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Abstract This work deals with the comparison of the

morphology of aluminum 6061 splats cold sprayed at

various angles between computational finite element

modeling predictions and experimental observations.

Computational modeling of single-splats sprayed at various

angles predicted that the highest shear stresses would occur

at impact angle of 60-65�, while the highest interfacial

equivalent plastic strains would be observed at 50� and

both would decrease as the spray angle increases. The

amount of interfacial-bonded material was also observed to

decrease as the spray angle increases. The computational

model was correlated with experimental data from neutron

diffraction and x-ray diffraction methods, and experimental

tensile adhesive strength test results. From both neutron

and x-ray diffraction through-coating measurements, it was

also observed that the residual stress profile of the coatings

would be increasingly more negative from the coating

surface toward the substrate interface, before becoming

less negative from that point on. The data also suggested

that the coating residual stresses are largely biaxial

although there were suggestions of anisotropy for coatings

sprayed at oblique angles of 50� and 70�, which was also

predicted by the simulation model.

Keywords additive manufacturing � cold spray � neutron
diffraction � residual stress � thermal spray � x-ray
diffraction � XRD

Introduction

Cold spray is a kinetic energy process that involves the use

of high-velocity gasses, usually nitrogen, helium or com-

pressed air, exiting from a ‘‘de Laval’’ nozzle with a con-

verging-diverging internal geometry at velocities of more

than Mach 1. Powder particles of sizes around 1-50 lm in

diameter are then injected into this gas stream and are

projected from the nozzle at particle velocities of more

than 500 m/s onto the substrate surface (Ref 1). Previous

works have shown that build-up is successful only if the

powder particles attain a certain ‘‘critical velocity’’ (Ref 2).

This critical velocity is dependent on equipment parame-

ters such as gas pressure and gas temperature, as well as

powder morphology and material properties. The cold

spray build-up mechanism occurs only at velocities above

this critical velocity (Ref 3). However, the mechanism of

coating bonding is still not fully understood, and several

researchers have suggested that a mixture of mechanisms

were responsible for the bonding of coatings, mainly

mechanical interlocking (Ref 4) and metallurgical bonding
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due to adiabatic shear instability powder particle–substrate

interface (Ref 5).

There have been many research papers published on the

topic of potential cold spray applications, especially in the

field of aerospace materials, remanufacturing additive

manufacturing. Previous work was also done on the

application of amorphous aluminum coatings deposited

using cold spray (Ref 6) for the corrosion protection of

aluminum structures, which are commonly found on air-

crafts. Champagne et al. (Ref 7) described the use of cold

spray to deposit various types of aluminum-based alloys on

magnesium alloys as a promising, cost-effective and

environmentally friendly technology to protect and repair

magnesium aircraft components. Other works have been

done to promote cold spray as a feasible additive manu-

facturing method (Ref 8, 9). Given that this is a line-of-

sight process, it is important to explore effects of the torch

spray angle relative to the built part.

Li (Ref 10), Gilmore (Ref 11) and Binder et al. (Ref 12)

all reported that the deposition efficiency of cold spray can

be correlated to the spray angle, and for the spraying of fine

powders, the DE only varied by around 10% even at a

spray angle of 45�. However, there are limited work done

to establish the splat and coating formation during spraying

at angles and the effects of spraying at angles, apart from

deposition efficiency. This current work attempts to com-

pare experimental observations using microstructure and

tensile adhesive strength testing, with computational sim-

ulations of aluminum alloy deposits sprayed at different

angles.

Previous works have been done to measure the eventual

residual stresses within the cold sprayed build-up using

neutron diffraction and XRD methods, with measured

residual coating stresses to be equal to or lesser than -

60MPa for aluminum and copper cold sprayed coatings

(Ref 13, 14). A summary of research done with respect to

residual stress measurement and analysis was compiled in

Table 1. It was also to note that the cold sprayed samples in

all those works were sprayed at 90� to the substrate surface,
whereas there is little knowledge of the residual stress at

different spray angles.

