to improve ductility [6]. Some studies have reported 
successful heat treatment of CSAM grade 5 Ti at 500 to 
1000 °C [19–23]. Hot rolling [24, 25], hot isostatic pressing 
(HIP) [26], shot peening, friction stir processing, and laser 
post-treatments have been extensively used as post-treatment 
processes to improve CSAM grade 5 Ti properties [6]. These 
processes exhibit technological challenges that generally add 
to the cost of manufacturing. For example, the HIP process, 
that is considered an effective method of improving Ti-
6Al-4 V properties, has a major drawback of high equipment 
costs in relation to manufactured components size and use of 
inert gas, in addition to safety concerns [6, 7, 27].

Previous studies suggest that direct resistance heating is 
highly promising to achieve the best combination of titanium 
properties compared to the other conventional oven heating 
and cooling methods such as water quenching [28–34]. The 
resistive heating followed by air-cooling leads to the formation 
of fine martensitic microstructure with mechanical properties 
superior to the costly bimodal α + β titanium microstructure 
[28]. Other studies on titanium alloys including titanium VT6 
(the Russian equivalent of Ti-6Al-4 V) included the mecha-
nism and kinetics of phase transformations [35] at higher 
than β-phase transus temperature. The formation of finer and 
smaller martensitic β-phase plates and intragrain microstruc-
ture, in a significantly shorter time than conventional oven 
heat treatment, was presented in this study [28]. Another study 
showed that the growth of Ti-6Al-4 V beta grains within a 
fully lamellar microstructure balanced the tensile, fatigue, and 

creep properties of titanium alloys [36]. The duration of rapid 
resistive heat treatment must be carefully controlled to avoid 
excessive grain growth [36, 37]. A similar outcome from other 
research work was found on RHT on titania tube crystallinity 
for orthopaedic implant application [38]. The use of electric 
resistive heating is also utilised to improve Ti-6Al-4 V room 
formability and near elimination of spring back [39]. A recent 
study on the use of RHT with Ti-6Al-4 V alloys [40] showed 
rapid heat treatment from β-phase followed by water quench-
ing resulted in fully martensitic titanium microstructure that 
enabled refinement of β grain size from 40 to as small as 
8 µm. This grain refinement and martensitic transformation 
led to enhanced strength and ductility when a rapid heating 
rate of 50 °C/s was used [40].

Electro-plastic treatment (EPT) of Ni–Ti shape memory 
alloy wires [41, 42] has been shown to be highly effective 
in the improvement of mechanical properties via the intro-
duction of 25–50 nm nano-size grains [41]. Similar benefits 
have been reported in other studies [29] [32, 43] [30]. In a 
recent study on 73% cold rolled CP-titanium sheets, the post-
treatment using AC current pulsation initiated static recrys-
tallization [44, 45]. Higher recrystallization was achieved 
when electro-pulsing was carried out along the rolling direc-
tion rather than the transverse direction.

Recently, our studies in relation to in situ electro-plastic 
treatment (ISEPT) revealed significant improvement in 
mechanical properties of CSAM CP-Ti [46, 47]. The applied 
electric current was expected to provide electron wind that 
contributes to localised joule heating effect through the elec-
trons’ interactions with the crystallographic defects such 
as dislocations, grain boundaries, and other imperfections. 
Such an effect assists with dislocation motion weakening the 
electron cloud of metallic bonding [43]. Further recent stud-
ies on the electroplasticity phenomenon associated with the 
electrically assisted manufacturing/forming (EAM/EAF) and 
side effects such as “skin effect”, and titanium microstruc-
ture evolution published elsewhere [48–53]. The alignment of 
electric current direction with the applied deformational load 
is believed to provide the synergy that resulted in dynamic 
recrystallization of the CSAM below titanium-oxygen critical 
diffusion temperature with details explained elsewhere [46, 
47]. The novelty of this work can be expressed by the fact that 
the simultaneous application of electric current and load facil-
itated rapid recrystallization (softening) and densification of 
CSAM Ti-6Al-4 V in air with potential commercial benefits.

The proposed electro-plastic thermomechanical treatment 
(TMT) could contribute to the establishment of mini-mill 
plants with a small environmental footprint and significantly 
reduced capital to manufacture grade 5 titanium. Continu-
ous fabrication is possible via simultaneous robotic CSAM 
deposition and ISEPT of the grade 5 Ti. Such development 
demands for understanding of the material microstructure-
mechanical property relationship carried out in this study.
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Results showed that the ISEPT of CSAM Ti-6Al-4 V 
differs from CP-Ti that constitutes only α-phase. For exam-
ple, the higher strength and lower ductility of Ti-6Al-4 V 
presented higher porosity in the as-sprayed material. The 
presence of dual (α + β) phase with higher electric resis-
tivity and lower thermal conductivity improved mechanical 
properties of grade 5 Ti via the formation of ultrafine (< 5 
microns) grains that was not observed in CP-Ti of previous 
study. Results confirmed that ISEPT’s contribution to the 
improvement of CSAM robotic additive manufactured grade 
5 Ti strength was a considerably demanding detailed inves-
tigation of complicated microstructure evolution.

