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Abstract

Cold spray (CS) is a low temperature, high particle velocity process used to deposit thick
coatings. Pure metals are relatively easy to deposit, but deposition of high yield strength alloys
like Ti6Al4V remains challenging. The powder microstructure and morphology has significant
influence on the cold sprayability of Ti6Al4V coatings. Here, we compare the cold sprayability
and properties of coatings obtained from commercially pure (CP) Ti6Al4V powders of spherical
morphology (SM) manufactured using plasma gas atomization and irregular morphology (IM)
manufactured using the Armstrong process. Feedstock powders were characterized in terms of
surface structure, morphology, flowability and phases present to understand their properties.
Coatings deposited using IM powders had negligible porosity (< 1%) and better properties when
compared to the coatings deposited using SM powders. Higher particle impact velocities, porous
surface morphology and more deformable microstructure resulted in superior properties of
coatings deposited using IM powders. To evaluate the cohesive strength, indentation was
performed at different length scales and hardness loss parameter was calculated. Coatings
deposited using SM powders exhibited poor cohesive strength compared to coatings deposited
using IM powders. Images the residual indents showed debonding and sliding of the adjacent
splats in case of coatings deposited using SM powders irrespective of the load due to poor
cohesive strength. In contrast, coatings deposited using IM powders showed no evidences of de-
bonding at low loads. However, at high loads evidence of splat debonding was observed
resulting in hardness loss despite negligible porosity. Thus, while the powders from Armstrong
process lead to a significant improvement in sprayability and coating properties, further
optimization of the powder, CS process will be required as well as consideration of post-

annealing treatments to obtain acceptable cohesive strength.
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1. Introduction

Ti alloy Ti6Al4V is widely used in aerospace, automobile and biomedical applications due to its
high strength-to-weight ratio, bio-compatibility and corrosion resistance. Various processing
techniques like plasma spraying and additive manufacturing have been previously used to
deposit Ti and its alloys as coatings.[1-3] These techniques involve high working temperatures

resulting in phase transformations, tensile residual stresses and high temperature oxidation.[1,3]

To overcome these challenges, a low temperature process named as CS or cold gas dynamic
spraying is under evaluation to deposit coatings at temperatures well below the melting point of
the material.[4] CS is a novel thermal spray process that involves solid-state deposition of
feedstock powders. In this process, powder particles are accelerated to supersonic velocities by a
pre-heated gas stream (propellant gas) using a de-Laval type nozzle and are subsequently
impacted on to prepared substrates. The strain rates achieved in this process are typically in the
range of 10” /s — 10” /s.[5,6] As the particles impact on the substrates at such a high strain rates,
they deform plastically resulting in coating buildup.[7] Since the CS process uses the kinetic
energy of the particles for the successful deposition of the coatings, the deleterious effects of
high temperature oxidation, phase transformations and/or tensile residual stresses in the coatings
can be minimized or eliminated.[8] Despite numerous advantages, there are some limitations and
challenges in depositing coatings using the CS process. To deposit coatings using the CS
process, a material should exhibit plastic deformation and possess some amount of ductility.[8,9]
Hence, brittle materials like ceramics cannot be directly deposited using the CS process and are
co-deposited using a ductile matrix.[8] Furthermore, cold sprayed coatings exhibit poor tensile
properties due to severe strain hardening experienced by the particles upon impact at high stain

rates and require heat treatment to gain ductility.[9—-11]

Using CS, a wide range of metals, alloys, composite and ceramic coatings can be deposited on to
different substrates; however, deposition of high yield strength materials like Ti6Al4V are
challenging.[8,12—14] Prior works illustrate that the high yield strength of Ti6Al4V makes it
extremely difficult to CS and the resultant coatings had high porosity.[12,13,15-17] Vo et al.
deposited Ti6Al4V coatings using Nitrogen (N;) and Helium (He) as propellant gas.[13] They



found that the coatings deposited N, as propellant gas had significant porosity whereas coatings
deposited using He were dense. This was mainly due to the high accelerating velocities achieved
by the particles with He that resulted in higher particle deformation. Tan et al. studied the effect
of gun traverse speed on porosity and adhesion of Ti6AIV coatings.[18] Their results illustrate
that lowering the gun traverse speed from 500 mm/s to 100 mm/s reduced the porosity in the
coatings from 3.2 % to 0.5 % due to greater interaction of the hot gas stream with the substrate.
However, reducing the gun traverse speed resulted in a significant reduction in coating adhesion
strength between the substrate and coating. Khun et al. deposited Ti6Al4V coatings on Ti6Al4V
substrates and found that the coatings deposited using N, had higher porosity when compared to
coatings deposited using He.[15] They also found that the dense Ti6Al4V coatings deposited
using He gas exhibited superior hardness, wear and corrosion resistance compared to the
coatings deposited using Nj. Their results indicated that the coating porosity had significant
influence on the mechanical properties and performance of the coatings. Dense Ti coatings with
high DE were deposited by MacDonald ef al. using IM powders manufactured using Armstrong
process.[19] They proposed that the unique morphology of the powder particles allows them to
breakdown and flatten on each other upon impact resulting in dense coatings; however, with

poor cohesive strength.