Thus, another aspect of this work is to explore the

residual stress build-up using neutron diffraction and x-ray

diffraction methods when the cold spray angle of deposi-

tion is varied. These computational models, physical

experiments and diffraction measurements form a holistic

approach to study the effect of spray angle for the cold

spray deposition of aluminum alloys.

Experimental

Sample Preparation

The powder used for cold spraying is commercially

available aluminum 6061 (Al6061) alloy from Valimet

(USA), 325-mesh sieve grade, gas-atomised. All the

Al6061 cold spray samples were made using the same

batch of powder. Figure 1 is a representative SEM image of

the morphology of the powder.

The cold spray equipment used in this work is the

commercially available PCS-1000 high-pressure cold spray

system from Plasma Giken (Japan). The system has a

maximum spray temperature of 1000 �C and a maximum

spray gas pressure of 5 MPa, with the capability to use

either nitrogen or helium as the main process gas. The

system currently is only fitted with one powder feeder unit.

The cold spray gun was manipulated using a 6-axis

industrial robot, and the general spray parameter is given in

Table 2.

The Al6061 coatings were sprayed onto 6.5 mm thick

substrates with dimensions 50 x 100 mm2. While normally

spraying is carried out in the direction perpendicular to the

substrate surface, in the given study, samples were pre-

pared using spraying under angles by tilting the substrate in

a consistent manner (in the direction of the rolling direction

of the substrate, RD, the 100 mm dimension) in respect to

the spraying directions. In this way, a series of samples

were sprayed at 50�, 70� and 90� angles, where 90� is the
direction normal to the substrate surface. For these differ-

ent spraying angles, the samples were sprayed until 0.3 mm

thickness of coatings was achieved; the thickness which is

close to the practical applications. In the case of the normal

spraying (90�), an extra sample with 0.9 mm thickness was

manufactured that allowed stress profiling through the

coating thickness.

Coating Characterization

Cross-sectioned samples for coating characterization were

processed according to the ASTM E1920: Standard Guide

for Metallographic Preparation of Thermal Sprayed Coat-

ings (Ref 26); microscopy characterization was subse-

quently performed.

The adhesion or cohesion strength of the cold spray

deposits was evaluated with accordance to the ASTM

C633-01 test method (Ref 27). This test method can

quantitatively determine the degree of bonding or adhesive

strength of the coating deposit under a load normal to the

substrate. The test starts with the cold spraying of one side

of a 1-inch diameter stud made of Al6061 alloy, and then

attaching this coated side to the face of another similar
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(uncoated) stud using epoxy glue (Masterbond EP15ND-2).

Once the epoxy has cured (180 �C for 4 h), the bonded test

studs were attached to jigs which were attached onto the

tensile tester. The tensile tester used is the Universal

Testing Machine (MTS SINTECH 65G), with all testing

conducted at a crosshead speed of 1.0 mm per minute. The

failure stress of the coating and the mechanism of coating

failure are reported. For each deposition condition, 3

samples were measured, and the average bond strength is

reported.

Finite Element Simulation

To study the influence of impact angle on the development

of residual stresses, simulations using finite element

method (FEM) were carried out with Abaqus/Explicit

based on the framework of Eulerian analysis (Ref 28-31).

In the cold spray process, multiple layers are built up with

impacting powder particles to form coatings. However,

bonding in the cold spray process can be attributed to the

initial interaction between the single particles impacting

the substrate, and hence, the residual stresses at the parti-

cle–substrate interface are also significantly influenced by

the single particle impact events. With this notion, this

investigation was limited to the influence of the residual

stresses induced by the single particle impact on the sub-

strate, and the differences in residual stresses resulted from

different impact angles. The influence of the impacts from

the subsequent particles after the first initial layer is not

studied in this work, but it is acknowledged to have

cumulative influence on the residual stress distribution

through the coating thickness build-up. This will be part of

future work, which is currently in progress.