2  Materials and methods

2.1  The ISEPT machine

The ISEPT machine used in this research was developed at 
Commonwealth Science and Industrial Research Organi-
sation (CSIRO), under patent number WO2018232451 
[14]. The schematic diagram in Fig. 1 describes the ISEPT 

machine with further analysis of the process parameters 
published elsewhere [46, 47]. The applied current used in 
treating CSAM Ti-6Al-4 V was 1.5 kAmp with a rolling 
surface speed of 0.4 mm/s, and 0.7 MPa was the maximum 
load of the designed machine. The specimen temperature 
was measured using an aT1050sc FLIR IR camera (Oregon, 
USA). The CSAM Ti-6Al-4 V strips were machined to the 
required cross-section of 3.5 × 3.5 mm and 70 mm long 
for ISEPT treatment, as seen in Fig. 1c. Experimental tri-
als showed that 3.5 × 3.5 mm cross-section corresponding 
to h0 × w0 in Fig. 1b initiated sufficient deformation and 
reduction under maximum applied load (0.7 MPa) in CSAM 
Grade 5 Ti. Maximum of six successive passes were used 
at 1.5 kAmp, 0.4 mm/s rolling surface speed (RSS), and 
0.7 MPa rollers pressure.

2.2  Additive manufacture of Ti‑6Al‑4 V strips

The CSAM Ti-6Al-4 V strips of 5 × 5 mm cross-section 
and a total length of 200 mm were additively manufactured 
using Plasma Giken® PCS-1000L system (Saitama, Japan), 
attached to ABB® (Friedberg, Germany) robotic arm to 

Fig. 1  a Schematic diagram of the CS-AM system and the ISEPT 
machine. (1) Bottom roller, (2) top roller, (3) electric AC power 
source, (4) conductive specimen, and (5) IR camera. b Sample 
geometry during the ISEPT process including the electric cur-

rent and applied force directions [47]. c Images of the CSAM (i–vi) 
and ISEPT process (vi) for producing the 3.5 × 3.5  mm Ti-6Al-4  V 
CSAM strips including IR image of the processed strip during ISEPT 
treatment
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precisely control the cold spray nozzle position during the 
deposition process, as seen in Fig. 1c. The cold spray process 
parameters (temperature, pressure) were 900 °C, 5 MPa, and 
25 mm stand-off-distance (SOD). A developed digital twin 
for cold spray was used to estimate the state of particles 
from the injection point to the moment of impact in rela-
tion to the powder size distribution of grade 5 Ti supplied 
by AP&C, Canada. The Cold Spray Digital Twin (CSDT) 
inputs were similar to the industry scale Plasma Giken ® 
cold spray system of this study that included process tem-
perature, pressure, feed rate, nozzle assembly, and cooling 
system. The CSDT outputs were according to a validated 
3D multicomponent CFD model, ANSYS™ CFX Solver® 
under Workbench™ version 2021R1 [47, 54–58]. Details of 
numerical analysis, computational domain, boundary con-
ditions, and particle tracking were published earlier [5, 55, 
58]; therefore, a short explanation is provided here.

For the numerical analysis, ANSYS™ CFX Solver® 
was employed to solve Navier–Stokes equations guided by 
momentum, continuity, and total energy equations. The 3D 
computational domain in this study were a solid nozzle, car-
rier gas (nitrogen), surrounding air, and solid substrate. The 
substrate was a 70 × 70 × 5 mm stainless-steel square plate 
[3]. The surrounding domain was a 400 mm diameter and 
361.5 mm long cylinder with three vertical faces that were 
nozzle inlet, substrate surface, and main peripheral surface 
filled with ambient air.

For the computational grid, ANSYS® elements were 
hexahedral for both fluid and solid domains, with a combi-
nation of lower and larger grid element sizes explored during 
mesh optimisation. The surrounding cylindrical air domain 
had 52.3 mm mesh elements. The critical locations were the 
nozzle throat, jet expansion region near the nozzle exit, and 
jet impingement zone in front of the substrate. An optimum 
element size of 0.018 mm was considered for the throat to 
accommodate gas compression-expansion variations. Near-
wall and free-stream turbulence models used inflation layers 
with an estimated y + value of ~ 5 [59, 60].

As for the particle tracking, nitrogen was used as the car-
rier gas at 900 °C, 5 MPa (50 bar) pressure, and 25 mm 
SOD. The interaction between solid particles and propel-
lant gas was defined using the Lagrangian particle tracking 
approach [54, 61, 62]. The CSDT predicted velocity and 
temperature for (2 kg/hr) spherical titanium particles based 
on Ti-6Al-4 V particle size distribution [56, 57, 63] and sim-
ilar to the Plasma Giken® cold spray system. Fully coupled 
momentum and heat transfer occurred between propellant 
gas and solid particles. Details of particle transport equa-
tions, including acceleration equation, drag coefficient, drag 
force, and heat transfer equation, can be found elsewhere 
[55].

A stainless-steel substrate of 5 × 200 mm was grit blasted 
and mounted to an ABB robotic arm (Fig. 1). The deposited 

strip was manufactured to ~ 5 mm thickness after 18 passes 
with 1 mm line spacing, at 200 mm/s robot transverse speed, 
as seen in Fig. 1c.