Single splats of Ti6Al4V on to various substrates were deposited by Vidaller et al. and cavitation
tests were performed to understand the bond strength between the splats and the substrate.[20]
Their results show that a higher hardness of the substrate compared to the spray material leads to
more deformation of the splats, resulting in greater adhesion strength. Goldbaum et al. deposited
single splats of Ti6Al4V to understand the effect of process conditions on adhesion strength.[14]
Based on the results of splats adhesion tests, they found that the adhesion strength of the splats
was higher when sprayed at higher velocities using He. Higher particle velocities lead to higher
strain rates when particle impacts on to the substrate; thus resulting in higher deformation. To
reduce porosity in Ti6Al4V coatings, Luo et al., used an in-situ short peening process by mixing
steel balls with the metal powder in the initial feedstock.[21] Peening action by these steel balls
during the CS process reduced the porosity in the final coatings. An initial mixture varying from
0 % to 70 vol.% of steel balls in the initial feedstock resulted in porosity reduction from 13.7 %
to 0.7 %. Based on literature, it can be concluded that deposition of pure Ti6Al4V coatings with

low porosity when sprayed using N, as propellant gas remains challenging. Furthermore, most of



the works discussed in the above literature offered very limited or absolutely no data regarding
the DE of the coatings. Thus, there is a need for a study to understand and deposit dense
Ti6Al4V coatings with special emphasis on the effect of feedstock powder microstructure and
characteristics on the final coating properties.

The aim of our work is to understand the influence of initial microstructure and powder
morphology on the CS of Ti6AI4V coatings. In the present study, two different morphologies of
powders, i.e. spherical and irregular, have been cold sprayed on to mild steel substrates. The two
powders are microstructurally and morphologically distinct and were manufactured using
different processing techniques. Powders were systematically characterized in terms of phases,
surface structure and cross-section microstructures and were related to the coating porosity,
hardness and DE. Electron channel contrast imaging (ECCI) was used to characterize the
feedstock powder cross-sections and splats in the coatings to link the initial and final cold
sprayed microstructures. Hardness loss parameter was calculated by performing indentation at
different loads and length scales to examine the cohesive strength between the splats.
Microstructure characterization and coating properties, were used to understand the structure-

process-property relationship.



2. Experimental procedure
2.1. Feedstock powder characterization and cold spraying

Ti6Al4V coatings were cold sprayed on to mild steel substrates of dimensions 75x75%3 mm’
using a PCS 800 system (Plasma Giken, Japan) with N, as propellant gas. CP-Ti6Al4V powders
(Grade 5) of spherical morphology (SM) (AP&C, Canada) (size range: 15 um - 45 pm) and
irregular morphology (IM) (Cristal Metals, USA) (size range: 0 - 45 um) with average particle
diameters of 31 um and 38 um respectively, were used as feedstock. The size distributions of the
powders were evaluated using a laser scattering particle size distribution analyzer (LA-920,
Horiba, Japan) and are shown in Fig. 1. The SM powders were manufactured by plasma gas
atomization process and the IM powders were manufactured by Armstrong process.[22,23] The
flowability and apparent density of the powders was measured as per Metal Powders Industries
Federation (MPIF) standards 3 and 28 using Hall-flow and Carney flowmeter. An average of 3
measurements was taken to determine the flowability and apparent density of the powders. The
specific surface area and the pore volume were determined using Brunauer-Emmett-Teller (BET)
analysis i.e. gas absorption technique (TriStar 3000, Micromeritics Instrument, USA), with N as
absorbent. X-ray diffraction analysis for phase determination was done on feedstock powders
using an X-ray diffractometer (Bruker, Germany) with Cu-Ka as a source operated at a power of
40 kV and 40 mA. Subsequently, phase matching was performed on the generated
diffractograms using the standard intensity peaks corresponding to their respective Bragg angles

taken from JCPDS data card no. 00-044-1294 (a. — Ti) and 00-044-1288 (B — Ti).

Prior to CS deposition the mild steel substrates were de-greased with acetone and grit blasted
using alumina to enhance the bonding between the coating and substrate. The gas pressure and
temperature to deposit all the coatings were fixed at 4 MPa and 800 °C, respectively. The
standoff distance between the nozzle and the substrate was kept 40 mm and the gun traverse
speed was 0.2 m/s. The in-flight particle velocities were measured using a time of flight particle
diagnosis system (Coldspraymeter, Tecnar Automation, Canada). The DE of the coatings
deposited was calculated by taking a ratio of the weight of the powder deposited to the weight of
the powder sprayed. The weight of the powder deposited was calculated by taking the difference

between the weight of the sample before and after coating deposition, whereas the weight of the



powder sprayed was determined by taking a ratio of the product of the powder feed rate and total

distance travelled by the gun on the sample to the gun traverse speed.
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Fig. 1. Ti6Al4V powder size distribution of (a) SM and (b) IM

2.2. Coating characterization

Coatings were cut perpendicular to the gun traverse direction, cold mounted and polished down
to 0.05 um colloidal silica suspension. These polished samples were observed under a scanning
electron microscope (SEM) (SU3500, Hitachi, Japan) equipped with a back scattered electron
(BSE) detector. BSE images of the coatings were taken at different locations within the coating
cross-section at similar magnifications and porosity in the coatings was determined by measuring
the pixels associated with the difference in contrast, from the BSE images using Imagel
software. Atleast 15 images were analyzed to calculate average porosity. To relate the
microstructure of the initial feedstock powders and coatings, ECCI was performed on powder
and coating cross-section. ECCI on the cross-sections was done using a cold field emission SEM
(SU8230, Hitachi, Japan) fitted with a photodiode BSE detector. ECCI is a powerful technique
to visualize crystal defects like grain boundaries, dislocations within a spatial resolution of ~ 1
nm. It is based on the orientations of the back scattered electrons that are emitted from an

polycrystalline material due to different angular orientations of the crystals.[6,24]
2.3. Coating hardness

