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Abstract

The cold spray process and laser-induced projectile impact test (LIPIT) are used to deposit Ti
powder particles on sintered polycrystalline Al,Os;. Whereas LIPIT allows real-time
observations of single particle impact and measurement of particle impact velocity, cold spray
rapidly and simultaneously deposits particles with a wide range of deposition velocities and
sizes. By use of these two techniques, the effect of particle velocity and substrate morphology on
adhesion strength of single splats is investigated. The critical velocity for deposition is identified
to be approximately 580 m/s for the Ti/Al,O3 system when using LIPIT and particles of 10 pm.
Above the critical velocity, flattening ratio (FR) is also evaluated and observed to be linearly
dependent on the particle impact velocity. Splat adhesion testing is performed on LIPIT-
deposited as well as on cold spray-deposited powder particles to measure adhesion strength. This
analysis shows that adhesion strength is highly affected by local substrate surface morphology,
where particles bond more weakly to relatively smooth portions of the substrate. Therefore,
mechanical bonding plays a significant role in adhesion. Also, adhesion strength decreases with
an increase in FR and therefore velocity. This decrease can be associated with fracture of the

ceramic substrate and rebound forces.

Keywords cold spray; impact; metal/ceramic interface; adhesion strength; substrate
morphology; impact velocity



1. Introduction

Cold spray coatings are formed by high-velocity impact of solid powder particles on a substrate.
Metal/metal interfaces between particles or the particles and substrate have the strongest bonding
when jetting occurs; jetting leads to metallurgical bonding by creating clean metallic surfaces
and/or removing the native oxide layer [1-5]. Besides metallurgical bonding, mechanical
bonding can also lead to particle deposition [2, 4, 6]. For jetting to occur, particles must travel
above a critical velocity, which is the minimum particle impact velocity leading to adhesion.
This velocity has been estimated for many material systems [7, 8] and it has been recently
directly measured through real time observations [9]. For identical metallic counterparts, critical
velocity has been reported to be influenced by melting temperature, mechanical strength, density
and powder size [1, 8, 10]. When bonding dissimilar metallic materials, deposition is highly

influenced by differences in hardness and density [11, 12].

While metal/metal interfaces created by cold spray are well understood, the necessary conditions
for bonding of cold sprayed metal powder particles on ceramic substrates remain unclear [11].
Use of cold spray for metal matrix composite (MMC) coatings with ceramic reinforcement [13]
and metal coatings on ceramic substrates [14-22] creates a need to characterize bonding
mechanisms and deposition conditions for metal/ceramic systems, especially since no consensus
has been established regarding the bonding mechanism in cold sprayed metal/ceramic interfaces.
For cold sprayed MMCs, mechanical bonding by deformation of the metal around rigid ceramic
particles is a proposed bonding mechanism, which depends on the shape and roughness of the
ceramic phase [23]. In the deposition of metal coatings on ceramic substrates, mechanical
interlocking has been shown to contribute to bonding when a rough substrate is used in an

Al/Al,Os interface [14, 24]. Yet, metal particles have also been successfully deposited on smooth



ceramic substrates where mechanical bonding is not possible [15, 17, 19, 22, 25, 26]. Therefore,
chemical bonding may also occur in metal/ceramic interfaces created by cold spray. The
chemical interaction between atoms at the interface is attributed to amorphisation of the metal
and atomic intermixing resulting in a heteoepitaxial relationship [14, 15, 20, 22, 24]. To achieve
adhesion, the key parameters identified are the impact velocity as well as the difference in
hardness and mechanical properties of the metal and ceramic [24]. Due to a poor understanding
of the above mentioned key parameters in forming a chemical or mechanical bond, deposition

conditions to achieve adhesion in metal/ceramic interfaces have yet to be identified.

Critical velocity is typically investigated experimentally by two techniques. For example, the
deposition efficiency of a full coating under different spray conditions can be compared.
Alternatively, single particle impacts can be characterized for specified spray conditions to
determine whether particles bonded or rebounded using a wipe test [27]. In neither case is critical
velocity directly measured, but rather is back-calculated as a function of process parameters that
lead to a certain level of deposition efficiency. In cold spray, particle velocity is varied by either
increasing initial gas pressure or gas pre-heat temperature. An increase in gas pre-heat
temperature results in an increase in thermal softening of the powder prior to impact [11].
Critical velocity also tends to decrease with an increase in gas pre-heat temperature [28, 29]. In
addition, the velocity of the powder in the center of the jet is higher than the velocity near the
edges [30, 31]. To avoid these issues in identifying an approximate critical velocity, a laser-

induced projectile impact test (LIPIT) is used in this work.