The Ti-6Al-4 V feed stock powder was AP&C Ti ASTM-
F2924 (grade 5) with chemical composition as shown in 
Table 1 and spherical morphology as shown in Fig. 2a. The 
particle microstructure presented a lamellar morphology as 
seen in Fig. 2b. The powder size distribution as per ASTM-
B822 was D10 20 µm, D50 33 µm, and D90 44 µm, with 3% 
by volume < 15 µm.

2.3  Characterisation and mechanical testing

The off-the-shelf (OTS) and CSAM ISEPT-treated Ti-
6Al-4 V samples’ microstructure was assessed using Olym-
pus GX71 and BX61 optical microscopes. The Ti-6Al-4 V 
specimens were cut and cold-mounted in epoxy resin. The 
mounted samples were subjected to progressive grinding to 
1200 grit using SiC papers. Further automated polishing was 
carried out with 15 µm, 3 µm, and 1 µm polishing agents and 
suitable corresponding polishing cloths. Finally, a minimum 
of 15 min polishing was carried out using OP-S colloidal 
silica suspension (0.25 µm) mixed with 10% hydrogen per-
oxide and 10% ammonia for optical microscopy. This pro-
cess allowed polarised light optical imaging with improved 
contrast to reveal grain boundaries of Ti-6Al-4 V samples. 
Further 10 s etching of selected samples was adopted using 
Kroll’s reagent (3 mL HF, 6 mL  HNo3, 100 mL water) for 
scanning electron microscope (SEM) observation. Similarly, 
to reveal remnants of splat boundaries (RSB), Kroll’s rea-
gent etching was carried out for 10 s, followed by progres-
sive light polishing with OP-S and MD-CHEM polishing 
cloth. The sample’s porosity was measured using image 
analysis. Bulk porosity was measured by Archimedes prin-
ciple method using ASTM-B962-13 procedure [64]. High-
resolution SEM images of each condition were used to meas-
ure the mean grain size/thickness using the linear intercept 
method, with each image covering at least 50 grains.

Table 1  Composition of the Ti-6Al-4 V (grade 5) AP&C powder

Powder composition (weight percent)

Element Measured wt%

Aluminium (Al) 6.4
Vanadium (V) 4.05
Iron (Fe) 0.19
Oxygen (O) 0.18
Carbon (C)  < 0.01
Nitrogen (N)  < 0.01
Hydrogen (H) 0.002
Others, total  < 0.2
Titanium (Ti) Balance
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The microstructure evolution during the progressive num-
ber of ISEPT passes and selected tensile fracture surface 
of the as-CSAM and ISEPT-treated Ti-6Al-4 V strips were 
further examined using a ZEISS SUPRA 40 VP scanning 
electron microscope (SEM). Qualitative chemical analysis 
was carried out using a Merlin GeminiSEM (Oberkochen, 
Germany) energy-dispersive X-ray spectroscopy (EDS) sys-
tem. Oxygen and nitrogen content were determined using 
a LECO Inert gas Fusion Analyzer Model-ONH836 from 
LECO Corporation, USA. Using CuKα radiation (40 kV, 
40 mA) in the 2θ range of 5–130° with step size 0.02°, the 
X-ray peaks of as-CSAM and ISEPT Ti-6Al-4 V samples 
were revealed using a Bruker D8 Advance A25 XRD (X-ray 
Diffraction) machine from Bruker Corporation, USA. The 
crystalline phases were identified using ICDD-JCPDS 
powder diffraction database using EVA™ v6 search match 
program, and the lattice parameters were determined using 
Bruker TOPAS™ program.

The mechanical properties were evaluated using a Bue-
hler Micromet 2013 Vickers Hardness tester with a load of 
300 gf, a dwell time of 10 s, and 10 indents per sample. A 10 
kN Instron 5566 universal testing machine, USA was used to 
assess the tensile properties of Ti-6Al-4 V samples. Waterjet 
cutting was used due to its convenient for minimisation of 
residual stress during sample preparation. A Maxiem 1515 
abrasive waterjet cutter by Omax, Seattle, USA was used 
at 50,000 PSI water pressure with the addition of Garnet 
powder as abrasive agent. The OTS and ISEPT (6 passes) 
Ti-6Al-4 V tensile specimens were waterjet cut and CNC 
machined to identical dimensions of 3 × 1 mm gauge cross-
section and total length of 47 mm similar to the previously 
published work [65]. The as-CSAM Ti-6Al-4 V, however, 
due to its brittleness, were CNC machined to ASTM-E8 
standard tensile specimen dimensions with a 6 × 2 mm 
gauge cross-section. To reduce the effect of machining sur-
face roughness and strain, tensile samples were subjected to 
progressive manual grinding with 500 µm SiC grit paper, to 
minimise variations in surface roughness [66, 67].

3  Results

Recent studies of OTS CP-Ti [46] and CSAM CP-Ti [47] 
structures revealed the ability of ISEPT to rapidly recrystal-
lise and significantly reduce porosity and brittleness. The 
limited oxygen pick up reported during the ISEPT process 
proved the potential for the elimination of protective atmos-
phere to manufacture Titanium. In this study, cold sprayed 
Ti-6Al-4 V alloy was subjected to the ISEPT process under 
atmospheric conditions to investigate cost effective reduc-
tion of porosity and embrittlement in the additive structure.