Nanoindentation was performed on the coatings using a Triboindentor (Hysitron Incorporated,

USA) with a diamond Berkovich tip. Indentation was done on the coating cross-section and on a



bulk CP-Ti6Al4V plate (polished similar to that of coatings) at loads ranging between 1 to 20
mN with loading and unloading segments of 5 s and holding time of 2 s to study indentation size
effect. The Ti6Al4V plate had an equiaxed microstructure as shown in Fig. 2. Nanoindentation
tests were performed at the centre of the coatings away from the free surface and substrate-
coating interface. The nanohardness was calculated using the unloading portion of the load-
displacement curves as described by Oliver and Pharr.[25] Microhardness tests were done using
a Vickers diamond indenter (Clark Microhardness tester, USA) on the polished cross-sections of
the coatings and the Ti6Al4V plate at different loads within a range of 25 g — 500 g and holding
time of 15 s. For each scale of indentation testing and at each load, an average hardness from
fifteen tests were taken to determine the average hardness for that condition. Images of the
residual indents were captured at 500x magnification using an optical microscope attached to the
hardness testing machine. Vickers hardness (VH) was calculated by dividing the applied load by
the surface area of the indent. VH (kg/mmz) and was converted into H;.,, (GPa) using a

conversion from surface area to projected area using Eq. 1. [26]

Hx9.8m/s?

Hpicro (GPa) = Y (D

1000Xsin 68°

Fig. 2. Microstructure of the bulk Ti6Al4V plate



3. Results

3.1. Characterization of the feedstock powders

SM powders exhibited a cellular surface morphology (see Fig. 3a-b), which is a feature expected
from the plasma gas atomization process.[23] ECCI of the cross-section of the SM Ti6Al4V
powders revealed the presence of martensitic laths (Fig. 3c), which were formed due to rapid
directional solidification resulting in martensitic bce-f to hep-a phase transformations.[27] The
IM powders were manufactured by the Armstrong process and showed a different surface
morphology along with the presence of porosity throughout the particles (see Fig. 3d-e). Polished
cross-sections of the IM powders showed an equiaxed alpha microstructure with a grainsize ~3.2
um (Fig. 3f). XRD of SM and IM powders revealed stable a-phase of Ti and there was no

measurable 3-Ti phase observed (due to its low volume fraction) as shown in Fig. 5.



The results of BET analysis are summarized in Table 1. The specific surface area of SM powders

is less than IM powders. The flowability and apparent density of the powders are also presented

in Table 1. SM powders had excellent flowability whereas the IM powders did not flow through

the Hall-flow meter. The apparent density of IM Ti6Al4V powders was significantly lower than

that of SM powders mainly due to its porous structure.

Table 1. Feedstock powder characteristics

Powder Specific Total pore volume | Hall flowability Apparent
surface area of the pores (s/50 g) density (g/cm’)
(m*/g) (em’/g)
Spherical Ti6Al4V 0.046 --- 40.5+0.7 2.49
Irregular Ti6A14V 0.301 59.1x107 No flow 0.86




Fig. 3. Surface morphology of (a) & (b) SM powders (low and high magnification); (d) & (e) IM
powders ; ECCI of cross section of (¢) SM (f) IM powders
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Fig. 4. XRD diffractograms of IM and SM Ti6Al4V powders

ECCI of the spherical Ti6Al4V powders showed martensitic lath or acicular structure due to
BCC-B to HCP-a phase transformations that occur during plasma gas atomization process. Prior
literature suggests that the acicular microstructure contains limited amounts of B phase which is
consistent with our XRD analysis.[23] A close examination of the martensitic laths indicated the
presence of dislocation twins inside laths, as seen in Fig. 5 (shown by white circle). Martensitic
structures (a”) of Ti6Al4V alloy possess crystal defects and are sites for high dislocations
densities such as stacking faults, dislocation twins when compared to pure a-phase.[28] In

contrast to the microstructure of the SM powders, IM powders manufactured through the

Armstrong process showed an equiaxed microstructure (Fig. 3f).



Fig. 5. ECCI of the powder cross-section of spherical Ti6Al4V powder showing dislocation
twins inside the martensitic laths

3.2. Characterization of the cold sprayed coatings
3.2.1. Top surface morphology of the coatings

Figure 6 shows the top surface morphology of pure Ti6Al4V coatings cold sprayed using SM
and IM feedstock powders. Ti6Al4V coatings deposited using SM powders showed evidence of
adiabatic shear instabilities (ASI), by evidence of material jetting (see Fig. 6a). Also, most of the
SM feedstock particles retained their initial morphology leading to significant gaps between
deposited particles. For coatings deposited using IM powders, no conclusive evidence of ASI
was found (Fig. 6b), which may simply be due to the complicated structure of these powders
making direct observation difficult. Nevertheless, the coatings deposited using IM exhibited a
denser microstructure with less evidence of gaps between the particles. Top surface porosity for
coatings deposited using IM powders was mainly due to the porosity in their initial feedstock

particles (Fig. 3d-e).
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Fig. 6. Top surface morphology of Ti6Al4V coatings deposited using (a) SM powders (b)
powders White arrows in (a) indicate locations with evidence of material jetting

3.2.2. Deposition efficiency and particle velocity

Table 2 shows the DE of Ti6Al4V coatings deposited using SM and IM powders of similar size
range. The DE of coatings deposited using IM powders was marginally greater than those
deposited using SM powders due to the higher impact velocity for the similar spray conditions
(i.e. gas pressure and temperature). The measured in-flight particle velocities, shown in Table 2
demonstrated the higher velocity of irregular particles, which is due to the higher drag force
acting on the particles with IM. The drag force acting on an in-flight particle can be expressed as

illustrated in Eq. 2: [29]

