Effect of carrier gas on mechanical properties
and fracture behaviour of cold sprayed
aluminium coatings
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Two different coatings of 1100 aluminium were cold sprayed onto similar substrates, using He and
He—20N, (vol.-%) mixture as carrier gases. Three point bend testing was carried out. The elastic
moduli of the coatings were found to be close to each other and the substrate. The He processed
coating showed higher fracture strength which was attributed to the higher degree of strain
hardening. The He-20N, processed coating failed at lower stress owing to its strain relaxed
structure. The mode 1 fracture of the coating substrate system was found to be higher for the
helium processed coating. The toughness was correlated to the microstructure. The delaminated
coating showed a higher degree of brittle failure of the interface for the He processed coating.
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Introduction

Cold spraying is a relatively new coating technique
where metallic powder particles are accelerated to very
high velocities (600-1500 m s~ ') by a carrier gas (He,
N,) flowing at very high pressure (up to 3-5 MPa) and
impact the substrate through a converging—diverging de
laval nozzle.! The carrier gas is preheated to a
temperature between 300 and 800°C, partly in order to
compensate for the cooling produced by expansion of
the gas and to reduce the density which in turn increases
the sonic velocity, but below the melting point of the
particles. The loss of kinetic energy on impact causes
plastic deformation of the particles. This process is also
known as cold kinetic spraying. The low temperature
solid state coating process eliminates problems owing to
oxidation and defects owing to solidification. The
disadvantage is that a large amount of carrier gas is
lost, unless recycled, and that only plastically deform-
able materials can be deposited. Many materials have
been depostited till date by cold spraying including pure
metals,” ¢ alloys’ and composite materials.®>® The exact
mechanism of the bonding is not fully understood. It is
believed that impact of the particles results in rupture of
oxide layers which provides clean surfaces for bonding.
Bonding has been attributed to adiabatic shear instabil-
ities at particle/particle and particle/substrate interfaces
owing to impact and has been modelled using finite
element analysis.'™! The parameters affecting the
process and spraying efficiency are particle size, density
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of particles, temperature of gas and density of gas and
spraying angle, and various models have been proposed
for the effect of various parameters.'> '

In the authors’ earlier work,%'® cold spraying of 1100
Al on 1100 Al substrate was reported. Two different
carrier gases, namely He and He-20N, (vol.-%), were
used to study the effect of carrier gas on the properties
of the coating. It was observed that the 100%He
processed coating had higher hardness than the He—
20N, processed coating. TEM analyis revealed disloca-
tion pile-ups and oxide layers in the He processed
coating. The He-20N, processed coating showed
subgrain formation and a relaxed structure.'® There
was more strain hardening in the He processed coating
as compared with He-20N, processed coatings.
Potentiodynamic polarisation experiments in 09 pH
H,SO, revealed that the corrosion current density was
higher for the He processed coating than for the He—
20N, processed coating indicating superior corrosion
resistance of the He—20N, processed coating.’

The purpose of the present work is to study the effect
of the carier gas on the fracture strength and interfacial
properties of the coating/subsrate and to establish
correlation with the microstructure. Three point bend
testing of the samples was carried out. The elastic
modulus and fracture properties were studied.

Experimental

The schematic of the three point bend test is shown in
Fig. 1. A notch was introduced at the midpoint of the
specimen using a diamond saw. The initial crack length
was measured by optical microscopy of the cross-
section. Table 1 tabulates the dimensions of the samples
used.

For the three point bend test geometry the elastic
modulus of the coating/substrate system is given by the
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1 Schematic of three point bend test

modified equation'’
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where dP/dx is the slope of the linear portion of the load
deflection curve and all symbols indicating the dimen-
sions are shown in Fig. 1 and Table 1.

The elastic modulus of the coating can be computed
from the ‘rule of mixtures’ (ROM) equation'’

Ecoating/substrale = Lcoating Vc + Esubslrate(l - Vc) (2)

where V. is the volume fraction of the coating.