Figures 3 and 4 show results of the cold spray process 
simulation using CSDT for the Ti-6Al-4 V powder. It is 
worth noting that the cold spray system (Plasms Giken®) 
in this study had a different nozzle geometry from the 
previously published work [47] on CP titanium that used 
Impact Innovation® cold spray system. Detailed informa-
tion from CSDT provided the opportunity for optimisa-
tion of the deposition conditions in relation to a broad 
range of commercially available nozzles including Plasms 
Giken® system. The estimated particle velocities (Vp) for 
the chosen powder were above the critical velocity (Vc) 
as shown in Fig. 3b indicating high deposition efficiency. 
Qualitative analysis of the results in Fig. 4 suggested that 
the Vp for the majority of large particles, i.e. + 25 µm, 
was not substantially above Vc to produce consider-
able particle deformation. For example, 10 µm particles 
achieved 350 m/s higher velocity than estimated Vc that 
was ~ 200 m/s higher than the 35 µm particles (Fig. 4). 
This suggested the formation of a porous additive struc-
ture. This was with the consideration of Ti-6Al-4 V high 

Fig. 2  SEM images of the AP&C Ti-6Al-4 V grade 5 feed stock pow-
der a as received and b etched cross-section
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Fig. 3  CSDT estimation of Plasma Giken® cold spray system perfor-
mance at 900 °C, 5 MPa, and 25 mm SoD cold spray conditions. a 
Glass nozzle assembly temperature profile including cooling system, 

b particle velocity profile, and c temperature profile of Ti-6Al-4  V 
particles from injection point to the substrate surface



The International Journal of Advanced Manufacturing Technology 

1 3

strength (UTS 950 MPa) that limits particle deformation 
after impact. The measured porosity was about 13% con-
firming CSDT estimations. The grade 5 strip had almost 
50% higher porosity than CP-Ti with 8% porosity reported 
in a previous study [47].

The ISEPT process parameters were optimised to 
1.5 kAmp, 0.4 mm/s rolling surface speed (RSS), and 
0.7 MPa rollers pressure to attain sufficient (i.e. at least 
60%) reduction in 3.5 × 3.5 mm strips. Six successive 
ISEPT passes were considered to achieve sufficient densi-
fication while minimising accumulation of Oxygen in the 
material under atmospheric conditions. Comparison of 
the ISEPT parameters in Fig. 5a revealed that a reduction 
in thickness contributed to an increase in current density. 
After the fourth ISEPT, variations in strain and strain 
rate were limited (Fig. 5b) with further details provided 
elsewhere [46, 47]. The temperature measurement dur-
ing the first two ISEPT passes was ~ 816 °C and 948 °C, 
consecutively. The temperature for the remaining passes 
was not determined due to reduced sample size below the 
IR camera precision.

3.1  Evolution of microstructure

The as-sprayed Ti-6Al-4 V porosity was 13% (Fig. 6) that 
was higher than 6% for CP-Ti reported in previous work 
[47]. Figure 6 reveals the CSAM “splats structure” [8] 
where the deformed feed stock particles bonded through a 
combination of mechanical interlocking and metallurgical 
bond formation after supersonic impact and severe plastic 

deformation (SPD). In agreement with the qualitative assess-
ment of CSDT simulation, some particles initial spherical 
shape (arrows in Fig. 6) was almost intact confirming limited 
deformation of Ti-6Al-4 V that contributed to insufficient 
densification and presence of pores.

Deformation from six passes led to a total cumulative 
reduction of 68.6% that corresponded to a considerable 
reduction in porosity to 0.03% and dynamic recrystalliza-
tion as seen in Figs. 7, 8, and 9. Figure 7 a, b shows the 
microstructure after the first pass with partial elimination of 
splat boundaries, highlighted with orange arrows. Other fea-
tures observed in this microstructure were RSB and porosity 
highlighted with white and yellow arrows, respectively. The 
inner regions of the splats showed the formation of ~ 1 µm 
constituents resembling grains shown with red arrows in 
Fig. 7b. The creation of high dislocation density combined 
with Joule heating has been reported to originate these fine 
grains [7, 68]. The microstructure after the second ISEPT 
pass is shown in Fig. 8. As seen in Fig. 8c, the presence 
of some pores could act as areas of stress concentration 
contributing to crack initiation and failure. The presence 
of porosity and RSB after two ISEPT passes suggested the 
application of more ISEPT passes for further densification 
of the additively manufactured grade 5 titanium.

The porosity and RSB were nearly eliminated after six 
ISEPT passes (Fig. 9a). Only corners of the strip had poros-
ity due to limited deformation that was expected [69, 70]. 
The Ti-6Al-4 V microstructure showed a unique integration 
of the two microstructural morphologies, equiaxed grains 
with necklacing in the original splat boundaries combined 

Fig. 4  Comparison of the CSDT 
estimated values for Vp, Tp, Tg, 
and Vc in relation to Ti-6Al-4 V 
particle size at the moment 
of impact onto substrate for 
900 °C, 5 MPa, and 25 mm SoD 
cold spray conditions
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with lamellar colonies in the inner splat regions as seen in 
Fig. 9b. The dashed yellow lines correspond to original 
splat boundaries after ISEPT with yellow arrows detailing 
the lamellar inner region. The equiaxed grains were mainly 
formed from the highly deformed splat boundaries and their 
vicinity that were highlighted with red arrows in Fig. 9 b, c.