1
D= EerZelApCD
2

where D is drag force acting on the particle, p is the mass density of the propellant gas, V,.is the
relative velocity between the gas stream and the particle, A, is the projected surface area of the
particle and Cp is the drag coefficient. From Eq. 2. the drag force acting on the particle is
proportional to the drag coefficient. For a particle in a fluid environment, the drag coefficient is a
sum of frictional drag and form drag. Frictional drag coefficient of the spherical and non-
spherical particles is same whereas the form drag on the IM particle is higher than spherical
particle due pressure variation around the particle. [29] This form drag depends on the

morphology of the object or particle present in the fluid environment. For an irregular shaped



particle, the boundary layer separation occurs at an early stage due to variation in pressure
gradient on the two opposite surfaces. Hence, it experiences greater amount of drag force when

compared to a spherical particle in a gas stream.

Apart from the greater particle velocities, the IM powders had high specific surface area when
compared to their spherical counter parts due to which there would have been higher heat
transfer between the gas stream and the particles. This would increase the particle temperature
and assist in plastic deformation. Higher particle impact velocities and heat transfer due to a
larger specific surface area resulted in minor increase in the DE of coatings deposited using IM

powders.

Table 2. Ti6Al4V coatings characteristics and particle velocity measurements

Ti6Al4V coatings Particle Porosity (%) Hardness DE (%)
deposited using velocity (HVy.5)
(m/s)
SM powders 619 =87 13.0£2.0% 174 £ 44 85 %
IM powders 732 + 88 03+0.1% 197 £ 15 92 %

3.2.3. Coating porosity

The porosity of Ti6Al4V coatings deposited using IM powders was significantly less compared
to SM powders as seen in Table 2. The high porosity of Ti6Al4V coatings deposited using SM
powders is mainly due to the limited deformation of the particles, as observed from the cross-
section (Fig. 7a), and top view (Fig. 6a) SEM images of the coatings. Coatings deposited using
irregular Ti6Al4V powders exhibited a dense microstructure with no evidence of particles

retaining their initial morphology (Fig. 7b). The better deformability and formation of dense



coatings when deposited using IR powders compared to SM powders is related to the increased

particle velocity, high specific surface area and initial microstructure of the powder particles.



Fig. 7. Cross-section images of Ti6Al4V coatings deposited using (a) SM powders (b) IM powders

3.2.4. Microstructure of the coatings

To understand the microstructure, ECCI was performed on the Ti6Al4V coatings deposited using
SM and IM powders. Figure 8a shows an ECCI of the Ti6Al4V coating deposited using SM
powders. Most of the region inside the splat showed a martensitic lath structure similar to that of
the initial feedstock microstructure as previously shown in Fig. 3c. However, near the splat
boundary nanograins were observed (see Fig. 8a-b). This indicates that recrystallization had
taken place close to the particle boundary during the splat impact. Nanograins were observed up
to ~ 8 um from the splat boundary, beyond which the initial martensitic lath-like microstructure
of the feedstock powder was retained. Recrystallization near the splat boundaries is a result of
the high strain rate and rise in localized temperature during particle impact at supersonic
velocities on to the substrate or previously deposited layer. Since the rise in temperature is
localized to the point of contact, recrystallization was primarily observed at splat boundaries.
ECCI of the Ti6Al4V coatings deposited using IM powders illustrate that the powder particles
underwent significant amount of deformation as seen in Fig. 8c. Recrystallization was observed
at the splat boundaries and these were followed by heavily deformed grains as we move inside
the splats. This can be seen in Fig. 8c-d. The recrystallized region predominantly consisted of
nanograins of size < 15 nm, as observed in Fig. 8d. Furthermore, it is worth observing that in the
case of coatings deposited using SM powders that initial microstructure was seen away from the
splat boundaries whereas in case of coatings deposited using IM powders the initial
microstructure of the feedstock particles was limitedly seen. This difference in coating

microstructures can be attributed to the higher particle impact velocities in the case of IM



powders that would have resulted in higher strain rates and localized temperature rise. Also, the
equiaxed microstructure and greater interactions with the hot gas stream, due the presence of
pores throughout the particles and high specific surface area, would have facilitated deformation

and recrystallization.

Bulk m_icrbostruc‘turg :
| of initial feedstock

Fig. 8. ECCI of Ti6Al4V coating cross-sections deposited using (a) SM powder (c) IM powder and

(b) & (d) high magnification images at the splat boundaries respectively; l - indicates
spray direction

3.3. Indentation size effect on the coatings and hardness loss parameter
3.3.1. Nanohardness test results

Nanoindentation was performed on the coating cross-section and on the bulk Ti6Al4V plate at
different loads ranging between 1 mN to 20 mN. With increase in indentation depth there was a

general trend of decrease in hardness in both the coatings and bulk Ti6Al4V plate. The square of



nanohardness as a function of inverse of indentation depth for the bulk Ti6Al4V plate and
coatings is shown in Fig. 9a-c. This data was fit to Nix-Gao model (as per Eq. 3) which
illustrates that the indentation size effects can be related to the geometrically necessary
dislocations.[30] This model is based on law of strain gradient plasticity, and the indentation

depth and hardness in this model are related using Eq. 3.

H h*
= /1+7

3)



In the above equation H is nanohardness, H, is hardness of the material at infinite indentation

depth, h* is a characteristic length scale and H,, and h is the indentation depth.