LIPIT is an in situ technique used to identify the impact velocity of single particles [9, 32-35].
This technique uses a high-frame-rate camera to image the trajectory of a single particle that has

been accelerated from a platform with a laser pulse [9, 36]. From the images, particle velocity is



calculated and the adhesion or rebound of a single micron-sized particle is observed [9, 36, 37].
While particle in-flight velocity can be measured using commercially available systems in cold
spray, these are not designed to measure impact velocity leading to adhesion. In what follows,
LIPIT is used to deposit Ti powder particles onto sintered high purity polycrystalline Al,O3
substrates to isolate the effect of impact velocity from other influencing factors in this
metal/ceramic interface. Ti/Al,O; interfaces have been selected as a model metal/ceramic system
due to their promising results in previous literature [17, 38]. The critical velocity for deposition
of Ti onto the surface of Al,O3is approximated, and by studying the morphology of bonded
particles, the effect of velocity on flattening ratio (FR) is identified. Also, the effect of surface
morphology on adhesion strength, at similar particle velocities, is investigated where adhesion
strength was measured by splat adhesion testing [39]. However, since selective deposition of
many particles at certain velocities on certain substrate morphologies is tedious by LIPIT, it is
difficult to identify a general trend between adhesion strength and velocity. For this, cold sprayed

particles are used to study many particles deposited simultaneously.

2. Research Methodology

In LIPIT, micron-sized, commercially pure, spherical Ti powder particles (Gr 1, AP&C, Quebec,
Canada) are accelerated from a launch pad composed of a 210 um thick glass substrate sputter-
coated with 60 nm of gold, then coated with an elastomeric polyurea coating about 30 um thick
[9]. Details regarding the LIPIT system [9] and additional characterization of the Ti powder
particles [38] have been presented elsewhere. The Ti powder, suspended in ethanol, is spread
over the surface of the polymeric coating and is allowed to dry. The laser pulse (Nd:YAG laser
pulse of 10 ns and 532 nm wavelength) causes ablation of the gold film and expansion of the

polymer. In consequence, rapid acceleration of the Ti powder particle towards the Al,O3



substrate (AD-995, CoorsTek, Arkansas, USA) is achieved. Depending on the laser pulse energy,
Ti powder particles can be accelerated to velocities between 350 and 995 m/s. A 16-frame high
speed camera (SIMX 16, Specialised Imaging) is used to capture the particle/substrate impact.
Velocities are measured by comparing the distance travelled from one frame to the other

knowing the interframe time [35].

Powder particles with an average diameter of 10+1 pum are selected and launched. To select
powder of a specific size, a secondary CCD camera is used. These powder particles are launched
at Al,Os3 target substrates cut from large sintered blocks using a diamond blade on a precision
cutter to dimensions of approximately 2-3 x 12.5 x 10 mm’. It is ensured that the edge of 2-3
mm, on which the metallic powder is to be deposited, is not exposed to the blade, and the as-
received sintered substrate surface morphology is maintained. The sintered blocks are fabricated
with a wide range of particle sizes. This causes local variations in the surface morphology of the
substrates. There are granular portions of the substrate with a series of fine peaks and valleys due
to small sintered grains and portions that are comparatively smooth and flat with larger grains. In
[38], the local heterogeneity of this as-received Al,Os substrate was further characterized and
associated to a reduced peak height (Rpi) roughness value of 0.78 + 0.38 um. Surface features

are observable in SEM images as shown in Fig. 1.
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Fig. 1. Surface morphology of the Al,O3 substrate. Portions of the substrate include large grains
which make the substrate flatter than areas that include several small grains. Areas with small
grains are identified as granular while areas with large grains are identified as flat.

The same as-received Ti powder (with the full particle size distribution) is used for deposition of
single particles by cold spray (PCS-800, Plasma Giken, Saitama, Japan) onto the bulk Al,O3
substrates. The cold spray gun is mounted on a robotic arm that scans the surface of the
substrate during the spray at a traverse speed of 1 m/s. The standoff distance is 30 mm. The
maximum initial gas pressure and gas pre-heat temperature for this cold spray system are 4.9
MPa and 800°C. For simplicity, throughout the article, gas pre-heat temperature and initial gas
pressure are referred to as gas temperature and gas pressure. To reach a wide range of velocities
by cold spray, two cold spray nozzle configurations are used. The “long nozzle” (PG PNFC-012-
30, Plasma Giken, Saitama, Japan)’s geometry renders higher gas velocities and therefore higher
powder velocities than the “standard nozzle” (PG PNFC2-010-30S, Plasma Giken, Saitama,

Japan) for identical spray conditions (i.e. gas temperature and pressure).

Using the standard nozzle, the initial gas pressure is maintained at 4.0 MPa with a gas pre-heat

temperature of either 400, 600 or 800°C. An increase in gas temperature is known to cause an



increase in velocity [40, 41]. The long nozzle configuration is used to investigate the effect of
gas temperature on FR and adhesion strength as well as to deposit particles at very high
velocities using the highest gas pressure and temperature for this spray system. Using the long
nozzle, the maximum gas pressure of 4.9 MPa is maintained for gas temperatures of 450 and
800°C. For each spray conditions, inflight particle velocity measurements at the standoff
distance are taken using a time of flight particle diagnosis system (Coldspraymeter, Tecnar
Automation, Canada). While this velocity measurement represents the in-flight velocity of the
particles, it might not reflect the particle impact velocity due to the bow shock effect, which is
the high-pressure region formed near the substrate. The gas pressure and temperature of 4.9 MPa
and 450°C using the long nozzle give an average velocity of 695 + 136 m/s which is effectively
identical to the average velocity achieved with the standard nozzle configuration using a gas
pressure of 4.0 MPa and gas temperature of 800°C measured at 692 + 133 m/s. The long nozzle
deposition condition of 4.9 MPa and 450°C is specifically selected to deposit the Ti powder
particles at the lowest possible temperature while maintaining an impact velocity comparable to
that achieved using the standard nozzle with a gas pressure and temperature of 4.0 MPa and
800°C. Increasing the gas pressure is necessary to ensure that the lowest temperature is used.
These conditions are used to understand the effect of temperature on measurements of adhesion

strength and flattening ratio.

