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Abstract

Cold spray is a relatively new coating technology by which coatings can be produced without
significant heating of the sprayed powder. This has gained attention in the aerospace industry as cold
spray has the potential to restore damaged parts made of light metal alloys, like Ti6Al4V (Ti64 in
short) components. Such repair requires high quality Ti64 coatings of varying coating thicknesses to
fill the damages incurred in worn or corroded parts. However, the study of the effect of coating
thickness for Ti64 coatings deposited on Ti64 substrates on their microstructure and mechanical
properties has not been reported. In this work, high quality Ti64 coatings with different thicknesses
were successfully deposited on Ti64 substrates. It was observed that the microstructure and
mechanical properties such as low porosity level, high hardness and strong adhesion strength of the
Ti64 coatings were maintained with increasing coating thickness, and thereby holding a great
potential in repair industries. The interface bond strength was also successfully measured with a
glueless tensile test. As for the flexural strength, the thinner Ti64 coatings could conform to the stress
concentration point, better than the thicker coatings. The fracture characteristics of the coatings were

also investigated.
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1 Introduction

Repair of Ti6Al4V (Ti64) components is a great challenge for the aerospace industry.
Commercial gas/jet turbine engines consist of a large number of Ti64 components, particularly in the
compressor section of the engines where temperatures of up to 650 °C are experienced. Ti64 is
particularly attractive due to its tremendous weight-saving properties owing to its high specific
strength coupled with low density, corrosion resistance and good thermal stability (up to 400 °C) [1].
However, these Ti64 components suffer from wear and tear over the service period due to harsh
environments such as friction and erosion and even bird strikes. As Ti64 components are expensive
due to high cost of raw materials, it will be cost-effective to repair them and restore their functionality,

instead of scarping them following damage during service period.

The repair of Ti64 components depends on the extent of damage and may require rebuild-up
to several milimeters thick. Conventional material repair methods such as welding and direct laser
deposition may not be suitable to restore these thicknesses. Further these techniques lead to
instabilities in the components specifically along the repaired sections. For example, heat affected
zones are invariably created, which induce thermal stresses due to thermal mismatch between the
joining components and also result in substantial distortion of the microstructure that might involve
phase changes, precipitation, etc. which may create areas of mechanical weaknesses leading to
eventual failure around the actual lines of repair [2-4]. As such, cold spray may be an alternative
technique to build required coating thicknesses as a low-temperature additive manufacturing process
with minimum sample distortion. Cold spray is a process where particles are accelerated to supersonic
speeds and impact on the target substrate surface to form a coating. The particles remain in their solid-
state condition throughout the process. The detailed working principle of cold spray process has been

widely reported in the literature [5-13].

Recently, cold sprayed Ti64 coatings have been widely investigated as they can be potentially
used in many applications. Some works have been carried out to understand the splat deformation of

cold sprayed Ti64 particles. Goldbaum et al. [14] observed that Ti64 splats deposited on a Ti64
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substrate had a high flattening ratio (width/height ratio of particle) of 2.5-2.75, but demonstrated
poor particle adhesion and bonded interface that was not fully continuous, with only traces of
metallurgical bonding even at deposition velocities as high as 1115 m/s. Vid et al. [15] also studied
the deposition of Ti64 splats on substrates such as titanium and magnesium with different ultimate
tensile strength. The study showed that impact of Ti64 particles on substrates with similar strengths,
such as Ti and Ti64 resulted in a higher degree of plastic deformation and formation of regions of
shear instability in the impacted zone. This is due to the transformation of kinetic energy into localised

heat within short time and volume, which favours adiabatic shear instability.

Lietal. [16] reported cold sprayed Ti64 coatings having a high porosity level of about 22.3%,
especially between the deposited microparticles. On the other hand, Luo et al. [17] demonstrated that
cold sprayed Ti64 coatings using He gas created denser coatings with only about 2.7% porosity.
However, as He gas is much more expensive than N2 gas, it is not economical to be used widely in
industry. By using N2, Luo et al. [17] also managed to further reduce porosity levels by incorporating
larger stainless steel microparticles into the Ti64 powder feedstock, which created an additional shot-
peening type of effect. The porosity level was thus reduced from about 15% to around 0.6%.
However, for critical applications, these stainless-steel inclusions might act as stress concentration

sites in the coatings and hence would be undesirable.