The results of the fit of a regression fit of nanohardness to the indentation depth data as per Eq.

3. for the coatings deposited using SM and IM powders are shown in Table. 3.

Sample

H, (GPa)

h" (nm)

Table 3. Strain gradient plasticity parameters of bulk Ti6Al4V plate and coatings
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Ti6Al4V coatings deposited using SM
powders

5.49 £0.05

13.15 £2.15




Ti6Al4V coatings deposited using IM 4.45 +0.01 38.54 £3.53
powders

Bulk Ti6Al4V plate 4.17 £0.04 20.43 £3.62

In Table 3, the value of H, represents the “true hardness” of the material independent of the load
or depth of indentation where the hardness is influenced only by statistically stored dislocations.
The true hardness of the bulk Ti6Al4V plate is lower than that of the cold sprayed coatings. This
could due to the strain hardening and grain refinement in the powder particles upon impact at
high strain rates during CS process. Furthermore, the true hardness of the Ti6Al4V coatings
deposited using SM powders was higher than that of IM powder. This can be attributed to the
initial microstructure of the two feedstock powders in which the presence of martensitic laths in

SM powders would have contributed to the higher hardness.

In Eq. 3 the h* represents the characteristic length that depends on the shape of the indenter,
shear modulus and H,, value. The lower value of h* for coatings deposited using SM powders is
mainly due to its plastic deformation resistant acicular microstructure. The values of h* obtained
here for the coatings deposited using IM powders closely match with the value of 42 nm reported
by Sen et al. for Ti6Al4V alloy of equiaxed microstructure.[31] Previously, Viswanathan et al.
concluded that the crystal anisotropy in the case of Ti and its alloys influence the hardness values
which in turn affects the h*.[32] However, despite these differences the h* of bulk Ti6Al4V
plate is lower that that of coating deposited using SM powders which can be mainly attributed to

their differences in microstructures.

3.3.2. Microhardness test results

Microhardness tests were performed at different loads within a range of 25 g — 500 g on the bulk
Ti6Al4V plate and coatings and the hardness as a function of indentation depth is shown in Fig.
10. There is a decrement in microhardness with an increase in indentation depth; however, as the
indentation depth increased beyond ~ 4 pm, the hardness values remained constant. This trend
was observed in both the coatings and bulk Ti6Al4V plate. Furthermore, the variation in the

microhardness of the bulk Ti6Al4V with indentation depth was lower when compared to CS



coatings. The diagonals of the residual Vickers indents were found to be approximately between
30 um — 75 pm at the loads where the hardness approached a constant value. At such large
indentation sizes, there will be a definite interaction of the indenter with the splat boundaries and
porosity present in the coatings. This indicates that microhardness tests reveal the indentation
size effect in a different manner compared to nanoindentation, with greater interaction with

macroscopic defects like splat boundaries and porosity.
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Fig. 10. Microhardness of bulk Ti6Al4V plate and coatings



3.3.3. Calculation of hardness loss parameter

The hardness loss for the coatings is calculated using Eq. 4. as proposed previously by

Goldbaum et al. [26]

Hy, (GPa) — Hpjgtequ (GPa) x 100
H, (GPa)

Hardness loss (%) =
4)

In Eq. 4., H, represents the true hardness of the material derived from the Nix-Gao fit (Eq. 3) to
nanoindentation data and Hpjaeau 1 the plateau hardness of the material, which is taken as an
average microhardness from the three highest loads. Hardness loss for the bulk Ti6Al4V plate

and coatings deposited using the two feedstock powders are shown in Table 4.

Sample Holateau (GPa) Hardness loss (%)
Ti6Al4V coatings deposited using | 1.91 £0.054 65.20 %
SM powders
Ti6Al4V coatings deposited using | 2.11 £0.029 52.58 %
IM powders

Table 4. Hardness loss

Bulk Ti6Al4V plate 3.43 £0.025 17.74 %

The hardness loss values of CS coatings were higher than that of bulk Ti6Al4V plate.
Furthermore, the hardness loss was higher in the case of Ti6Al4V coatings deposited using SM

powders when compared to coatings deposited using IM powders.

To understand the reason behind the high hardness loss, despite low porosity levels (in the case
of coatings deposited using IM powders), the residual indents after microhardness tests were
examined under an optical microscope. Fig. 11 shows the images of the residual indents at the
two extreme loads, i.e. 25 g and 500 g for the bulk Ti6Al4V plate and coatings. The indents on
bulk Ti6Al4V plate show a perfect diamond shape of the Vickers indenter with almost no
interactions with porosity at both the loads as seen in Fig. 11a-b. The minor loss in hardness
obtained could be due to deviations from a perfect shape of the diamond indent at low loads as
shown in Fig. 11a. These minor deviations are mainly due to the crystal anisotropy in Ti and its

alloys. [32,33]



Micrographs of residual indents on cold sprayed coatings showed multiple phenomena that were
not observed for the bulk Ti6Al4V plate. In the case of coatings deposited using SM powders, an
interaction of the indenter with the porous regions was found at both low and high loads. De-
bonding of the splats in these coatings was observed in almost all cases (Fig. 11c, d & g).
Additionally, for some tests, there was sliding of an adjacent splat onto the residual indent due to
poor bonding between the splats (Fig. 11d). While tests like this were not used for measurements
of hardness, they provided additional evidence of the poor bonding in the coatings from SM
powders. As discussed previously, the SM powders had an acicular microstructure that resists
plastic deformation of the particles upon impact; thereby resulting in porosity and improper
bonding between the splats. Thus, the presence of porosity and de-bonding of splats during
microhardness tests led to a low plateau hardness of these coatings and resulted in high hardness

loss.