To better understand the role of temperature in the cold spray system, a numerical model was
used. Particle temperature (T,) at the exit of the nozzle is estimated by eq. 1 [42] where the
differential equation is solved by the Euler method along the length of the nozzle. In the model,
the particle specific heat (c,) , density (p,) and particle diameter (D,) are 472 J/(kg K), 4540

kg/m® and 29 pm respectively [42].
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In eq. 1, ‘h’ is the heat transfer coefficient which can be calculated by a semi-empirical Ranz-
Marshall equation which is dependent on Reynolds number and Prandtl’s number [42]. The
Reynolds number and the Prandtl number are calculated using specific heat, viscosity and
thermal conductivity of the gas. These gas properties are found in [43, 44] and are taken at a
temperature equivalent to the average temperature of the gas and powder along the nozzle [42].
The gas flow velocity (Uy), pressure (P,) and temperature (T,) through the nozzle is obtained
numerically by assuming a two dimensional flow with a gas in a quasi-one-dimensional
isentropic semi-perfect state [42]. Additional details regarding the numerical simulation and
assumptions made are available in [42]. For the Reynolds number, the particle velocity (U,), at
the exit of the nozzle, is also required and can be solved numerically by eq. 2 [42] where ‘p,’ is

the gas density and ‘Cy’ is the drag coefficient.

du, 3¢
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Following deposition, the adhesion strength is measured for all particles deposited by LIPIT and
ten or more particles for each cold spray condition. The powder particles deposited by cold spray
have a wide range of diameters, but the tests were performed on the particles with approximately
an average initial diameter of 29 um. The initial diameter (D), prior to deposition, can be

approximated by eq. 3 [30, 45, 46].

10



3[d3
p="|<, 3)
Where d is the splat diameter and FR is calculated by eq. 4 [30, 39]. The height of the splat (h) is
measured by recording the height of the microscope when focusing on the top of the splat and
subtracting its height when focusing on the substrate. This method is a non-destructive way to
measure FR of each splat tested, and in previous work was found to correlate well with

measurements from splat cross-sections [30, 39].

d
FR =% 4)

The particles studied by cold spray are larger than those deposited by LIPIT but are more
representative of the powder size typically used in cold spray, which is also the average size of
the powder used in this study. Larger particles could not be deposited by LIPIT to achieve high
velocities resulting in adhesion due to limitations in the laser power. A Micro-Combi Scratch
Tester (CSM Instruments, Inc, Massachusetts, USA) is used to perform splat adhesion tests [39]
on the Ti splats deposited on Al,Os. Splats are scratched off the substrate by the flat face of a
semi-circular specialized tip of 100 pm in diameter. A scratch length of 100 um and speed of 150
um/min are used for testing. To ensure that contact is maintained between the tip and the
substrate, a normal force of 70 - 100 mN is used. Throughout the scratch length, the tangential
force on the stylus is measured. Results typically show a baseline (Fr gaseiine) and peak (Fr peak)
tangential force. The peak force corrected by subtracting the baseline is interpreted as the force
required to remove the splat from the substrate. Adhesion strength, calculated by eq. 5,
represents the force required to remove the splat from the substrate over the projected splat area

[30, 39].
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In splat adhesion testing, the material fails at its weakest point. Therefore, failure may occur
through the metal, at the interface or through the ceramic substrate. Failure through the metal is
associated with a well adhering interface. Failure at the interface is typically associated with a
weak bond strength. Significant failure in the ceramic typically only occurs in the presence of a
pre-existing crack in the ceramic. To properly explain and characterize trends observed for
different spray conditions and velocities, extensive post-test characterization is conducted. All
failed interfaces are observed by light optical microscopy (LOM) following splat adhesion
testing. Some splats are imaged by variable-pressure scanning electron microscopy (SEM, SU-
3500, Hitachi, Tokyo, Japan) before and after splat adhesion testing. The pressure within the
SEM is set to 40 Pa and the accelerating voltage to 5 kV. The low vacuum condition is used to
reduced charging within the SEM caused by the non-conductive ceramic substrate [47]. Splat
morphologies are compared to better understand the effect of particle impact velocity on
deposition. Following splat adhesion testing, the amount of Ti remaining on the substrate and the
substrate surface morphology in the failed interface are characterized to understand adhesion

strength results.