There are also limited works reported on the effect of cold sprayed Ti64 coating thickness on
the bonding characteristics, which is crucial for repair of worn or corroded Ti64 components though
effect of thickness has been studied on aluminium coatings. Xiong et al. discovered that shear
adhesive bond strength of Al 7075 and 7050 cold sprayed coatings on unheated Al 7050 substrates
decreased with the increase in coating thickness [18]. Moridi and co-workers [19] reported that
thicker cold sprayed Al 6082 coatings on the substrates of the same material also resulted in lower
bond strength. As an analogy, even in thermal spraying, thick coatings are usually accompanied by
lower bond strengths [20] . Hence, the thickness effect of Ti64 coatings on substrates needs to be

evaluated carefully as it plays a critical part in the integrity of the repaired components in application.
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This work focuses on the investigation of cold sprayed Ti64 coatings on Ti64 substrates using
N2 gas under optimum conditions with particular focus on studying the thickness effect on the coating
quality. The article first discusses the effect of growing coating thickness on the porosity level in the
coating. It then subsequently reported the effects of this thickness on the mechanical properties such
as hardness, interfacial bond strength, flexural strength of the Ti64 coatings. The results have then

been rationalised on the analysis of fracture behaviour of the coated samples.

2 Experimental details
2.1 Materials

Cold-rolled pieces of Ti64 plates (Grade 5) (Titan Engineering, Singapore) with dimensions of
50 mm x 50 mm x 8 mm were used as the substrates. The substrates were ground and degreased
sequentially prior to spraying. The powder feedstock used was plasma-atomized Ti64 ELI (Grade 23)
powder comprising primarily spherical particles ranging from 15 to 45 pm in diameter (AP&C,
Canada) as shown in Figure 1a and 1b. However, some satellites were also observed in the powder.
The polished cross-section (Figure 1¢) of the powders showed the absence of internal porosity while
the etched cross-section (Figure 1d) shows that powders have a lath microstructure [21]. There are
also no impurities detected using energy-dispersive spectroscopy (EDS), as reported in a previous

work [22].
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Figure 1: (a and b) SEM micrograph of pristine Ti64 powder at different magnifications, optical

—

micrographs of (c) polished and (d) etched cross-sections of powders.

2.2 Sample preparation

An Impact Spray System 5/11 (Impact Innovations, Germany) was used to deposit the Ti64 coatings
with the setup shown in previous work Figure 2a. A SiC spray nozzle of 6 mm diameter with an
expansion ratio of 5.6 and a divergent section length of 160 mm was used in the spray deposition.
The deposition parameters are shown in Table 1. The deposition velocity measured using Tecnar Cold
Spray Meter was around 800 m/s. Prior to deposition, the substrate surfaces were heated to
approximately 200 to 300°C simply by blowing preheated nitrogen gas [22] for better adhesion of the

powder particles to the substrate surfaces.

Table 1: Cold spray deposition parameters

Gas Gas Sample stage

Working Spray Stand-off Raster
pressure temperature  traverse speed o .
gas (MPa) ©C) (mm/s) angle (°) distance (mm) step (mm)
Nitrogen 4.8 1100 500 90 30 1




The sample stage was rastered horizontally with a constant velocity of 500 mm/s (Figure 2b)
followed by 1 mm vertical raster step after each traverse movement to form a coated layer. Each
deposited layer had a thickness of ~0.15-0.17 mm, which was repeated until the desired thickness

was achieved. The final thicknesses of Ti64 coatings were around 0.1 mm, 0.5 mm, 1 mm and 3 mm.
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Figure 2: (a) A photograph showing the cold spray setup (referred from previous work [22] and (b)
schematic of the scanning procedure showing the transverse speed of the substrate (500 mm/s) and

the raster step (1 mm)

2.3 Microstructural characterisation

The surface roughness of the as-sprayed samples was measured in terms of Ra and R, with a
contact mode surface profilometer (Talyscan 150, Taylor Hobson, USA) with a 4 um diameter tip.
The average surface roughness of each sample was calculated from three random measurements with
each measurement under the conditions of scan length of 30 mm, scan step of 1 um and scan speed

of 1 mm/s.

For cross-section microstructural analysis, the cold sprayed samples were sliced into pieces
with dimensions of 2 cm x 1 cm X% 0.8 cm (L x W x H) each. The cut samples were then cold mounted
with Specifix-20 (cured for 12 hours), ground with 320 SiC grit papers, followed by chemical-
mechanical polishing (CMP) with a DiaPro solution containing 9 pm diamond particles and then an

OP-S suspension solution containing 0.04 pum colloidal silica particles (Struers, Denmark). For



microstructural investigation, the polished samples were etched using Kroll’s reagent by immersion

method for 10 to 15 s.

Microstructures and porosities of the samples were observed under optical microscope (OM,
Axioskop 2 MAT, Carl Zeiss, Germany) and/or scanning electron microscope (SEM JSM-5600LV
and FESEM 76001, JEOL, USA) operated at 15 to 30 kV. For porosity measurement, a series of 16
continuous cross section images (optical, X200 magnification) were taken from the coating top,
middle and near-interface region. These images were stitched (per location) and processed using the

open source software ImageJ (NIH, USA) [21].