In the case of coatings deposited using IM powders, there was minimum interaction of the
indenter with porosity at low loads as seen in Fig. 1le. At higher loads, interaction of the
indenter with porosity was comparatively higher and de-bonding was observed specifically in
these regions, as shown in Fig. 11h. Even at dense regions de-bonding of splats was found when
indentation was performed at higher loads indicating poor cohesive strength between the splats
(Fig. 11f). Poor bonding between the splats reduces the cohesive strength and results in de-
bonding. However, the sliding of adjacent splats was not observed for these coatings. De-
bonding of the splats during indentation reduces the load bearing capacity thereby reducing the
plateau hardness of the coatings. This explains the low hardness of coatings deposited using IM

powders despite low porosity and subsequently the higher hardness loss values.
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4. Discussion

4.1. General characteristics of the feedstock powders

Feedstock powders play an important role in the CS process since the successful deposition,
microstructure and final properties of the coatings depend largely on powder initial properties.
Some researchers have indicated that engineering of powders for better cold sprayability is one
of the prime needs to develop and improve applications of the CS process. One alloy system that
has immediate applications for CS is Ti6Al4V, but the inherent high yield strength and melting
point has made for mostly poor cold sprayability and inability to obtain a near fully dense deposit
with acceptable mechanical properties. Past researchers have cold sprayed Ti6Al4V with SM
powders, but attained limited success to obtain dense coatings without post heat
treatments.[10,15-17,34] The most recent development for Ti and Ti6Al4V is preparation of
powders using the Armstrong process. Only a few reports have been made on this powder for
CS, but some improvements are reported.[19] McDonald et al. deposited dense coatings of Ti
using the Armstrong powders at low gas pressures and temperatures. They concluded that that
unique morphology of the particles allows to deposit Ti coatings well below its critical velocity.
The most common powder morphology for CS is spherical, and here we have compared

spherical powders to irregular powders made by the Armstrong process.

The first concern in using IM powders is that they can have poor flowability. While this was true
for the IM powders in terms of their Hall flowability number, there was no observed debit on the
cold sprayed coatings in terms of DE, porosity etc. SM powders have a good Hall flowability.
The flow characteristics of the powders depends on various parameters like size, shape,
interparticle friction and weight of the bulk powder.[35] The poor flowability of the IM powders
can be attributed to their high interparticle friction and low apparent density. This impedes the
free movement of one particle over another thereby resulting in poor flowability.[35] Another
concern is that industries require no nozzle clogging or pulsating effects at the inlet of the nozzle
that can often result from poor flowability and lead to waviness in the coatings.[36] However,
despite their poor flowability, no pulsating effects, nozzle clogging or waviness in the final
coatings was observed for the IM powders. In a high pressure CS system, pressurized N, gas
passing through the feeder to transport the feedstock powders to the inlet of the nozzle may help

counter the potential for poor flowability of the IM powders. Furthermore, while many irregular



powders have been shown to be unacceptable for CS, the unique morphology of the IM powders
from the Armstrong process, with high specific surface area and complicated surface porosity
may have allowed the pressurized gas to purge though them and improve their flowability in a

forced gas environment.

4.2. Coatings characteristics

As discussed previously, high particle velocities and specific surface area enhance the particle
deformation as the particle impacts the substrate. Additionally, the powder particle
microstructure also plays an important role in determining the deformation of the incoming
feedstock particles. Initially, spherical Ti6Al4V powders exhibited acicular or martensitic lath
like structures whereas IM powders had an equiaxed microstructure. Studies carried out by Murr
et al. illustrated that Ti6Al4V alloy with acicular or martensitic lath like structure exhibits higher
yield strength than lamellar and equiaxed microstructures.[37] This indicates that the finer the
size of a-phase, the higher will be the yield strength of the Ti6Al4V alloy i.e. the size of the a-
phase is inversely related to the yield strength. Since in CS process, the coatings are developed
by the plastic deformation of the powder particles, high yield strength materials need higher
critical velocity to deposit coatings.[12] The SM had fine laths of a-phase leading to limited
plastic deformation upon impact and a retention of most of the spherical shape. Powders of this
type result in high porosity (seen in Fig. 7a), which has been observed by previous
researchers.[13,16] In the case of IM powders, the microstructure was a more deformable
equiaxed a-phase. This led to more deformation upon impact of the particles resulting in dense
coatings with negligible porosity. Furthermore, IM powders had porosity (Fig. 3e) and also
possess higher specific surface area compared to SM powders. These two aspects help for greater
interaction between the particle and the hot gas stream thereby resulting in higher heat
transfer.[38] An increase in particle temperature would cause thermal softening and lead to even

more improvement of deformability of the IM powders.

In past researchers tried to engineer the powders and reduce porosity in Ti6Al4V coatings. Aydin
et al. mixed Ti and Ti6Al4V and found that a mixture of 10 vol.% Ti to Ti6Al4V reduced the
porosity from 6.7 % to 1.5 %; there was no effect with further increase in Ti%.[16] Lou et al.

mixed different volume fractions of steel balls with Ti and Ti6Al4V powders to reduce



porosity.[21] However, the resultant coatings had steel balls entrapped in the final coatings.
Khun et al. and Vo et al. suggested that dense coatings of Ti6Al4V deposited using SM powders
can only be achieved by spraying with He as propellant gas.[10,15] A summary of the above
literature suggests that innovative techniques have been used to reduce the porosity in Ti6Al4V
coatings; however, each technique had its own limitations or increased the deposition costs. In
present work, IM powders with deformable and porous structure were used to deposit Ti6Al4V
coatings. In view of the industrial requirements and cost economics, coatings were deposited
using N, as propellant gas and no post treatments were performed. The Ti6Al4V coatings

deposited using these powders were extremely dense with porosity < 1%.