The apparent mode 1 fracture toughness and critical
strain energy release rate were calculated using equa-
tions (3)—(5) (Ref. 18)

maXS
k= (P G)

where r= 4 and Py, is the load at the intersection of the
line with slope equal to 0-95 times the slope of the linear
part of the load deflection curve, and the load deflection
curve

12 [199 (1) (215393, 4 2717)
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Scanning electron microscopy was performed on the
fracture surface perpendicular to the coating as well as
the delaminated surface to study and compare the
failure behaviour of the coating as well as the interface.

Results and discussion

Three point bend test

Figure 2 shows the load deflection curves for the
100%He and He-20N, processed coatings. It can be
seen that the the slope of the load deflection curve for
the 100%He and He-20N, processed coatings are almost
identical indicating that they have similar elastic moduli.
The measured values of the elastic modulus 100%He

Table 1 Dimension of test specimen
He-20N,

He processed processed
Dimension specimen specimen
Span S, mm 131 131
Width t, mm 162 16
Depth d, mm 56 59
Coating thickness dj, um 1200 1000
Crack length a, um 108 318
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2 Load deflection curve obtained by three point bend
test for 100%He and He—20N, processed 1100 alumi-
nium coatings

processed coating and He-20N, processed coating are
69-1 and 68-7 GPa respectively. In the authors’ earlier
paper® the specific gravities of the 100%He processed
coating and He-20N, processed coating were measured
as 2:63 and 2-52 respectively. Taking the true density of
1100 Al1'" as 2-71, this corresponds to a porosity of 3 and
7% respectively for the 100%He processed coating and
He-20N, processed coating.

Using the classical rule of mixtures for calculating
elastic modulus of composites and assuming a value of 0
for the elastic modulus of porosity, the following
equation can be drawn

PPorous ) ( 6)

EPorous = ElOO%Dense (
P100%Dense

where E stands for elastic modulus and p is the density
of the material. Using equation (6) and taking the value
of E100vDense for 1100 Al as 69 GPa (Ref. 19), the elastic
moduli of the 100%He processed and He-20N, pro-
cessed coatings are found to be 669 and 64-2 GPa
respectively. Using equation (2) the values of the
Ecoating/substrate  for 100%He processed and He-20N,
processed coatings are found to be 68-:6 and 68-2 GPa
respectively. It is seen that the difference in elastic
modulus of the coatings does not lead to a significant
difference in elastic modulus of the coating/substrate
system. The difference in the elastic modulus is within
the error limits of the measurement and cannot be
resolved properly.

It is seen that the load increases with deflection. As the
crack reaches the interface, delamination occurs and the
crack propagates along the interface. There is a decrease
in the load owing to the decrease in load bearing
thickness after delamination. The 100%He processed
coating fails at higher load indicating that it is stronger.
The large reduction in load for the 100%He processed
coating indicates that the interface failed in a brittle
manner. There is a very small decrease in load when the
He-20N, coating fails indicating somewhat cohesive
failure of the coating and interface. It also indicates a
tougher interface for the He-20N, processed coating.
From Fig. 2 the apparent mode 1 fracture toughness
was calculated and is tabulated in Table 2 below.
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3 Images (SEM) of a He processed and b He—20N, processed coatings

Figure 3 shows the TEM images of the two coatings.
Extensive dislocation pile-ups are seen in the strain
hardened structure of the helium processed coating
whereas the subgrain formation in He-20N, processed
coating indicates the strain relaxed structure. The higher
strength of the 100%He processed coating is evident
from the fact that the degree of strain hardeneing is
higher owing to the higher speed attained by the
particles in helium and the presence of oxide.!® The
He-20N, processed coating has a lower fracture strength
which is attributed to the relatively strain relaxed
structure of the coating owing to subgrain formation.'®

The apparent fracture toughness of the He processed
coating (42 MPa m'”?) is less than that of the He—20N,
coating (6:5 MPa m'?). This can be explained by the
fact that degree of cold work is higher in the 100%He
processed coating making it more brittle.