Elemental compositions of the samples were analysed using SEM-based Energy Dispersive
Spectroscopy (EDS, Oxford Instrument, UK). Phase analysis of the cold spray samples was carried
out using X-ray diffraction (XRD, Empyrean Panalytical, Netherlands) with CuKq radiation operated
at 40 kV acceleration voltage and 40 mA emission current, from 20 to 90° degrees of 26, with a dwell

time of 1s for step size of 0.02°.

Transmission electron microscopy (TEM) was carried out on a foil extracted from a polished
Ti64 cross-section using FEI Nova NanoLab™ 6001 focused ion beam (FIB) dual beam system. TEM
was performed using a JEOL 2010 operating at 200 kV. Selected area diffractions were acquired to

validate the structure of the sample.

2.4  Mechanical characterisation

Microhardnesses of the coating and substrate cross-sections of the Ti64 samples were
evaluated using a Vickers microindenter (FM-300e, Future-Tech, Japan), with 300 g load and 15 s
dwell time. Nanohardness measurements were also performed on the samples and powders using a
nanoidenter (Agilent G200, USA) with a penetration depth of 0.5 um. For the samples, a 5 X 5 matrix
with 10 pm spacing was indented across the coating/substrate interface. As for the powders, around
15 particles with diameters around 20 to 40 um were indented to ensure the penetration was well-

confined within the particles and there were no influences from the underlying epoxy resin.



Adhesion strength test was conducted on each coated sample following the ASTM C633
standard [23]. First, the samples were wire cut into circular buttons with a diameter of 25 mm and the
buttons were ground flat. Next, the top and bottom button surfaces and fixtures were sand blasted
with P80 alumina particles, cleaned with ethanol and assembled together with adhesive glue (Araldite
AV170, Huntsman Advanced Materials, USA). The assembled sets were then placed at a tilt angle of
35° in an oven in which the sets were cured at 150°C under a weight of 380 g for 60 min and left to
cool to room temperature (~ 23 °C) . The sets were tested using a tensile tester (Instron 5569 ,UK)

with a load cell of 50 kN in tensile mode with an extension rate of 0.8 mm/min till the sets failed.

A glueless method, modified from ASTM E8, was also used to measure the true
coating/substrate interface bond strength. For this, a 5 mm thick Ti64 coating was deposited onto a 9
x 50 x 50 mm® Ti64 substrate. A flat tensile sample was fabricated by wire cutting into dimensions
as shown in Figure 3a. The sample is then placed into the fixture (Figure 3b) and tested with the same

Instron machine (mentioned above) but with an extension rate of 0.3 mm/s until failure.
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Figure 3: (a) Schematic drawing of sample for mini tensile test and (b) tensile test setup

Three-point bending tests, following ASTM E290-13 standard were conducted to investigate
the flexural strength of the coating/substrate aggregate [24]. Figure 4a illustrates the schematic of test
configuration and Figure 4 (b and c) show the actual setup before and after the test. The specimens
used were rectangular blocks with length (1) 50 mm, width (b) 9.5-10 mm and thickness (d) 4-6.5

mm. The bending test was conducted using MTS 810 Material Testing System (USA). The span, L,



between the two supports was 40 mm and the displacement rate of the plunger (diameter, @ = 10 mm)
was 0.5 mm/min. The flexural stress, or and flexural strain, &r were calculated with the equation: or =
3FL/2bd? and er = 6Dd/L?, where F is the load at a given point on the load deflection curve (N), L is
the support span (mm), b is the width of test specimen (mm), d is the thickness of tested specimen
and D is the maximum deflection of the specimen at the center (mm). A test was ran on until either
failure within the coating or delamination of the coating/substrate occurred. The microstructure of the

fractured samples was analysed using low-magnification optical microscope (Olympus SZX7, Japan).
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Figure 4: (a) Schematic illustration of three-point bending test, and photographs showing actual setup

of (b) before and (c) after loading a sample.



3 Results and discussion

3.1 Cross-section and surface analysis

The micrographs of the polished cross-sections are shown in Figure 5(a-d) and are found that
the porosity increases with coating thickness from about 2.7 to 3% (Figure 5e). All the coatings do
not exhibit cracking or interface delamination (Figure 5(a-d)). The porosity distribution appears to be
uniform and the interface lines are intimate. The porosity levels of the cold sprayed Ti64 coatings
produced in this study were also lower than those reported in the literature, about 5 to 20%, due to

lower particle impact speed from chosen deposition parameters in [16, 25-27].