3. Results

3.1. Critical velocity
With LIPIT, impact velocities resulting in bonding and rebounding can be distinguished.
Fig. 2 (a) shows a typical particle impact that resulted in rebounding of the Ti splat from the

Al,Os substrate. The particle impacts the substrate with a velocity of 455 m/s between the fifth

12



and sixth frame. Through the sixth to twelfth frame, the particle rebounds at a significantly lower
velocity of 37 m/s due to its loss of kinetic energy through deformation. Fig. 2 (b) shows an
impact resulting in adhesion. The particle impacts the substrate at a velocity of 631 m/s. In the
fourth frame, the particle has impacted the substrate and is found to remain bonded in subsequent

frames.

t=0ns 150ns 300ns 450ns 600ns 750ns 900ns 1050ns 1200 ns 1350 ns 1500 ns 1650 ns

t=0ns 150ns 300ns 450ns 600ns 750ns 900ns 1050ns 1200ns 1350 ns 1500 ns 1650 ns

Fig. 2. 12 snapshots captured by the high-frame-rate camera during LIPIT (cropped to
emphasize regions of interest) with a 5-ns exposure time depicting the impact of a single micron-
sized Ti particle impacting the Al,O3 substrate. (a) The powder particle impacts the substrate at a

13



velocity of 455 m/s. Following impact, rebound occurs at 37 m/s. (b) The powder particle
impacts the substrate at a velocity of 631 m/s and remains bonded to the substrate.

The coefficient of restitution (COR), which is the rebound velocity divided by the impact
velocity, is plotted with respect to impact velocity to identify the critical velocity for deposition
of Ti powder on Al,O3 (Fig. 3). COR decreases with increasing impact velocity until adhesion
occurs, similar to experiments on matched metallic counterparts by Hassani-Gangaraj et al. [9].
For the Ti/Al,O3 interface, the lowest velocity resulting in adhesion is 580 m/s. The majority of
splats impacting above this velocity adhere to the substrate. The highest velocity at which a

particle rebounds is 750 m/s.
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Fig. 3. Variation of COR with respect to impact velocity for Ti powder particles accelerated
towards the Al,O3 substrate by LIPIT. Particles begin to bond to the substrate at 580 m/s.
Bonded particles are depicted by blue markers on the null COR axis.

3.2. Characterization of bonded particles
To determine optimal deposition conditions, understanding the effect of an increase in velocity

beyond the critical velocity is also necessary. A simple parameter often used in cold spray is FR

14



given in Eq. 4. FR is a basic measure of the extent of deformation experienced by a powder
particle at impact. Here, for all particles deposited by LIPIT, a linear relation between FR and
velocity is identified (Fig. 4). The equivalent size of the powder particle and substrate surface

morphology, also indicated in Fig. 4, have a minor influence on the FR.
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Fig. 4. Relationship between FR and velocity for Ti powder particles deposited by LIPIT. A
color scheme is used to represent the equivalent powder diameter D (in pm) of each bonded
particle. Powder particles that have impacted flat portions of the substrate are identified by
triangular symbols while powder particles that impacted granular portions are identified by
square symbols.

In the LIPIT system, velocity, particle size and substrate surface morphology are the main
independent variables, provided that the materials used are not altered, and particle temperature
is fixed at room temperature. From our finding in Fig. 4, that FR is strongly dependent on impact
velocity with no major influences from diameter or substrate surface morphology, FR could in

principle be used to back out a reasonable estimate of the ‘effective velocity’ of individual
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powder particles deposited by cold spray, albeit with a mismatch in temperature between those

processes, which is expected to be significant. We examine this concept in the following.

Table I includes the average in-flight velocity of powder particles for the five spray conditions
used, as measured by the Coldspraymeter in addition to the numerically simulated temperature of
the powder at the exit of the nozzle. For each average in-flight velocity, the average FR of splats
is measured. The linear dependence between FR and velocity is shown in Fig. 5 and is consistent
with the trend identified by LIPIT testing (Fig. 4) and also with numerous observations of FR
increasing with particle velocity in the cold spray literature [1, 30, 39, 48]. For a given velocity,
FR measured on cold sprayed splats is consistently larger than FR measured on LIPIT splats.
This is due to the different particle sizes used and the differences in temperature of the impacting
particles. Interestingly, though, depositing particles at similar velocities using different gas
temperatures, by cold spray, does not result in significant differences in FR. For example, FR of
particles deposited by using the long nozzle at spray conditions of 4.9 MPa and 450°C are
similar to the FR of particles deposited using the standard nozzle at 4.0 MPa and 800°C. These
two spray conditions have very similar average particle velocities with very different particle
temperatures. Thus, for these experiments, in terms of cold spray, particle velocity can be
directly correlated to FR in the same way as for LIPIT. The difference of 295°C in particle
temperature and the potential bow shock effect from an increase in pressure at the substrate

surface does not appear to have a significant impact on FR.
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Table I
Experimental average particle velocity and modeled particle temperature for powder particles

deposited by cold spray under different spray conditions

Experimental Average Modeled Particle Temperature

Nozzle Geometry  Spray Conditions Particle Velocity (m/s) at Exit of Nozzle (°C)

Standard Nozzle 4.0 MPa, 400°C 491 + 127 183
Standard Nozzle 4.0 MPa, 600°C 543 + 133 322
Standard Nozzle 4.0 MPa, 800°C 692 + 133 459
Long Nozzle 4.9 MPa, 450°C 695 + 136 166
Long Nozzle 4.9 MPa, 800°C 768 £ 151 343
5.0
= Standard Nozzle
454 4 Long Nozzle
404 . [
..l - |
14
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e |
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Fig. 5. The dependence of FR with velocity for powder particles deposited by cold spray.