The severe plastic deformation (SPD) of particles in cold 
sprayed structure [7, 9] that contributes to splat formation 
and bonding could be the reason behind the microstructure 
observed in Fig. 9 b and c. Salandro et al. [43] reported 
grain boundaries and other crystallographic imperfections 
act as localised heating zone due to the interactions with 
electrons wind. Similarly, the splat boundaries in cold spray-
ing are expected to interact with the electron wind resulting 
in localised heating regions that combined with crystal-
lographic defects acted as nucleation sites for new grains 
[71]. However, for the inner splat regions, lamellar growth 
was dominant due to insufficient deformation and disloca-
tion density for nucleation of recrystallised grains. These 
complicated events need to be systematically studied in the 
future to determine the relationship between the density of 
the cold spray splat boundary, magnitude of deformation, 
and applied current in relation to nucleation and growth of 
the recrystallised grains in ISEPT microstructure.

The grain size was measured using image analysis to 
determine the progress of dynamic recrystallisation in ISEPT 

microstructure after each individual passes (Fig. 10a). It is 
worth noting that a detailed study of the grain and sub-grain 
formation in ISEPT is the subject of a future study that could 
reveal the mechanism for the formation of sub-grains with 
orientation, i.e. less than 15°.

Results showed that ISEPT facilitated the formation of 
1–3 µm grains that were considerably finer than OTS Ti-
6Al-4 V with generally order of magnitude larger grains. This 
result confirmed that ISEPT was capable of transforming cold 
spray splat structure to ultrafine grain (UFG) structure that 
generally has less than 5 µm grains with improved mechanical 
properties [29, 37, 42]. Multiple ISEPT passes increased the 
average UFG size marginally from ~ 1 to ~ 3 µm. The volume 
fraction of porosity was substantially reduced after multiple 
passes particularly at the centre of the deformed structure to 
the levels that resembled a fully dense Ti-6Al-4 V structure 
Fig. 9a and 10b. Combined current and deformational strain 
that was at its maximum at the centre of the strip was most 
likely the drive for dynamic recrystallisation and elimination 
of RSB. This, however, was less effective on the corners of 
strip as seen in Figs. 7, 8, and 9a, with the presence of RSB 
and porosity due to smaller strain and barrelling effect [70, 
72, 73]. Bulk density measurement of six ISEPT Ti-6Al-4 V 
samples using the Archimedes principle [64] revealed the 
presence of ~ 1% porosity that was sourced from the barrelled 
corners of specimen after 6 ISEPT passes.

Fig. 5  ISEPT treatment process 
parameters during the six 
passes. a Reduction of thickness 
and applied current density and 
b true strain and strain rate
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The microhardness measurements showed an increase in 
hardness from 298 to 370 HV for CSAM and ISEPT materials, 
respectively (Fig. 10c). The combined effect of densification 
and formation of UFG, sourced from dynamic recrystallization, 
was the reason for an increase in hardness of the ISEPT mate-
rial. Limited variations in hardness values were observed with 
an increase in the number of ISEPT passes due to the relatively 
small grain growth and material reaching to its full density.

It is worth noting that the ISEPT passes were conducted 
in air without a protective atmosphere such as inert gas or 
vacuum. Oxygen substantially affects titanium alloy proper-
ties and is mainly used to identify titanium grades [1, 2]. To 
compare oxygen and nitrogen concentration, LECO analysis 
was carried out on Ti-6Al-4 V feed stock powder, CSAM 
material, and the ISEPT sample with six passes. Figure 11 
shows that oxygen content of the powder and cold sprayed 
Ti-6Al-4 V was below 0.2%. An increase in oxygen con-
tent from 0.2 to 0.35% was recorded after six ISEPT passes. 

Similarly, CSAM combined with six ISEPT passes increased 
nitrogen content from 0.01 to 0.11%. These changes in mate-
rial composition did not increase the material’s hardness 
significantly as presented in Fig. 10c.

EDS analysis after six passes showed uniform distribution 
of elements (Fig. 12a), without major variations in oxygen 
concentrations between the splat boundaries and the inner 
regions of splats (Fig. 12b). The oxygen content was slightly 
higher than earlier study on CSAM CP-Ti that showed an 
increase in oxygen content of splat boundaries after 2 ISEPT 
passes [47]. Nitrogen content however was increased at the 
splat boundaries compared to inner splat regions, as seen in 

Fig. 6  a Optical microscopy image. b SEM image of cold sprayed Ti-
6Al-4 V structure with the 13% porosity

Fig. 7  a Low magnification optical microscopy, b high magnifica-
tion optical image, and c SEM images of CSAM Ti-6Al-4 V after one 
ISEPT pass at 1.5 kA, 0.7 MPA, and 0.4 mm/s rolling surface speed. 
The RSB, porosity, and fine grains are shown with white, yellow, and 
red arrows respectively, and healed splat boundaries are shown with 
orange arrows
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Fig. 12b. The source of nitrogen could be the air trapped in 
the CSAM porous structure that require further investiga-
tion. For example, it would be of interest to establish the 
relationship between the volume fraction of porosity and its 
effect on ISEPT Ti-6Al-4 V nitrogen concentration.