The dense Ti64 coatings are attributed to the high impact energy of the sprayed particles, which
causes intensive plastic deformation, thus promoting the cohesion of the particles and preventing the
formation of large porosities. The dense Ti64 coatings are attributed to the high impact energy of the
sprayed particles, which causes intensive plastic deformation, thus promoting the cohesion of the
particles and preventing the formation of large porosities. In a cold spray deposition process, a coating
is formed through several stages. At the initial stage, it is well-known that the particles are bonded to
the substrate surface via the so-called adiabatic shear instability (ASI), whereby the peripheries of the
incoming particles form jets and the shear stresses developed in the region result in the bonding. A
major fraction of the kinetic energy of the impacting particles is converted into heat during the process
within a very short time, typically in the order of a few tens of nanoseconds, of the particle collisions.
The heat does not dissipate, and the impacted particles are essentially severely deformed under the
adiabatic shearing conditions [28]. The subsequent stage for coating build-up consists of constant
shot peening or particle hammering, which causes further plastic deformation leading to work
hardening [29]. However, in this case, there is a porosity level increment from 2.7 to 3% during
coating build-up from 0.1 to 3 mm. The increment of porosity level with coating thickness could be
explained by the accumulation of heat during the coating build-up. As the coating surface temperature
increases during the coating build-up (from 200 to 300°C [22]), it promotes the particle adhesion

where the particles travelling at lower velocities (or below critical velocities) are also able to deposit
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and may result in less plastic deformation. In addition, a cold sprayed coating tends to have a higher
porosity level in the top section of the coating, which is mainly due to the absence of impinging effect
(or hammering effect). With the increasing coating thickness, the porosities of the top section become
more prominent. Hence, these prevent complete filling of the gaps between the particles, hence

slightly increasing the coating porosity level.

Another important factor is the strain rate dependent hardening of Ti64 alloys that plays an
important role in hardening of the deposited splats. Ti64 has a high strain rate sensitivity with its yield
strengths increasing with increasing strain rate [30]. Thus, at the strain rates encountered in cold
spraying process (10° s™), appreciable hardening is to be expected in the Ti64 particles which make
it lose its compliance and this in turn results in creation of voids. During the impact, significant heat
energy is still generated upon high speed impact, but its lack of dissipation within the length scale of
the particles prevents softening of the splats as it deposits. The small difference of porosity levels of
0.1%, thereon between the coating thicknesses of 0.5 mm and 3 mm indicates a steady state deposition
condition for example, surface temperature, plastic strain and compaction. For example, a previous
study by Tan et al. showed that temperature reaches a steady state in about 80s and considering the
time for coating formation to be 17s, the temperature would have been close to steady state by 5 layers

of coating, with a thickness about 0.75 mm [22].
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Figure 5: (a-d) Optical micrographs showing polished cross-sections of samples with coating
thicknesses of around a) 0.1 mm, b) 0.5 mm, ¢) 1 mm and d) 3 mm, where the arrows indicate the

interfaces between the coatings and substrates; (e) Plot showing average porosity levels as a function

of coating thickness.

The etched cross-sections of all coatings thicknesses were observed by OM as shown in Figure
6. Due to the similarity of coating morphologies, the SEM analyses would be focused on the 3 mm
coating as shown in Figure 7. The etched Ti64 coatings showed that individual impacted particles

underwent severe plastic deformation with significant material jetting as the particles were impacted
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above their critical velocity [14, 31], which allow ASI to occur for bonding (Figure 7) [28]. The SEM
micrographs in Figure 7(a-c) also showed two distinctive contrast within varying regions of the splats
— textured and smooth regions. A closer look revealed that the smooth regions correspond to the
severely deformed part of the particle while the textured regions correspond to undeformed splat
regions with microstructure remnant from the parent powder [21, 32]. This differential strain
distribution within the splat particles would be discussed later in detail. The particle boundaries were
also observed to be slightly protruded which indicates a different etch rate as compared to the textured
and smooth region (Figure 7d). The boundaries may contain shear bands which consist of refined
grain structures driven by severe plastic deformation which occur at the particle boundaries during
impact [33-35]. Voids can also be observed at the base of the particle due to lack of shear

deformations as shown in Figure 7e.
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Figure 6: Optical micrographs showing microstructures of the top, middle and interface portions of
the etched cross-sections of Ti64 coatings with varying coating thicknesses. The arrows indicate the

interface between coating and substrate.
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Figure 7f shows the agglomeration of the small (10 to 25 um) and large (40 to 50 um) particles
in the 3 mm thick Ti64 coating. These agglomeration locations also form pores. As generally observed
in the micrographs, the pores are essentially formed at the splat boundaries. It is quite evident that
these pores are formed as a result of impingement of powder particles on a priori rough coating
surface and its inability to subsequently conform around the surface asperities even under the given
impact energy. The agglomeration could be a result of particle size and weight separation during the
flow from the powder feeder to the nozzle exit, with a travel distance of approximately 1.2 m. The
smaller and lighter particles would have travelled at higher velocities as compared to the larger and
heavier particles. As such, by the time the particles reach the nozzle exit, the particles may have
separated into light and heavy groups and form the coatings. Moreover during spraying from the gun,
the particles follow a hump-like velocity profile along the nozzle width — the particles located at the

edge of the jet travel at lower speeds compared to the particles at the center of the jet [14, 36, 37].