The two main mechanisms identified above for the reduction in porosity of coatings from IM
powders were the deformability of the powder microstructure and the possibility of higher
particle temperatures due to the high surface area. It is worth mentioning that other mechanisms
for reduced porosity may be acting as well. Previously, Yin ef al. and Lioma et al., deposited
coatings using porous powders and found that porosity in the particles reduced particle
rebounding and resulted in dense coatings.[39][40] Their results illustrated that the fracturing of
the pores as the particles make an impact, resulted in cracking thus absorbing the particle kinetic
energy and reduce the probability of rebounding. Gao et al. studied the effect of particle porosity
on the deposition mechanism and microstructure of the coatings.[41] They reported that the
coatings deposited using powder particles with high and medium porosity were dense and thick
when compared to coatings deposited using powders with low porosity. They concluded that
optimum porosity and deformability of particles help in depositing dense coatings with
continuous buildup. While no observation of particle fragmentation was made in this work, the
mechanism described by previous researchers may also be partly responsible for the low porosity

for the IM coatings.
4.3. Effect of powder morphology on coating microstructure

Comparisons of the microstructure of the coatings to the initial powders were performed with
ECCI on the coating cross-sections near to the splat interface. Most of the splat microstructure in
coatings from SM powders resembled that the initial feedstock particles and recrystallization was
observed only close to the splat interfaces. Martensitic laths observed in the initial powder were

found away from the recrystallized region indicating very limited deformation at these positions.



These observations are similar to those reported previously by Goldbaum et al. and Kim et al. for
SM powders of CP-Ti.[6,42] Recrystallization was observed close to the splat interface or
boundaries where primarily ASI, strain localization and rise in interfacial temperatures
predominantly takes place during the particle impact.[42] Since the rise in temperature is
concentrated very close to the interface and the bulk of the particle remains at lower
temperatures, recrystallization was observed close to the splat boundaries. The limited regions of
recrystallized grains inside the splats from SM powders is further indication of the limited

deformation that took place, which led to the higher porosity and poorer mechanical properties.

ECCI of the splats in the coatings deposited using IM powders revealed a high degree of
deformation with less evidence of initial feedstock microstructures. Nanograins were found
along the splat interfaces similar to that of the coatings deposited using SM powders as well as
highly deformed regions adjacent to them proceeding into the splat interior. The high degree of
deformation in these coatings was mainly because of the higher impact velocities and the
deformability of the initial powder microstructure. Higher particle impact velocities result in an
increase in strain rates, total strain and higher interfacial temperatures at splat boundaries,
leading to greater amounts of deformation and recrystallized regions. Additionally, a larger
specific surface area and presence of pores result in a higher rate of heat transfer, thereby
increasing the particle temperature and heat retention within the particle. Since Ti and its alloys
have higher heat capacity, recrystallization and deformation are further enhanced by the
temperature gradients across the particle interfaces, thus contributing to superior

deformation.[12]
4.4. Coating hardness and cohesive strength evaluated using multiscale indentation

At the scale of nanoindentation, coatings with SM powders showed higher hardness than those
with IM powders. This is largely due to the retention of the martensitic lath microstructure of the
SM powders, which is known to have high hardness. While the IM powders formed fine scale
recrystallized microstructures, the hardness of these features and the deformed particle interiors
remained lower than for coatings from SM powders. At the scale of microindentation testing,
Ti6Al4V coatings deposited using IM powders exhibited higher hardness compared to coatings
deposited using SM powders. The improvement in the hardness can be attributed to lower

porosity and better coating cohesion strength. As reported by Goldbaum et al. the two scales of



indentation testing reveal distinctly different information on mechanical properties.[26]
Nanoindentation helps for comparison of coating microstructure, while microindentation probes

the effects of larger scale defects like porosity and splat boundaries.

The cohesive strength between the splats was examined through the hardness loss parameter.[26]
A small hardness loss value indicates better inter-splat cohesive strength. Hardness loss was
higher for CS coatings compared to bulk Ti6Al4V plate. This result is similar to what Goldbaum
et al. observed for CS coating made from spherical and irregular CP-Ti powders.[26] Generally,
it is not possible with cold-sprayed Ti and its alloys to observe the same mechanical properties as
their bulk counterparts. However, it should be noted that the hardness loss observed by
Goldbaum et al. for CP-Ti at similar particle impact velocities to those obtained here was
approximately 60% for both coatings deposited using spherical and irregular powders.[26] Here
for Ti6Al4V, the hardness loss was around 65% and 53% for coatings deposited using SM and
IM powders respectively. On one hand, this could be indicative of poor cohesive strength of the
Ti6Al4V deposited using spherical powders, which would be expected considering the lower
deformability of the alloy compared to the pure material. However, it may also be due to the high
mechanical properties of the alloy in general. Furthermore, the marginally lower hardness loss
obtained here for the coatings deposited using IM powders compare to irregular CP-Ti coatings
could be due to the differences in specific surface area and pours structure of the feedstock
powders that would have led to better cohesiveness between the splats. To better explain
comparisons between this work and the previous study, one must turn to the examination of
residual indents. Most of the features of splat debonding and interactions with porosity were
observed in both studies. The only major difference found was the large scale debonding found
for the SM coatings. This is the most direct comparison to the previous work as the morphology
of the powder is very similar to that used by Goldbaum et al. and we see a increase in hardness
loss for SM Ti6Al4V compared to SM CP-Ti.[26] However, turning to the coatings from IM
powders, the hardness loss was lower than previously observed for CP-Ti coatings and SM
powders of Ti6Al4V sprayed here. More importantly, the features observed on residual indents
were much less dramatic in terms of splat debonding. There was evidence of small scale
debonding events but no large scale failures at splat interfaces. Thus, despite the high hardness
loss of the coatings from IM powders, they exhibited relatively better features in terms of

cohesive strength compared to both the SM powders sprayed here and the previous work of