The FEM model used in this work is shown in Fig. 2,

with the refined regular mesh of mesh size D/40 (D is the

diameter of the particle) applied in the vicinity of the

particle. The particle is assumed to be an ideal spherical

shape with average diameter 40 lm, consistent with the

average particle diameter used in the experimental work.

The initial temperature of the powder particles and sub-

strate is assumed to be room temperature, 300 K. To mimic

the semi-infinite body of the substrate and eliminate the

boundary effect in the simulations, the FEM model

assumes the symmetric boundary conditions and isothermal

condition are applied on the symmetric plane, and non-

reflecting boundary condition and constant temperature

condition of 300 K were imposed on other surface planes

of the domain.

The constitutive material models for both powder par-

ticle and substrate employ the Johnson-Cook plasticity

model, with the Mie–Grüneisen equation of state (Ref

3, 32, 33). The material properties used for the simulation

model are shown in Table 3 (Ref 34). The simulations

assume a thermal-mechanical coupling condition. Heat

conduction is considered, and the temperature of the whole

system is cooled down to 300 K.

The initial impact velocity magnitude of the powder

particle is assumed to be 620 m/s, which is the critical

velocity for bonding Al6061 particle to Al6061 substrate,

and previously measure in physical experiments. The

simulations apply different impact angles h from 30� to

90�. In the simulation, the impact will start from time

t ¼ 0, and the simulation stops at t ¼ 800 ns at which the

kinetic energy is all dissipated and the system reaches the

static status if the particle is deposited to the substrate. At

the static status, the stress wave resulting from the impact

will not affect the analysis of the simulation data.

Residual Stress Measurement

Neutron Diffraction Method

The neutron diffraction residual stress measurement of the

cold sprayed Al6061 and the Al6061 substrate samples was

carried out using the KOWARI strain scanner at the Aus-

tralian Nuclear Science & Technology Organisation

(ANSTO), OPAL research reactor facility. A neutron

Fig. 1 Valimet Al6061 alloy powder (Batch No. 07-8095S). Gener-

ally spherical morphology was observed

Table 2 Cold Spray parameters used in this work

Main gas type Nitrogen

Main gas pressure 4 MPa

Main gas temperature 400 �C
Nozzle stand-off distance 25 mm

Nozzle traverse speed 100 mm/s
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wavelength of k = 1.73 Å provided by the Si (400)

monochromator at the take-off angle 2hm of 79� was

selected. It allowed to measure the strongest Al (311)

reflection at the Bragg angle 2h of 90.4�. The high spatial

resolution measurements with gauge volume of 0.3 x 0.3 x

20 mm3 were done in three directions, the normal, trans-

verse and rolling, to derive the residual stress of the cold

sprayed coating Al6061 samples sprayed at 50�, 70� and

90� angles.
The measurement strategy was adapted for the different

coating thicknesses as follows. For the thicker coating, a

full stress profile was obtained through thickness of the

cold sprayed coating (0.7 mm) and Al substrate (6.5 mm)

in 0.3 mm steps. Obtaining stress profile not only in the

coating but also in the substrate allowed indirect check of

the stress in coating through the stress balance condition

(the overall stress in the coating must be balanced by the

overall stress in substrate). To isolate the residual stress

associated with the cold spray process from pre-existing

stresses in the substrate (e.g., from the rolling processes),

similar stress measurements were done on an uncoated

substrate, and this stress profile was subtracted from the

stress profiles of the coated samples.

For the 0.3 mm thick coatings, the measurements in the

substrate were less justifiable since higher accuracy of

strain values would be required for the reconstruction of

the stress in the coating indirectly. Therefore, only direct

measurements in the 0.3 mm coatings were measured.

Since coating thickness and gauge volume are both the

same, 0.3 mm, only a measurement in a single point, which

represents the average stress in coating, was made.

For each through-thickness depth, the two in-plane

stress components, RD and TD, were calculated using the

balanced biaxial plane stress state conditions and corre-

sponding for Al (311) reflection diffraction elastic con-

stants (S1 = - 5.16 TPa-1,�S2 = 19.57 TPa-1). This method

was confirmed in previous experiments on similar kinds of

coatings (Ref 33).