Such particle velocity distribution also indirectly affects the surface morphologies in terms of
surface roughness. Clusters of the particles have varying degree of flattening ratio (dotted square)
with inter-particle pores (dotted circle) were observed in Figure 8a. The bases of particles were also
plastically deformed and underwent ASI to form material jetting (Figure 8b - solid circles), while the
top section of the particles remained as semi-spherical [38]. The impact which resulted in such
morphology were illustrated in Figure 8c. The surface roughness of the coatings is also found to
increase with coating thickness (Figure 8d), which could be due to higher coating porosity for a

thicker coating, formed at the splat boundaries.

Besides, the smaller particles have lower thermal masses with limited heat storage capability
and hence exhibit lesser thermal softening as compared to the larger particles. However, the ability
of limited thermal softening largely offsets the greater propensity of viscoplastic deformation of
smaller particles owing to their higher velocity compared to the larger ones. Hence, it was observed
that these finer particles undergo less deformation and sometimes have difficulty to fill the gaps and

result in some porosities, as observed in Figure 7f in spite of the fact that smaller particles generally
15



are more efficient in space-filling and result in a more compact coating relative to bigger particles.
Such clustering might lead to an uneven stress distribution in the coating and porosities may act as
crack initiation points. Further work to improve the basic design of the spray gun nozzle in order to

achieve a narrower powder distribution in the jet is required to address this issue.
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Figure 7: SEM micrographs of 3 mm thick coating: (a) Back scattered (BSE) image of cross-section,
(b) higher magnification BSE image of smooth and textured region, (¢) textured and smooth regions
in a particle, (d) a particle with severe plastic deformation and protrusion of boundaries after etching

(dotted circles), (e) deformation of a particle on the substrate and (f) agglomeration of particles.
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(d) surface roughness of coatings as a function of coating thickness
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3.2 Phase analysis

Both XRD (Figure 9a) and EDS (Figure 9b) results show that the Ti64 (based on 1 mm thick
coating) coating has no impurities or additional phases compared to the raw Ti64 powder and bare
substrate. The major constituent of the Ti64 powder was HCP a-Ti phase. No reflection from the
BCC B-Ti was observed in the parent powder. This can be rationalised from the fact that the powders
used were synthesized by plasma atomisation whereby metal powders are condensed from the liquid
droplets at a very high cooling rate, typically >10* °C/s. Thus, under such rapid solidification, it can
be anticipated that the HCP martensite (a’-Ti) phase is present in the powders. It is difficult to identify
the martensitic phase from the equilibrium a phase due to the close resemblance of the two hexagonal
structures. The Ti64 powder is deposited with supersonic speed at which particle interlocking and
adiabatic shear bonding can form within nanoseconds. Such short exposure of the powder particles
to the environment can induce neither significant atomic diffusion nor bulk phase transformation. [28,
39]. As a result of this, the coating also comprises essentially of the o’ phase. On the other hand, the
a and P phases were clearly revealed [40] after etching the substrate (Figure 7e). Also a clear, albeit
weak, peak from the  phase is seen at ~57° in the substrate, that is absent in both the powder and
coating spectra. Although, the (110)-p peak of the substrate at ~39° overlaps with the (100)-a peak,
the weak (200)-B could be isolated in the spectrum; the intensity of the peak increases after aging [41,

42].
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Figure 9: (a) XRD spectra of Ti64 coating, powder and substrate (referred from [43]), (b) EDS
spectrum of as-sprayed 1 mm thick coating, (c) SEM micrograph of Ti64 coating where the EDS

spectrum was measured and (d) elemental composition of the coating.
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3.3 Hardness analysis

Figure 10a shows that the microhardness of all the Ti64 coatings is similar, around 365 - 370 HV,
which exceed the hardness of the powder feedstock (3.4 + 0.6 GPa or approx. 347.1 + 56.1 HV) and
the substrates (321.6 = 19.1 HV), and agrees with the literature [27, 44]. This is because the particles
in the coating undergo a substantial degree of work hardening as they have similar deformation as
seen in Figure 7. A significantly high density of dislocations is nucleated during the impact resulting
in very short mean free paths for gliding and consequently leading to strengthening via work

hardening.