Goldbaum et al. [26] Similar evidences of de-bonding of splats in the case of dense Ti coatings
(deposited using Armstrong powders) can be seen from the indent images reported by
MacDonald et al. [19]. They proposed that the unique morphology of the powders could have led
to flattening of particles and subsequent coating build-up with low cohesive strength. Previously,
Goldbaum et al. and Wong et al. illustrated that for irregular particles, the impact direction
mainly is where there are more irregularities due fluid mechanics factors. This results in a
contribution of very minimal area for ASI, which is considered as the main phenomena for
bonding in CS coatings.[26,36] Thus, the optical micrographs of the residual indents coincide
with the hardness values reported and support the high hardness loss values in CS coatings when

compared to bulk Ti6Al4V plate.

Hardness loss values can be a good indicator of coating tensile properties.[43] Coatings with
dense microstructure and good cohesive strength between the splats exhibit better tensile
properties. Low hardness loss indicates that the coatings possess better cohesive strength and in
turn show better tensile properties.[43] This can be seen from the results reported by MacDonald
et al. in which the as-sprayed Ti coatings using the Armstrong powders had shown de-bonding of
splats and poor tensile properties.[19] SEM images of the fracture surfaces after the tensile tests
showed almost no evidences of metallurgical bonding between the splats indicating their poor
inter-splat bonding. However, subsequent heat treatment of the coatings resulted in improvement

in cohesive strength resulting in better tensile properties.

The effectiveness of powders from the Armstrong process in terms of their cold sprayability and
mechanical properties of coatings were evaluated and compared to coatings from SM powders.
Overall, there are clear and significant benefits imparted by the IM powders obtained from the
Armstrong process. The higher surface area and more deformable microstructure are favorable
for CS and resulted in more dense deposits compared to those made from SM powders. Also, the
highly porous nature of the IM powders seemed to allow for good flowability in the CS process
despite having a low Hall flowability. Thus, overall these powders are much more useful for cold
spraying of Ti6Al4V. However, the resulting mechanical properties are poor. While the residual
indent features of the coating from IM powders was somewhat improved with no large-scale
failures along splat boundaries, the mechanical properties were still clearly deficient with the

spray conditions used here. Options left for researchers seeking to obtain a high quality deposit



of Ti6Al4V would be to include some sample heating during deposition, which has been shown
to be effective in the past or to spray with Helium (He).[14] Spraying with He has clear benefits
with much higher particle speeds, leading to fully dense coating with much better mechanical
properties.[13,15] In fact, the hardness loss was zero for a deposit of CP-Ti with He
spraying.[26] Others spraying with He have observed good mechanical properties as-deposited.
However, engineers seeking applications for the Armstrong process IM powder must consider
costs and sustainability. Spraying with He is not sustainable and costly. And including heating
during spraying or post heat treatments is not cost friendly and may not always be practical.[44]
Thus, while this study has demonstrated significant promise for the Armstrong process IM
powder, the need for other steps in manufacturing a mechanically robust deposit of Ti6Al4V by
CS seem to still be required. Further research will be required to determine which steps are most

effective and economically feasible.

5. Conclusions

Ti6Al4V coatings have been cold sprayed using SM and IM powders. A detailed characterization
was performed to understand the physical and microstructural properties of the feedstock
powders and these were related to the coating properties. Hardness loss through multiscale
indentation was determined to understand the cohesive strength between the splats. Based on the

study following conclusions are drawn:

1. SM powders had a cellular surface structure and excellent flowability where as IM powders
had a porous structure with poor flowability. ECCI on the cross-section of the SM powders
revealed an martensitic lath like structure whereas IM powders showed an equiaxed
microstructure. The two different morphologies and microstructures have significant
influence on the properties of cold sprayed coatings.

2. Coatings deposited using IM powders had low porosity (< 1%) and better properties
compared to the coatings deposited using SM powders. The superior properties of the
coatings were attributed to their higher impact velocity, specific surface area and more

deformable microstructure compared to SM powders.



3. Multiscale indentation was performed on the coatings and bulk Ti6Al4V plate to determine
the hardness loss. Hardness loss was higher in cold sprayed coatings compared to the bulk
Ti6Al4V plate due to the presence of porosity and poor cohesive strength between the splats.

4. Coatings deposited using SM powders exhibited high hardness loss due to particle de-bonding
and the presence of a significant amount of porosity. Residual indents showed the adjacent
particle sliding over the indent in these coatings indicating poor inter-splat bonding
contributing to high hardness loss.

5. Despite low porosity, coatings deposited using IM powders exhibited hardness loss but lower
than their spherical counterparts. In these coatings, de-bonding of splats resulted in hardness

loss and no adjacent particle sliding on the residual indent was observed.
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