SEM characterisation of fracture surface

SEM was carried on the fracture surface perpendicular
to the coating and the delaminated surface of the
coating. Figure 4 shows a schematic of the specimen
after the three point bend test and the surfaces examined
in SEM.

Figure 5 shows the SEM of the fracture surface
perpendicular to the coatings whereas Fig. 6 shows the
SEM of the delaminated surface of the coatings. It can
be seen from Fig. 5 that the crack starts growing from
the notch and propagates owing to failure of successive
splats. It is evident that the splats have undergone more
compaction to form a denser microstructure in the He
processed coating (Fig. 5a) than the He-N, processed

Table 2 Mechanical properties of coatings

He He-20N,
Property processed processed
Slope, Nm™' 33x10°  34x10°
Prmax, N 549 555
Load at delamination, N 757 556
r=ald 0-019 0-054
Ecoating/substrate: GPa 691 687
Apparent K¢ of coating/substrate, 4:2 65
MPa m'?
Ge, Jm™2 232 546
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coating (Fig. 5b). As seen along the interface of the
notch and cracked surface, continuity of splat fracture is
observed in the He processed coating whereas stretching

of splats into a stepped structure is observed in the He—
20N, coating.

This step structure indicates a higher value of energy
absorption during fracture similar to failure of a layered
configuration producing a higher G, value for the He—
N, processed coating. Finally, when the crack reaches
the coating/substrate interface, it propagates along the
coating/substrate interface. Figure 6 shows the SEM
image of the delaminated surface of the coating.

It is observed that the delamination crack moves at
~45° to the length of the coating for the helium
processed coating while it is less defined in the He—
20N, processed coating. Also, the delaminated surface
of the He processed coating is relatively flatter than that
of the He-20N, processed coating indicating a lower
degree of plastic deformation of the interface during
crack propagation for the He processed coating.

It is inferred from Fig. 6 that the interface is less
tough for the He processed coating. This is due to the
fact that the particle velocity is higher in helium as
compared with a mixture of He-20N,. Therefore the
amount of plastic deformation undergone by the
particles and the substrate surface, which is due to loss

Aﬁ; \
— Initial notch
=R '=;_

Fracture surface

Delaminated
Surface of perpendiculas to
coating the coating

4 Schematic of specimen after three point bend test and
fracture surfaces examined in SEM
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Notch

a 100%He processed; b He-20N, processed

5 Images (SEM) of fracture surface perpendicular to coating

a 100%He processed; b He-20N, processed
6 Images (SEM) of delaminated surface of coating

of kinetic energy on impact, is greater for the He
processed coating. So the resulting interface is more
strain hardened and brittle for the He processed coating.

Conclusions

Three point bend testing was carried out on the cold
sprayed coatings produced using He and He-20N, as
carrier gases. The 100%He coating fails at higher load
than the coating formed by He-20N,. There is a
significant decease in load after delamination in the
100%He processed coating whereas that is small for the
He-20N, processed coating. Delamination occurs by
brittle failure of the interface in the 100%He processed
coating whereas in case of He-20N, processed coating
the coating and substrate deformed congruently (cohe-
sive failure) without sudden delamination. The coating/
substrate interface is stronger for the He-20N, pro-
cessed coating. The higher fracture strength of the
100%He processed coating can be attributed to the
higher degree of strain hardening owing to higher
velocity of particles in helium. The relaxation of stresses
in the He-20N, processed coating owing to subgrain
formation may be reducing the level of strain hardening
and hence the strength of the coating. The elastic
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modulus was found to be almost the same for both the
coatings which in turn was equal to that of the substrate.
The apparent Kjc values suggest that the fracture
toughness of the He-20N, processed coating/substrate
system (6-5 MPa m'?) is better than the He processed
coating/substrate system (42 MPa m'?). SEM of dela-
minated surface shows a higher degree of brittle fracture
in the 100%He processed coating as compared with the
He-20N, coating.
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