Nanohardness was measured across the interface of the cross-section of the 3 mm sample.
The overall result in Figure 10b showed an increase in hardness near the interface which is caused by
peening or hammering effect of the particles during coating build-up. The nanoidentation matrix is
shown in Figure 10c. The measured coating nanohardness (4.6 + 1 to 6.2 = 0.5 GPa) is higher as
compared to reported work on cold sprayed pure CP Ti (4 GPa) [45] due to material properties and
impact velocity while the Ti64 substrate nanohardness (5.4+1 GPa) is comparable with that reported
in literature [45-47]. The large error bars in the measurements are due to the sensitivity of
nanohardness to the type of microstructure such as refined or parent martensitic phase in the coating
corresponding to undeformed and deformed sections of the splats and the presence of the a-B dual
phase structure in the substrate. The high values of nanohardness as compared to microhardness of
the coating (370 HV microhardness versus 3.6 GPa nanohardness) is not surprising since metallic (or
even ceramic based) materials in general are known to exhibit higher strengths at small length scales.
This can be partially understood from the fact that the size of the nanoindentation within a splat is
comparable to a more localised scale for example to that akin to the sub-micron grains within the
deformed or individual undeformed o’ lath. Thus, the large error bars in nanohardness readings is due
to the stochastic distribution of defects (grain boundaries, dislocations etc) in highly localised areas

of the coating microstructure. On the other hand, the indent size in a microhardness measurement

20



encompasses a larger scale of the area, compared to nanohardness, that can encompass both the

deformed and undeformed sections of the splat or even a splat boundary. [48, 49].
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Figure 10: (a) Average hardnesses of Ti64 coated samples with different coating thicknesses and (b)
nano hardnesses across the interface of 3 mm thick coating and (c¢) SEM micrograph of the 5x5

nanoindentation matrix.
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3.4 Adhesion strength

The adhesion strength of the Ti64 coating thickness exceeded the Araldite AV170 glue strength
(around 65 to 70MPa) during tensile test as shown in Figure 11, which is similar to the reported
literature [25]. Analogous to thermal spray, the bond strength decreases with increasing coating
thickness [20]. The adhesion strength of the coatings is mainly contributed by the adiabatic shear
bonding between the impacted particles and the substrates. However, the current adhesion test
standard with the ASTM C633 cannot precisely evaluate the effective bond strength of the cold

sprayed Ti64 coatings to the Ti64 substrates.

Given the limitation of the above process due to glue failure, a glueless method was developed
that successfully measured the true adhesion of Ti64 coating on the Ti64 substrate. The test achieved
Ti64 coating/substrate interface failure at around 90 MPa, as shown in Figure 12(a-b). This method
requires less amount of build-up material (that implied both cost and time saving) and machining, as
compared to other techniques [50-52]. Other studies with glueless adhesion method were performed
on different coating/substrate systems such as Cu/Cu, Cu/Al which has resulted in 100 to 150 MPa
but suffered fractures in coating (cohesive failure) as the interface bond strength is higher than coating

cohesive strength[50].
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3.5 Flexural strength

Figure 13 shows the flexural stress-strain curves measured from the three-point bending tests for the
Ti64 coatings with different thickness. In Figure 13a, the thinner coatings (0.1 and 0.5 mm) and the
uncoated substrate show that the samples undergo (1) yielding, (2) steady plastic deformation and (3)
fracture [53]. The maximum flexural stresses before failure for the uncoated substrate and the 0.1 and
0.5 mm thick coatings are 2150 (reported work for CP-Ti is 1850 MPa [54]), 1950 and 1285 MPa,
respectively, corresponding to respective the flexural strains of 8.8, 5.6 and 6.3%. Figure 14 shows
the fractured morphology of each sample after loading. From the top-view, the coating fracture
morphologies interestingly show multiple cohesive (or interparticle) cracking in parallel to the
loading axis and minor delamination from the substrates (Figure 14 (b and c)). It is also observed that
the cracks in the coating did not propagate into the substrate because the cracking lines were not

continuous.

The thin coatings with smaller cross-sections (coating area: 1 to 5 mm?, depending on thickness;
substrate area: 40 mm?) than the substrates experience higher stresses during bending. The stress-
strain curves for the coated samples have similar appearance as the uncoated sample (Figure 13a) —
an initial elastic region is followed by a non-linear section of plastic deformation terminating to
failure. The plastic region of the curves, even for the thin coating specimens, is believed to primarily
arise from the strain hardening of the substrate. The yield point, the stress at which the elastic-plastic
transition occurs decreases with increasing coating thickness. While the uncoated and 0.1 mm coated
sample exhibit similar yield strengths, for the thicker 0.5 mm coating a much lower yield point is
observed — this indicates that brittleness within the coating, rather than plasticity of the substrate,
gradually becomes dominant as the coating thickness increases. This could be linked to the difference
in the structure of the coating, wherein a jump in the porosity level and surface roughness is noted
from 0.1 to 0.5 mm coating. Owing to tensile nature of the in-plane stresses on the surface of the
coating, multiple hairline cracks start nucleating in the thin coating as shown in Figure 14(b and c).