3.3. Splat adhesion testing

3.3.1. Effect of substrate surface morphology
Particles impacting at similar velocities have relatively similar splat morphologies (Fig. 6 (a) and
(c)), but their bond strength, as measured by splat adhesion testing, can vary significantly. The
difference in adhesion strength can be understood by post-mortem observations of failed
interfaces. Certain splats landed on the fine granular portion of the substrate, while others landed

on the comparatively flat portions. The few splats that landed on smoother portions of the

17



substrates show fine traces of Ti remaining on the substrate and weak bonding (Fig. 6 (b)).
Conversely, particles landing on granular portions of the substrate show more retention of Ti
between grains following splat adhesion testing (Fig. 6 (d)). More retention is associated with
higher bond strengths as it is indicative of a continuous interface where Ti has penetrated within
the valleys of the surface roughness. The interface bond strength is stronger than the cohesion
strength of the Ti. A portion of Ti remaining between grains and having adapted to the surface

morphology of the substrate has been identified by an arrow in Fig. 6 (d).

The granular surface morphology results in several points of contact with the impacting particles.
By reducing the contact area, small high stress regions are formed [49]. This improves
deformation and also allows the particles to penetrate within pores upon impact. Post
observations of the failed interfaces indicate that mechanical bonding significantly contributes to
adhesion. The splat adhesion test tip applies a tangential load on the splat. The splats which are
strongly mechanically bonded are sheared rather than pulled out from within the grains as this is

the weakest point in the system.
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764 m/s

Fig. 6. A single Ti splat accelerated by LIPIT towards the Al,Os substrate at a velocity of (a)
724 m/s (b) 764 m/s is shown. The Ti splat showed in (a/b) was removed by splat adhesion
testing. The failed interface is shown (b/d).

Tested splats deposited by cold spray have a larger diameter than those deposited by LIPIT. Due
to local heterogeneity of the substrate surface morphology, splats with a larger diameter are more
likely to impact portions of the substrate with a combination of flat and granular portions of the
substrate. In Fig. 7, post-test characterization of the failed interface shows about half of the splat

on a granular portion of the substrate and the other half on a flat portion. Similar to what was

observed for LIPIT splats, there is more retention in the granular portion of the substrate.
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Fig. 7. Post-test characterization of a single splat deposited by cold spray. The splat landed on
both a granular and flat part of the substrate. More Ti remained on the substrate in the region that
is more granular.

The above observations correlate residual titanium penetrated into the surface porosity with
adhesion strength. A quantitative analysis is required to further confirm the trend for LIPIT
splats (Fig. 8). The area represented by Ti remaining in failed interfaces was analysed through
color thresholding on SEM images, and converted to an area fraction over the projected splat
area (Fig. 8 (d)). The amount of Ti remaining on the substrate is thus representative of the
portions of the particles that are strongly bonded mechanically. The increase in adhesion strength
with amount of Ti remaining in the failed interface is observable for both the smooth and
granular parts of the substrate surface, and is in line with previous similar observations for
Ti/Al,O; interfaces created by cold spray [38]. Hence, the present results for Ti/Al,O; interfaces

emphasize the importance of mechanical bonding on adhesion strength.
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Fig. 8. Failed interfaces following splat adhesion tests at various velocities for Ti powder
particles deposited on Al,Oz by LIPIT on (a, b) a granular part of the substrate and (c, d) a flat
part of the substrate. () The area fraction of Ti remaining in the failed interface with respect to
adhesion strength.
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3.3.2. Flattening Ratio and Adhesion Strength
FR is a characteristic to individual cold spray splats and is linked to their impact velocity per
results shown in Fig. 5. Therefore, while there is significant scatter in inflight particle velocity at
each spray condition (Table I), the relative impact velocity of individual cold spray splats can be
approximated by FR to understand its effect on adhesion strength. For this analysis, FR values
are grouped into intervals of 0.5 to reduce point to point scatter and more accurately investigate

broader trends.

It was confirmed that, at similar particle velocities, FR is not strongly influenced by variations in
gas temperature but it is also deemed necessary to validate that variations in gas temperature do
not significantly affect adhesion strength measurements. Adhesion strength measurements for
splats deposited at 4.0 MPa and 800°C using the standard nozzle are compared to values
obtained for splats deposited at 4.9 MPa and 450°C using the long nozzle as these represent
identical in-flight velocity ranges with different gas temperatures (Fig. 9). Given high variations
in particle velocity for the selected cold spray conditions (Table I), FR varies from 2.5 to 3.5. In
both ranges of FR (2.5-3.0 and 3.0-3.5), a t-test shows no significant differences in the average
adhesion strength especially considering that the adhesion strength is also influenced by local

substrate surface morphology as previously discussed.
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Fig. 9. Average splat adhesion strength measurements for splats deposited using the long nozzle
at 4.9 MPa and 450°C (695 = 136 m/s) and standard nozzle at 4.0 MPa and 800°C (692 + 133
m/s) in two FR ranges of 2.5-3.0 and 3.0-3.5.