X-ray Diffraction Method

The residual stress profiling was also carried out by an

alternative technique, the x-ray residual stress measure-

ment method. Stress determination using this x-ray

diffraction technique provides high spatial resolution

measurements, and this method has been described previ-

ously (Ref 35). The measurements were conducted at the

NIST Center for Neutron Research using an x-ray

diffractometer equipped with a four-circle goniometer. The

Cu-tube K-a radiation projected via a narrow vertical beam

was employed to measure the Al (hkl 511/333) reflections.

A combination of X- and W-angles as well as sample

rotation is applied ( W tilts) in a way that ensures the x-ray

beam projection remains parallel to the surface/interface.

This allows the same through-thickness depth measurement

and does not exceed the desired spatial resolution* 0.1

mm.

The ‘depth profile’ was obtained by polishing and

etching a small spot on the side surface (surface nor-

mal||TD); this ensures the removal of any mechanical

damage. X-ray measurements used a 0.2 mm x 3 mm beam

projected parallel to the edge of the sample, see Fig. 3.

After a series of W tilts that sample was translated by 0.08

mm (0.12 mm for the sample with the largest thickness),

with the beam spot now illuminating an area at a larger

depth. The transition zone to the substrate and the substrate

Fig. 2 A 3D single-particle 1/2-symmetric model based on FEM in

Eulerian framework using Abaqus. Blue color indicates the elements

filled with substrate material, and red color indicates the powder

material

Table 3 Material Properties of Al6061 used in FEM modeling. (Unit

SI: Kg m s K)

Specific heat, J/K kg 8.96E ? 02

Thermal conductivity, W/m K 1.67E ? 02

Density, kg/m3 2.70E ? 03

Shear modulus, Pa 2.60E ? 10

A 3.24E ? 08

B 1.14E ?08

N 4.20E - 01

m 1.34E ?00

C 2.00E - 03

Reference strain rate 1.00E ? 00

C0 5.24E ? 03

S 1.40E ? 00

s0 1.97E ? 00

Melting temperature, K 8.80E ? 02

Transition temperature, K 2.98E ? 02
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itself was challenging to measure because of texture and

grain size in the original Al6061 substrate. This ‘depth

profile’ can be interpreted as such if the relief of the TD

stress component on the side surface does not affect the

stress parallel to RD. Note again that the side surface is

normal to TD and that TD stress component here must be

zero.

Finally, the stresses in all samples were measured on the

surface in the center of the sprayed area using a classical W
tilt scan mode with large beam. The x-ray residual stress

measurements were made in the same samples studied

previously using the neutron diffraction method, the 50�,
70� and 90� spray angles.

Results and Discussion

Finite Element Modeling of Splat Deformation

at Different Spray Angles

Influence on Residual Stress

The FEM model described above was employed to study

the material behavior between the powder particle and

substrate. The simulations were carried out for cold

spraying at h ¼ 30� þ n� 5�; n ¼ 0to12, respectively. The

contour plots of equivalent plastic strain (PEEQ), temper-

ature and von Mises stress under impact angles 40�, 50�,
70� and 90� are illustrated in Fig. 4, 5 and 6. The results are
sampled at the time t ¼ 70ns after impact, at which the

localized deformation, and the localized heating due to the

extremely significant plastic deformation can be clearly

observed.