The fracture of the coatings also causes local delamination from the substrate. The out-of-plane
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component of the residual stress at the coating/substrate interface in cold spraying is tensile in nature.
During bend test, this residual tensile stress component acts in the same direction as the tensile

component of the applied bending force, thereby assisting in delamination [55, 56].

The thicker coatings (1 and 3 mm) crack and delaminate at relatively lower flexural stresses
and strains (Figure 13b). The maximum flexural stresses prior to fracture for the 1 and 3 mm thick
coatings are about 550 and 519 MPa, respectively, while the flexural strains are about 0.74 and 1.2%,
respectively (Figure 13b-1). Other similar work reported 500 to 750 MPa for flexural stress [57]. Also
compared to the set of thin coatings, the stress-strain curves exhibit a linear response with no strain
hardening — this is indicative of minimal plastic deformation within the sample and that fracture is
mainly brittle. In comparison, there is no obvious indication of crack initiation in the coating before
fracture as seen in the thinner coatings (Figure 14b and c). After the failure of the thicker coatings,
the drop in flexural stress is then partially recovered by the substrates (Figure 13b-ii). Due to a large
change of instantaneous area, the flexural stress from the rebound is not completely shown as it is
artificial (flexural stresses were calculated from the original dimension). The fractured coating
morphologies (Figure 14(d and e)) show that the single crack propagation is parallel to the loading

direction. In addition, the Ti64 coatings also severely delaminate with a larger bending radius.
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3.6  Fractography

Figure 15 shows the etched cross sections of the selected fractured bent samples. Figure 15a shows
that a crack travelled along intersplat boundaries of the coating. As the crack reaches the interface, it
propagates into the substrate and/or along the coating/substrate interface (Figure 15b, ¢ and d -
circled). Due to the bending direction, the crack initiates from the coating as it experiences a higher
in-plane tensile stress than the substrate. The crack is formed across the interparticle boundaries and
coating/substrate interface because of weaker interfacial bond strength compared to the particles in
the coating and the bulk substrate. The crack, which propagates into the substrate, initiates from the
jetted region of the particle (shown within the circle in Figure 15¢ and d), where the actual particle
bonding takes place with the flat substrate by ASI and is a region that experiences severe plastic
deformation. This implies that particle debonding is a significant mechanism if coating delamination

is to take place.

Interface

Interparticle crack

boundaries
crack

Figure 15: Fracture patterns across the cross-sections of coated samples with 0.5 mm (a and b) and
0.1 mm (c and d). The circles show that the crack initiated from particle jetted region into the

substrate.
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Figure 16(a and b) show the typical fractured cross-section of the Ti64 coated sample. Figure
16a (dotted square) shows a brittle fracture feature, where the particles debonded cleanly from the
neighbouring particles with insignificant signs of necking due to lack of the bonding. The surfaces of
the particles have dimples (Figure 16b) that are similar to the fracture patterns of the substrate shown
in Figure 16(c and d), which are typical of ductile fracture behaviour. These dimple patterns belong
to the fragments of the debonded Ti64 particles left adhered on the particles and are indicative of

strong bonding where the particle/particle interface strength exceeds the particle cohesive strength.

Cleanly
debonded
particles

Dimples

Figure 16: Fractured surface of coated sample with 3 mm thick coating (a and b) and substrate (c and

d) at different magnifications

Figure 17a shows an interface fracture pattern on the coating side of the sample coated with
Ti64 coating, after interface failure from the 3-point bending test. The craters are formed from the
debonded particles, which remain adhered to the surface of the substrate as the particle/substrate
interface bond strengths are higher than the particle/particle ones (Figure 17b). The protrusions of
particles on the coating side are due to the penetration of the particles into the substrate. The particle
in Figure 17c shows a smooth surface in comparison to that shown in Figure 17d, which means that

no significant bonding occurs between the particles and substrate at the rim of the particles, where
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extensive plastic deformation occurs. The smooth regions around the protruded particles in Figure
17a indicate no signs of bonding, which probably results due to the particles landing on the jetted
region of the neighbouring particles. These observations show that bonding is not consistent, which
suggest that additional heat treatment of the parent powders is required to reduce their hardness and

thereby aid in improving the bonding.

Smooth

Craters left
areas ar.ound by debonded
protrusions particles
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Smooth the jetted
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Figure 17: Interface failure on coating side of the 1 mm thick coating; (a) general view, (b) a crater
formed by a fractured particle on the substrate, (c) deformed particle without bonding, and (d)

fractured particle with dimples. These micrographs were taken at a tilted angle of 45°.