Given these results, splats from all spray conditions are taken as one dataset and are categorized
based on their FR. Fig. 10 shows the average splat adhesion strengths at various FRs. The splat
adhesion strength for Ti splats on an Al,O3 substrate decreases with an increase in FR, which is
directly proportional to impact velocity. It should be noted that the decreasing trend for adhesion

strength with an increase in FR is statistically significant as validated by a t-test.
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Fig. 10. Average splat adhesion strength measurements with respect to FR showing a decreasing
trend for cold sprayed particles.

In section 3.3.1, the Ti remaining on the substrate is shown to be related to adhesion strength and
1s highly influenced by changes in substrate surface morphology. Since the percentage of Ti
remaining on the substrate is measured following adhesion strength measurements, it is verified
that this percentage of Ti is not influenced by velocity and is in fact an independent variable
related to substrate surface morphology (Fig. 11). Despite the decreasing trend observed between
adhesion strength and FR, there is no distinguishable trend between the amount of Ti on the
substrate and FR between 1.5 and 3.5. For FR between 3.5 and 4.5, there is a weak decrease in

the percent Ti remaining on the substrate, but a t-test confirmed that this decrease is not

statistically significant.

24



N
[=]

-
(&)
T

(62}
T
[SNE—

Average % Ti on Substrate (%)
>

a0
(3
N
o

25 30 35 40 45
FR

Fig. 11. Percent bonded of Ti powder particles in post-test characterization of splats deposited
by cold spray plotted with respect to FR.

FR values between 3.5 and 4.5 are mainly results of splats deposited at 4.9 MPa and 800 °C
using the long nozzle. The slight decrease in percentage of Ti remaining on the substrate is
associated to fracturing of the ceramic beneath the splat in post-test characterization for many
splats deposited under these spray conditions (Fig. 12). While fracturing is observed for some
particles deposited at lower velocities, it occurred so infrequently that it is not considered a
predominant failure mechanism. Given that the splat adhesion test tip applies a tangential force
on the splat, it is unlikely that fracturing occurs due to testing itself. Instead, it is likely that, at
this spray condition, the ceramic fractures due to impact of the splat at the high velocity around
768 + 151 m/s. No fracturing has been observed for splats deposited at similar velocities by
LIPIT, however, the particles are smaller than those tested in cold spray. At the same velocities
and for the same materials, smaller particles have lower kinetic energy than larger particles, and

may thus require higher velocities yet to induce fracture of the substrate.
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Failed interface with fractured ceramic

Fig. 12. Post-test characterization of splats deposited using the long nozzle at 4.9 MPa and
800°C. That is, splat deposited at the highest velocity in this study. The failed interface shows
fracturing of the ceramic.

4. Discussion

4.1. Ti-Particle Deposition
To identify factors influencing deposition in cold spray, the analysis of single splats is commonly
used and often referred to as a wipe test [1, 8, 19, 41]. However, given the large range in particle
velocity for individual spray conditions, as notable in Table I, a drawback for wipe tests remains
the inability to identify the precise deposition velocity of a single splat. By LIPIT, the deposition
velocities of single splats are measured and can be used to identify the critical velocity and
factors affecting deposition such as substrate morphology. From Fig. 3, the critical velocity was
identified to be between 580 — 620 m/s, beyond which most splats bond to the substrate. A single
observation of particle rebound occurred at 750 m/s but this may be due to substrate fracture,
similar to that observed for splats cold sprayed at high velocity (see Fig. 12). No prior work has

identified the required critical velocity for this material system. While in cold spray the critical
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velocity is influenced by particle size [8] and gas temperature [28, 29], the range obtained here,

by LIPIT, is a valid first approximation of critical velocity for a Ti/Al,O3 interface.

The LIPIT technique also allows for a comparison of FR with velocity identifying a linear trend
as expected. To achieve higher velocities in cold spray, options include increasing gas pressure,
increasing gas temperature, changing the nozzle geometry or changing the gas type. Here, to
achieve a wide range of velocities, the process gas conditions and the nozzle geometry are
varied. This approach also has the benefit of using spray conditions with similar in-flight particle
velocities at very different gas and particle temperatures. Using the two nozzle geometries, a gas
temperature difference of 350°C could be used while maintaining a similar velocity. This gas
temperature difference is associated with an approximate difference in particle temperature of
295°C. Comparing first cold sprayed splats to LIPIT splats, thermal softening due to particle
impact temperature results in additional powder deformation, which is measurable by FR. For
similar velocities, cold sprayed splats generally had higher FR than LIPIT splats. However, when
comparing results for cold sprayed splats deposited within the range of temperatures used,
between 400 - 800°C, the effect of temperature on the FR appears to be negligible. That is, while
increasing gas temperature for either nozzle results in an increase in particle velocity (see

Table I), conditions where the in-flight velocity was the same but with drastically different
temperatures resulted in similar FR (Fig. 5) and adhesion strength (Fig. 9). Another important
observation is the maintained proportionality between FR and particle velocity when using the
long nozzle in comparison to the standard nozzle (Fig. 5). This occurs despite a disproportionate
increase in temperature and further confirms that the relationship between FR and particle
velocity is likely minimally influenced by the effect of the gas temperature for the Ti/Al,O3

interface.