3.2  Remnants of splat boundaries (RSB) 
and microstructure development

The cross-section of ISEPT samples revealed the presence of 
an elliptical zone in the core of the deformed strip (Fig. 13) 

that was extended with an increase in the number of passes. 
This area corresponded to a microstructure that was gener-
ally RSB-free and without porosity as shown in Fig. 10c. 
Earlier studies suggested that the formation of this zone is 
due to uneven strain distribution with higher strain at the 
centre of material subjected to compression or rolling pro-
cess [70, 73, 74]. To be able to establish the relationship 
between the number of passes (i.e. straining) and elimination 
of RSBs in the microstructure, image analysis was used to 
measure the area fraction of the dense RSB-free areas in 
relation to the total area (cross-section) of the ISEPT strip 
(Fig. 14). It is worth stating that this approach is not precise 
and was only adopted to obtain an estimate for annihilated 
cold spray splat boundaries. The RSB content was approxi-
mated using image analysis that included additional special 
etching and polishing procedure explained in “Materials and 
methods” section of the manuscript.

Fig. 8  CSAM Ti-6Al-4  V microstructure after two ISEPT passes. a 
Low magnification optical image, b high magnification optical image, 
and c SEM image. Yellow arrows indicate healed splat boundaries 
and red arrows indicate remnant of splat boundaries. The RSB, poros-
ity, and fine grains are shown with white, yellow, and red arrows 
respectively, healed splat boundaries are shown with orange arrows

Fig. 9  a Low magnification optical microscopy image, b SEM image, 
and c high magnification SEM of the equiaxed grain necklacing with 
lamellar interface, for the CSAM Ti-6Al-4 V after six ISEPT passes 
at 1.5 kA, 0.7 MPa, and 0.4 mm/s rolling surface speed
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All optical microscopy images were taken from the strip 
cross-section perpendicular to the rolling direction. The 
volume fraction of RSB was significantly reduced from 

4.9% after the first ISEPT pass to less than 1% in the second 
pass (Fig. 14). More ISEPT passes reduced the RSB to well 
below 0.1% confirming almost full transformation of the Ti-
6Al-4 V CSAM splat structure to ISEPT induced wrought 
(recrystallised) structure.

3.3  Tensile properties

Tensile specimens were machined from CSAM and ISEPT 
strips to assess mechanical properties, as seen in Fig. 15d. 
Ti-6Al-4 V ISEPT samples after six passes were chosen 
due to the highest density and volume fraction of recrys-
tallised material. The ISEPT strip presented an average 
of 1096 MPa ultimate tensile stress (UTS) that was a sig-
nificant increase from 184 MPa in as-CSAM condition. 
Two tensile test results are averaged in Fig. 15 a, c. The 
elongation increased from 1.1% in as-CSAM condition 
to ~ 9% after six ISEPT. Grain refinement strengthening 
is generally observed in UFG structures [37, 72, 75, 76] 
and explained by the Hall–Petch relationship [37, 72, 
75–77]. An earlier study demonstrated that multidirec-
tional forging of Ti-6Al-4 V can produce 1190 MPa and 
10.4% ductility from a 0.5 µm UFG material [78]. The 
ISEPT structure of this study with partially UFG constit-
uents had 1096 MPa UTS that was slightly higher than 
989 MPa for OTS Ti-6Al-4 V. Compared to the off-the-
shelf (OTS) sample seen in Fig. 15b, the ISEPT-treated 
sample stress–strain curve seen in Fig. 15a did not have an 
extended plastic zone that could be due to the combined 
presence of UFG, lath structure, and higher concentration 
of the oxygen and nitrogen in the ISEPT material. The 
achieved UTS was 1069 MPa with 9% elongation that was 
comparable to previous work on martensitic Ti-6Al-4 V 
[79]. In that study, 70% warm rolling at 800 °C resulted in 
1269 MPa UTS and 13% elongation [79]. Another compa-
rable result was also found on hydrostatic extrusion SPD 
treatment of Ti-6Al-4 V which resulted in 1180 MPa UTS 
and 7% elongation [80].

Fig. 10  a Measured grain size in relation to number of ISEPT 
passes, b volume fraction of porosity after successive ISEPT passes 
at the strip core, and c the Vickers hardness of the off-the-shelve Ti-
6Al-4  V, feed stock powder, as cold sprayed Ti-6Al-4  V, and post 
ISEPT passes

Fig. 11  Oxygen and nitrogen 
content of the Ti-6Al-4 V feed 
stock powder, as-CSAM struc-
ture, and after six ISEPT passes
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The OTS sample presented an ideal ductile fracture surface 
with cup-cone dimples and macro deformation peaks (yellow 
arrows) and grain pullouts (red arrows) in Fig. 16a. The CSAM 
Ti-6Al-4 V fracture surface in Fig. 16b shows a highly porous 
material with limited bonding between splats. In agreement with 
CSDT simulations (Fig. 3), this was due to Ti-6Al-4 V parti-
cle’s insufficient velocity and temperature to achieve the required 
plastic deformation for densification and bond formation. The 
ISEPT specimen fracture surface in Fig. 16c reveals the com-
plete elimination of the CSAM splat structure after significant 
densification from the combined application of current and load. 
The fracture surface presented fine grains dimple structure with 
some crystallographic macro-slippage that could contribute to 
limited ductility of the ISEPT Ti-6Al-4 V, as highlighted with 
yellow arrows in Fig. 16c. Grain pullouts were similar to OTS 
material (Fig. 16a) as shown with red arrows in Fig. 16c.