The interface failure on the substrate side can be observed in Figure 18a. Figure 18(b and c)
shows two different crater features left by the debonded particles. Figure 18b exhibits a smoother
crater with deformed rims and some debris left by the adhered particle. On the other hand, Figure 18c
shows a crater with a ring of dimple fractures left by some broken pieces of the jetted section from
the debonded particle (higher magnification can be observed in Figure 18d) manifesting a ductile
cohesive failure as explained in the earlier section. The backscattered electron image in Figure 19a
also shows that the particle/substrate boundary is well-bonded at the periphery (solid arrow) of the
particle while a narrow void (dotted arrow) exists at the bottom center of the particle. When the failure

happens, it is expected to have a cleaner fracture surface at the particle center than the periphery.
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Figure 18e shows particles that remain bonded on the surface can withstand the tensile force because
the interparticle strength is weaker as compared to the interface bond strength. Some micro-cracks
are also observed at the jetted areas of the particles (Figure 18(f,-h)), which coincides with the cross-
section image in Figure 15c. The impact of the particles causes substrate surface to harden due to
peening effect [S8] while particle deformation is accompanied with the release of heat energy close
to the melting point, which may cause some localized dynamic recrystallization at the impacted area
of the substrate. The bonded region of particle/substrate may be comprised of refined grains (brittle)

and susceptible to crack initiation when force is applied.

Site-specific TEM foils were extracted by FIB to investigate the microstructure at the
periphery of the particle where ductile cohesive fracture usually occurs in order to understand the
cause of such behaviour. The bright field TEM image in Figure 19b shows the overview of the
particle/substrate boundary with a good bonding which is suggested by the minimal contrast of the
interface. The selected area electron diffraction pattern recorded in the circled region in Figure 19b
reveals the random polycrystalline nature of the “smooth” deformed region and confirms HCP Ti
within the region. Within the thin deformed band in the splat near the interface, a refined grain
structure with submicron grain sizes formed by the severe refinement of the parent martensite (from
initial powder) is observed [21, 45]. This nanocrystalline structure is essentially formed by
rearrangement of extremely high-density dislocations into the grain boundaries. With a high internal
energy imparted by supersonic particle impact to the system, the in-situ grain refinement is an
effective way of energy minimization. In comparison, the undeformed cores (or textured regions) of
the splat comprise of parent martensitic laths and the single crystal-like diffraction patterns prove that
the particle/substrate boundary has crystalline HCP Ti structure, as shown in Figure 19¢. Localization
of strain within a thin band near the particle periphery is also a consequence of high strain rate of the
particles, which is commonly observed in shock loading of metals [59, 60]. The areas of shear
localization are characterized by features such as high-density shear bands, deformation twinning or

dynamically recrystallized sub-micron grains.
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Figure 18: Interface failure on substrate side; (a) overview, (b) a crater with less dimple fracture, (c)
a crater with dimple fracture, (d) a dimple fracture region, (e) particles remained on the substrate, (f)
overview of cracks on substrate, and (g and h) crack at the jetted section, at different magnifications.

These micrographs were taken at a tilted angle of 45°.
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Figure 19: (a) BEI of the cross-section at the coating/substrate interface; and bright-field TEM images
of (b) particle periphery near coating/substrate interface (also known as smooth region) and (c) less
deformed location in coating (also known as textured region). The insets show the diffraction patterns
recorded from the regions in white circles in the respective images. The solid and dotted arrows in

(a) indicate the particle periphery and bottom, respectively.
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4 Conclusions

The microstructure, mechanical properties and thickness effect of cold sprayed Ti64 coatings on
Ti64 substrates have been studied here. The cross-section of each Ti64 coating had low porosities in
the range of 2.7 to 3%. The cross-section microstructure and surface morphology also revealed no
drastic change across coating thickness as most sprayed particles were severely plastically deformed
and bonded via adiabatic shear instabilities. The surface roughness of the coated samples slightly
increased, by about 0.1%, with coating thickness. The Ti64 coatings had an average microhardness
of about 370 HVo.3, which were consistently harder than the Ti64 powder and Ti64 substrates used
in this study and due to the work-hardening of the Ti64 particles during cold spraying. The interfacial
bond strength of the Ti64 coatings to their substrates exceeded 65 MPa, where the failure occurred at
the adhesive glue while glueless tensile test showed even higher interface bond strengths of up to 90
MPa. The flexural strength of the Ti64 coatings decreased with increasing coating thickness due to
the interparticle failure and interface delamination of the coatings from the substrates. The fractured
coating/substrate interfaces following the pull-out test showed a combination of local ductile and
brittle fracture. Ductile fractures corresponded to the regions of material jetting in the splats where
bonding occurs, while the brittle fractures occurred in the south-pole of the splat, which have no
bonding. In summary, the overall results showed that high-quality of Ti64 coatings were achieved by
cold spray, even across different thicknesses, which shows good potential for repair and restoration

of damaged components.
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