27



4.2. Bonding Mechanism and Adhesion Strength
For proper interpretation of splat adhesion test results, analysis of the failed interfaces is essential
[38]. In the Ti/Al,O3 interface, the material remaining on the substrate from the splat is clearly
identifiable and its footprint can be used to determine factors contributing to adhesion [38]. As
previously discussed by Imbriglio et al. [38], splat failure under tangential load occurs through
the weakest part of the interface. Low adhesion strengths are typically correlated with interface
failure and very little Ti remaining on the substrate. High adhesion strength results typically
show a significant amount of Ti on the substrate as the interface adhesion strength is higher than
cohesion in the splat. The contribution of sheared Ti in the failure mechanism is particularly
important when Ti has infiltrated surface porosity as the interface consists of both Al,O3 and Ti
[38]. Similar to previous results for this interface [38], the adhesion strengths reported here for
many splats, are considered to be relatively high. Near the interface, grain refinement is
characteristic of cold spray Ti splats due to extreme plastic deformation at impact [50-52]. Thus,
the mechanical properties near the interfaces are different than the original Ti powder or bulk Ti
[50]. When failure occurs, through the Ti, near the interface, grain refinement may contribute to

the high adhesion strength measurements [38].

Post-test characterization of failed interfaces and adhesion strength measurements of splats
deposited by LIPIT demonstrate the importance of mechanical clamping in the formation of a
bond on a rough substrate. These results are consistent with some prior observations of failed
interfaces of cold sprayed splats showing that the infiltration of Ti into the surface porosity of as-
received polycrystalline Al,Os contributes to adhesion [38]. However, it has also been previously

reported that metal powder particles can bond to atomically smooth ceramic substrates by a
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chemical bond [15, 17, 19, 22, 25]. Imbriglio et al. suggested that chemical bonding is likely the
primary bonding mechanism on polished Al,Os surfaces [38]. In such situations the specific state
of the surface apparently becomes important: particles impacting on comparatively flat portions
of as-received substrates show quite different behavior from well-polished surfaces of the same
material. Whereas polished surfaces show chemical adhesion rings [38], flat portions of as-
received substrates are still nanoscopically rough compared to the polished surfaces and do not.
Post-test characterization of failed interfaces on flat portions of the substrate show very little Ti
retention on the substrate but adhesion strength measurements still approach = 100 MPa.
Therefore, while chemical adhesion rings are not observed, chemico-physical factors may still
contribute to the formation of a bond. The possibility of having both mechanical and chemico-
physical factors influencing adhesion has previously been discussed by Wiistefeild et al. who
observed local heteroepitaxy between Al coatings deposited on polycrystalline AIN substrates
and infiltration of Al into the surface porosity of the AIN substrate [22]. These chemico-physical
factors may also play a role in high adhesion strength measurements recorded, in this work, for
rough portions of the substrate. The interfacial adhesion strength is a result of both crack
propagation through chemically bonded portions of the splats and shearing of Ti. Splats bonding
to mostly flat portions of the substrate have a smaller contribution from sheared Ti resulting in

their lower adhesion strength.

The adhesion strength is also observed to decrease with an increase in FR. An increase in FR
results in an increase in the projected splat area, typically expected to form a stronger bond. Yet,
the opposite is observed. One factor that is shown to influence adhesion strength is fracture of
the ceramic (Fig. 12). However, fracture of the ceramic during impact is not believed to be the

sole contributing factor to the decrease in adhesion strength of single splats with increasing FR.
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FR was shown to be related to the deposition velocity. As the velocity is increased adhesion and
rebound energies act as competing effects. If the rebound energy becomes greater than the
adhesion energy at high velocities, particles will not adhere to the substrate. There is an optimal
range for deposition bounded by a minimum and maximum critical velocity [53]. While the
effect of velocity on adhesion in metal/ceramic interfaces created by cold spray has not been
examined in the literature, some authors have attempted to understand this effect in metal/metal
interfaces. Wu et al. showed experimentally that as the velocity is increased for deposition of Al-
Si powder onto mild steel, the ratio between bonded particles to the total amount of deposited
particles reaches a maximum value and then decreases significantly as the velocity is increased
due to this rebound phenomenon [53]. In a soft particle/hard substrate interface, the recoverable
strain energy increases considerably at higher velocities causing the rebound phenomenon [54].
Within the range where deposition is possible, the ratio between rebound energy and adhesion
energy reaches a minimum and then tends to increase. This trend is more pronounced in soft
powder (Al)/ hard substrate (Mild Steel) interfaces [55]. The rebound phenomenon may cause
nanoscopic porosity at the interface rendering lower adhesion strength. In addition to the rebound
phenomenon, there is a maximum deposition velocity that, when reached, causes erosion of the
interfacing materials [8, 10, 37, 41]. The maximum impact velocity is often referred to as the
erosion velocity and defines the maximum boundary of the window of sprayability [8]. The
window of sprayability is known to be reduced when using brittle materials [8, 18]. Here, a
decrease in adhesion strength is attributed to competing rebound and adhesion energies in
addition to fracture of the ceramic at very high velocities. Fracture of the ceramic when
depositing powder at 4.9 MPa and 800°C is indicative of the early limit of the window of

sprayability. Within the deposition conditions used in this study, only a decrease in adhesion
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strength was observed. Per LIPIT results, below approximately 580 m/s particles will not adhere.
For cold spray, the splats deposited using the lowest gas temperature with the standard nozzle

have an impact velocity relatively close to this critical velocity.