The XRD result (Fig. 17) for the Ti-6Al-4 V feed stock 
powder confirmed the observations in the SEM image of the 
powder in Fig. 2b that showed a rapidly cooled material with 
martensitic/lamellar structure. Two distinct peaks at 2Ɵ = 39.45 

with 110 plain and 2Ɵ = 57 with 200 were chosen to identify 
the β-phase [81]. The β-phase peaks were not evident in the 
feedstock due to gas atomised powder rapid cooling. Similarly, 
after CSAM the original α phase of the powder did not change 
as expected. In contrast, 110 and 200 peaks were observed in 
the OTS Stock Ti-6Al-4 V and after six ISEPT passes that con-
firmed the formation of expected dual α + β phase in the Ti-
6Al-4 V structure. The XRD quantitative analysis in Fig. 17b 
reveals a 6.6% β-phase in the OTS Ti-6Al-4 V with slightly 
lower 5.5 wt% in the ISEPT sample. The CSAM and feed stock 
samples contained 100 wt% α-phase. The XRD results also 
revealed the presence of 0.00285 micro-strain in the CSAM 
material that reduced to 0.00172 after six ISEPT passes.

4  Discussion

Tensile test results in Fig. 15b and porosity measurements 
in Fig. 10b show significant improvement in cold sprayed 
Ti-6Al-4 V properties after six ISEPT passes. The ultimate 

Fig. 12  EDS spectroscopy for six ISEPT pass Ti-6Al-4 V CSAM samples. a Element map and b oxygen content of selected points (spectrum 1, 
2, and 3) on splat boundaries and in-splat regions (spectrum 4, 5, and 6)
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tensile strength of CSAM Ti-6Al-4 V increased from 222 
to 1050 MPa after ISEPT. The ductility after ISEPT was 
increased to 7.3% that was well above the 1.2% for CSAM 
material. These improvements in mechanical properties 
were achieved under atmospheric conditions through 
rapid (i.e. in seconds) transformation of CSAM material 
under ISEPT simultaneous application of load and current. 
Dynamic recrystallization in CSAM Ti-6Al-4 V was dif-
ferent from the CSAM CP-Ti in the previous study [47]. 
For example, the ISEPT processing of the Ti-6Al-4 V pro-
duced UFG in the microstructure with more deformation 
passes required for densification of highly porous cold 
sprayed strip compared to CP-Ti of previous study [47]. 
Ti-6Al-4 V resistivity and heat capacity are higher than 

CP-Ti [1, 2]. These properties of grade 5 titanium increase 
Joule heating energy [82], current density, and current 
application time. The applied electric current and associ-
ated electron wind play three important roles which sup-
ported rapid recrystallization. First, it provides localised 
joule heating at crystallographic imperfections including 
dislocations and grain boundaries. The second effect is the 
presence of electron wind that assists dislocation motion. 
Finally, it reduces flow stress by weakening the metallic 
bond electron cloud [32, 83].

The IR camera temperature measurements during the first 
two ISEPT passes of CSAM Ti-6Al-4 V were 686 °C and 
881 °C consecutively. These temperatures were higher than 
428 °C and 440 °C reported in previous work on CSAM 

Fig. 13  Optical image of the 
ISEPT Ti-6Al-4 V strip cross-
section a after one pass and b 
after 6 passes, showing esti-
mated high-density RSB-free 
area in the core

Fig. 14  Estimated volume 
fraction of RSB as a function 
of ISEPT passes for CSAM Ti-
6Al-4 V of this study
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Fig. 15  Comparison of a 
CSAM sample stress–strain 
curves before and after six 
ISEPT passes, b of the shelve 
(OTS) wrought Ti-6Al-4 V 
stress–strain curve, and c com-
parison of the tensile properties 
for CSAM, ISEPT (6 passes) 
and OTS Ti-6Al-4 V, d photos 
of the tensile specimens and 
processing steps of (i–iii) the 
six-ISEPT CSAM Ti-6Al-4 V, 
(iv, vi) the as-CSAM Ti-
6Al-4 V, (vii, viii) OTS wrought 
Ti-6Al-4 V, and (ix) comparison 
of the final equally polished 
tensile specimens for as-CSAM, 
OTS, and six-ISEPT materials 
(top to bottom)
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CP-Ti two ISEPT passes [47]. The increase in tempera-
ture with an increase in the number of deformation passes 
was due to the reduction in sample thickness that led to an 
increase in current density. Another effect of this was the 
exposure of the high porosity CSAM Ti-6Al-4 V strip to 
atmospheric conditions at high deformation temperatures. 
This led to an increase in oxygen and nitrogen content shown 
in Fig. 11. This increase in oxygen content however did not 
result in significant brittleness and formation of alpha-case 
titanium oxide layer [3, 4], as evident by the tensile proper-
ties in Fig. 15. It is highly likely that sufficient reduction 
of porosity in CSAM deposited material will result in the 
elimination of oxygen ingression in the ISEPT material that 
needs further study.