The simulation results showed that if the impact angle is

too small, the particle would have difficulty to be deposited

onto the substrate, and the strain and stress fields will be

minimal as seen for impact angles= 40� in Fig. 4(a), 5(a)

and 6(a). This can also be explained by observing Fig. 4(b),

5(b) and 6(b) when the impact angle is increased to 50�,
which clearly show the extremely large shear deformation

appearing not only at the particle–substrate interface to

form interfacial jetting, but also within the particle. This

large plastic deformation generates the heat and elevated

localized temperature within the particle material to more

than 600 K; this is close to the melting temperature of the

Al6061 material. During this impact event, the thermal

softening effect of the Al6061 material is very significant;

therefore, the material loses its strength in the shear band

region and the particle consequently splits apart at small

impact angle causing non-adhesion. Henceforth, only a

small portion of the Al6061 particle can be deposited if the

impact angle is smaller than 45�. If the impact angle is

larger than 50�, the impacting Al6061 particle has more

likelihood to bond successfully to its substrate. The

deposited Al6061 particle mass portion is given in

Fig. 7(a), which demonstrated that at small impact angles

lower than 45�, the deposition is not efficient. In other

words, economical cold spray deposition of Al6061 mate-

rial occurs at spray angles larger than 50�.
Increasing the impact angle will reduce the shear

deformation inside the particle, which can be explored by

comparing the PEEQ contour plots in Fig. 4(b-f) and

temperature contour plots in Fig. 5(b-f). This shear band

gradually becomes inconsequential when the impact angle

is larger than 65� and does not pose a detrimental effect to

deposition efficiency.

The von Mises stress contour plots in Fig. 6 demonstrate

that the stress field is inhomogeneous within the particle. It

is noted that there are difficulties to compare the simulated

residual stress solutions with the experimental residual

Fig. 3 Directions and measurement locations used for the x-ray diffraction residual stress measurements. ‘RD’ refers to the Al 6061 substrate’s

rolling direction
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stress measurement in the later part of this paper because

the sampling location of the stress has a very significant

influence on the stress magnitude. In this study, the volume

averaging, which is often used in homogenization, was

employed to post-process the data to generate the overall

residual stress and strain of the particle after deposition,

and to study the influence of the impact angle on the

residual stress magnitude. The volume averaging of the

stress component was calculated using the following

equation:

rij ¼
Z

Xp

rijdV
Z

Xp

dV ðEq 1Þ

where rij is the stress component, and Xp is the particle

volume domain. Using the volume-averaged stress com-

ponent rij, one can compute the volume-averaged von

Mises stress rvm and shear stress rs. The volume averaging

of plastic strain �p and temperature T can also be performed

using the similar method. The shear stress was calculated

using the following equation:

rs ¼ r1 � r3ð Þ=2 ðEq 2Þ

where r1 and r3 are the volume-averaged maximum and

minimum principal stress, respectively, which are calcu-

lated using the volume-averaged stress components.

The volume-averaged plastic strain is shown in

Fig. 7(b), and the volume-averaged von Mises stress and

shear stress are plotted in Fig. 7(c). Only the cases where

the whole particle can be deposited were shown. It can be

clearly seen that the volume-averaged plastic strain at

smaller impact angles is larger, which is consistent to the

PEEQ contour shown in Fig. 4. The plastic strain would

decrease sharply from impact angles 50� to 70� and show

moderate decrease from 70� to 90�. In the volume-aver-

aged stress solution, the turning point is more obvious;

from Fig. 7(c), the residual stress shows a significant

change from the impact angles between 70� and 75�. The
residual stress in the impact angle [ 70� is also seen to be

much smaller than that in the impact angle � 70�. From the

result in Fig. 7(c), one can also find that the residual von

Mises stress is almost equal to the residual shear stress in

Fig. 4 Contour plots of the simulation results of equivalent plastic strain (PEEQ) under impact angles (a) 40�, (b) 50�, (c) 60�, (d) 65�, (e) 70�,
(f) 90�. Sampled at 70 ns after impact. Splats are traveling from the top downwards toward the bottom left corner for splats impacting at angles
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the impact angle � 70�, indicating that in this case, the

deformation of the particle is dominated by shear. In the

case of impact angle [ 70�, the shear deformation atten-

uates significantly, shown by the significant difference

between the residual shear stress and von Mises stress in

Fig. 7(c).