5. Conclusion

The influencing parameters on the formation of a bond in a metal/ceramic interface by high
speed impact are still unclear in the literature. To better understand some influencing parameters,
Ti particles are deposited by LIPIT and cold spray on polycrystalline Al,O3 substrates. Specific
parameters of interest include identifying critical velocity for this material system, understanding
the effect of substrate local heterogeneity when using sintered ceramic substrates and the effect
of velocity on adhesion strength. For the first time, the critical velocity for deposition of Ti onto

Al O3 by high speed impact is identified to be between 580-620 m/s by use of the LIPIT system.

The splat adhesion test is used to measure the adhesion of individual splats. Substrate
morphology and deposition velocity of individual splats are identified as influencing parameters
on adhesion strength. By knowing the deposition velocity of individual splats when using LIPIT,
the effect of substrate surface morphology is isolated from the velocity effect. Splats landing on
comparatively smooth portions of the substrates have significantly lower bond strengths than
those landing on rough portions of the substrates. The influence of substrate surface morphology
on bond strength is important as mechanical bonding is found to contribute significantly to
adhesion in this Ti/Al,Os interface. Individual splats also have a characteristic FR related to the
particle velocity at impact. The effect of particle velocity on FR is studied for splats deposited by
both LIPIT and cold spray. The cold sprayed splats show that adhesion strength tends to decrease

with an increase in FR despite the dependence between adhesion strength and substrate surface
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morphology. This effect can be associated with fracture of the ceramic at very high velocities

and competing effects between adhesion and rebound energies.
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Figure Captions

Fig. 1. Surface morphology of the Al,O; substrate. Portions of the substrate include large grains
which make the substrate flatter than areas that include several small grains. Areas with small
grains are identified as granular while areas with large grains are identified as flat.

Fig. 2. 12 snapshots captured by the high-frame-rate camera during LIPIT (cropped to
emphasize regions of interest) with a 5-ns exposure time depicting the impact of a single micron-
sized Ti particle impacting the Al,Os substrate. (a) The powder particle impacts the substrate at a
velocity of 455 m/s. Following impact, rebound occurs at 37 m/s. (b) The powder particle
impacts the substrate at a velocity of 631 m/s and remains bonded to the substrate.

Fig. 3. Variation of COR with respect to impact velocity for Ti powder particles accelerated
towards the Al,O3 substrate by LIPIT. Particles begin to bond to the substrate at 580 m/s.
Bonded particles are depicted by blue markers on the null COR axis.

Fig. 4. Relationship between FR and velocity for Ti powder particles deposited by LIPIT. A
color scheme is used to represent the equivalent powder diameter D (in um) of each bonded
particle. Powder particles that have impacted flat portions of the substrate are identified by
triangular symbols while powder particles that impacted granular portions are identified by
square symbols.

Fig. 5. The dependence of FR with velocity for powder particles deposited by cold spray.

Fig. 6. A single Ti splat accelerated by LIPIT towards the Al,O3 substrate at a velocity of (a)
724 m/s (b) 764 m/s is shown. The Ti splat showed in (a/b) was removed by splat adhesion
testing. The failed interface is shown (b/d).

Fig. 7. Post-test characterization of a single splat deposited by cold spray. The splat landed on
both a granular and flat part of the substrate. More Ti remained on the substrate in the region that
is more granular.

Fig. 8. Failed interfaces following splat adhesion tests at various velocities for Ti powder
particles deposited on Al,Oz by LIPIT on (a, b) a granular part of the substrate and (c, d) a flat
part of the substrate. (e) The area fraction of Ti remaining in the failed interface with respect to
adhesion strength.

Fig. 9. Average splat adhesion strength measurements for splats deposited using the long nozzle
at 4.9 MPa and 450°C (695 + 136 m/s) and standard nozzle at 4.0 MPa and 800°C (692 *+ 133
m/s) in two FR ranges of 2.5-3.0 and 3.0-3.5.
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Fig. 10. Average splat adhesion strength measurements with respect to FR showing a decreasing
trend for cold sprayed particles.

Fig. 11. Percent bonded of Ti powder particles in post-test characterization of splats deposited
by cold spray plotted with respect to FR.

Fig. 12. Post-test characterization of splats deposited using the long nozzle at 4.9 MPa and
800°C. That is, splat deposited at the highest velocity in this study. The failed interface shows
fracturing of the ceramic.
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Table

Table I

Experimental average particle velocity and modeled particle temperature for powder particles

deposited by cold spray under different spray conditions

Nozzle Spray Experimental Average Modeled Particle Temperature
Geometry Conditions Particle Velocity (m/s) at Exit of Nozzle (°C)
Standard Nozzle 4.0 MPa, 400°C 491 + 127 183

Standard Nozzle 4.0 MPa, 600°C 543 £ 133 322

Standard Nozzle 4.0 MPa, 800°C 692 £+ 133 459

Long Nozzle 4.9 MPa, 450°C 695 £ 136 166

Long Nozzle 4.9 MPa, 800°C 768 £ 151 343
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