The applied electric current is expected to produce local-
ised heating at macro-crystallographic defect such as splat 
boundaries, with high dislocation density providing the 
nucleation site for the growth of the dynamically recrystal-
lised grains [71]. Retarded plastic deformation led to the 
formation of lamellar structure at the inner regions of splats, 

Fig. 16  SEM images of the tensile specimen fracture surface. a 
Wrought OTS, b CSAM, and c ISEPT (6 passes) for Ti-6Al-4 V of 
this study

Fig. 17  XRD patterns a for Ti-6Al-4 V feed stock powder, OTS, as-
CSAM, and ISEPT with 6 passes. b Measured fraction of β-phase 
(wt%) and micro-strain
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as seen in Fig. 9b. Titanium microstructure generally tends 
to transform to lamellar morphology when subjected to suf-
ficient thermal energy and time [1].

More ISEPT passes, up to ten, were applied to the strips 
to investigate the evolution of lamellar microstructure in 
the absence of sufficient deformation. Figure 18a shows 
grains at the splat boundaries that resembled necklacing 
in dynamic recrystallisation (DRX) in materials [68]. In 
agreement with literature [1], more ISEPT passes led to 
thicker “basket weave” titanium lamellar laths as shown in 
Fig. 18b. Similarly, the size of these colonies was increased 
(highlighted with yellow dashed lines) due to Joule ther-
mal heating in the absence of deformation (Fig. 18b). The 
application of more passes led to the expansion of lamel-
lar titanium at the expense of DRX grains as presented in 
Fig. 18c. This suggests that limited deformation of the strip 
after 10 passes allows for domination of heating and rapid 
cooling for microstructure evolution preventing theprogress 
of dynamic recrystallisation.

The absence of 110 and 200 peaks confirmed that the β 
phase was consumed by the α phase with an increase in the 
number of passes from 6 to 10 when deformation and driv-
ing force for dynamic recrystallisation was limited due to the 
reduction in strip’s thickness under constant applied load of 
this study, as seen in Fig. 19.

The oxygen and nitrogen content after ten ISEPT passes 
were measured as 0.57% and 0.32%, respectively. This sig-
nificant rise could be due to a reduction in strip thickness 
contributing to overheating that facilitates oxygen and nitro-
gen absorption from surrounding air. A systematic study is 
required to confirm this. Results suggest that optimising the 
ISEPT treatment by reducing the porosity in CSAM struc-
ture may result in fewer ISEPT passes for densification with 
the advantage to reduce oxygen absorption.

5  Conclusions

The rapid and energy-efficient ISEPT thermomechanical 
treatment in processing cold spray AM structures is a criti-
cal part of this manufacturing process. This article presented 
the application of this novel electroplastic treatment process 
as the potential method to broaden the use of titanium struc-
tures in large-scale industrial applications. The key results 
and observations from this work are presented in the fol-
lowing points:

• Results showed that ISEPT simultaneously densi-
fies and improves mechanical properties of the CSAM 
Ti-6Al-4V.

Fig. 18  Microstructure evolution of Ti-6Al-4  V after a six, b eight, 
and d ten ISEPT passes
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• For conditions of this study, Ti-6Al-4V feed stock 
powder had approximately three times the strength and 
hardness compared to commercially pure titanium pow-
der which led to double the porosity for initial as-CSAM 
structure, with more ISEPT passes for densification.
• The Cold Spray Digital Twin simulation results revealed 
the critical particle velocities were high enough to pro-
duce good CSAM deposition efficiency but not sufficient 
enough to produce sufficient particle deformation and 
interlocking to achieve high-density CSAM Ti-6Al-4V.
• Compared to CP-Ti, the higher strength of Ti-6Al-4V 
powder led to an increase in CSAM porosity and a higher 
number of ISEPT passes required for the densification 
and elimination of the RSB.
• Six ISEPT passes with an initial current density of 27 
Amp/mm2, 0.7 MPa load, and 0.02  s−1 stain rate produced 
a total accumulative reduction of 68% that nearly elimi-
nated 13% porosity of the CSAM Ti-6Al-4V to 0.03%.
• The ductility of as-CSAM was considerably improved 
from 1.1 to 8.8% after six ISEPT passes that created ~3 
µm UFG structure and resulted in improvement in ulti-
mate tensile strength (1096 MPa) for Ti-6Al-4V similar 
to OTS (~990 MPa) material.
• Analysis of splat boundaries healing during the suc-
cessive ISEPT passes showed incremental elimination of 
RSB with the growth of RSB-free area at the centre of 
sample cross-section.
• The synergy of concurrent application of electric cur-
rent (electron wind) and deformational load led to local-
ised transformation and rapid nucleation and growth of 
dynamically recrystallised grains that was more pro-
nounced at splat boundaries.
• Future research directions include further optimization 
of ISEPT treatments via increasing the applied load to 

reduce the number of passes and exposure to air during 
deformation. This requires careful study on the impact of 
changing sample’s resistance value with applied current. 
Long-term research directions include ISEPT treatment 
of other low-formability cold spray deposits such as stain-
less steel, Inconel, and magnesium.
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