Influence on Bonding Strength

It is widely accepted that adiabatic shear instability is a

major bonding mechanism in the cold spray process (Ref

3, 30, 32). In this study, it is proposed that the bonding

strength can be correlated to the amount of interfacial-

bonded material at the particle–substrate interface, which

can be controlled by the spraying angle. This assumption is

based on the findings that this bonded material occurred

under adiabatic shear instability with significant localized

plastic deformation and high localized temperature.

The volume fraction of the interfacial-welded material

can be visually identified as the material colored in red on

the temperature contour plots, indicating the material is

near its melting point (See Fig. 5). A volume fraction of the

interfacial-welded material in respect to the original par-

ticle volume is calculated and plotted in Fig. 7(d). This was

calculated using the criterion that the amount of material at

the splat-interface where the temperature is higher than

90% of the highest temperature generated at time t = 70 ns

after impact. Most significantly, Fig. 7(d) showed that the

interfacial-welded material amount decreased with

increasing spray angle. This observation implies that the

cold spray coating’s bond strength is strongly correlated to

its deposition spray angle. It is postulate that the increase in

total volume of interfacial-bonded material will improve

bond strength, though there will be a trade-off of reducing

the deposition efficiency.

Experimental Observations of Splats and Build-ups

Sprayed at Angles

Microstructure analysis observed that voids were present,

especially at the particle bases, with closure of the voids at

the particle peripheries/interfacial jetting zones. This is in

Fig. 5 Contour plots of the simulation results of temperature (K) under impact angles (a) 40�, (b) 50�, (c) 60�, (d) 65�, (e) 70�, (f) 90�. Sampled

at 70 ns after impact. Splats are traveling from the top downwards toward the bottom left corner for splats impacting at angles
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line with the modeling simulations shown earlier. Figure 8

shows the cross-sectional microstructures of built-up

coatings sprayed at 40�, 60� and 90� spray angles. No

visible melting of the substrates or at the inter-splat

boundaries was observed in all 3 samples. The flattening

ratio of the splats was observed to increase significantly as

the impact angle changes from 90� to 40�, consistent with
the single-splat simulations and how the single-splats were

predicted to deform upon impact. Porosities were observed

in all 3 spray angle samples. It was also observed that the

build-up rate of the sample sprayed at 40� is extremely

slow and decreasing from the 90� spray angle (Fig. 9),

which is in line with results observed by Koh (Ref 36).

From the microstructure, it also appears that the 40� sample

has larger macro-porosities ([ 50 lm), although all 3

samples were observed to contain porosities (\ 50 lm).

Tensile Adhesive Bond Strength Testing

Tensile adhesive bond strength testing was conducted for

coating samples sprayed from 40� to 90� at 10� intervals.

The average adhesion bond strength dependence on the

spray angle is shown in Fig. 10. Although the strength

values were determined with relatively large error bars,

there is a trend in the dataset. Notably, the tensile adhesive

strengths of the Al6061 cold sprayed coating sprayed at 60�
angle reached the highest value of * 60 MPa. This is at

least 30% greater than the value for the coatings deposited

at 90� spray angle. Thus, the overall results imply that

despite the usual practice of maintaining 90� spray angle

relative to the substrate, will not necessarily result in the

best adhesive bond strength but instead yielded the lowest

bond strength value of approximately 45 MPa. However,

this possible increase in adhesion bond strength comes as a

direct trade-off in terms of deposition efficiency and rela-

tive spray time to achieve the required thickness.

This effect appears to find explanation in our simulation

results: with decreasing spray angles, the volume of ‘ef-

fective’ interfacial-bonded material increases and leads to

improvements in the adhesion bond strength. The actual

bonding strength of the macroscopically thick coating is

ultimately influenced by many other factors, such as the

Fig. 6 Contour plots of the simulation results of von Mises stress (GPa) under impact angles (a) 40�, (b) 50�, (c) 60�, (d) 65�, (e) 70�, (f) 90�.
Sampled at 70 ns after impact. Splats are traveling from the top downwards toward the bottom left corner for splats impacting at angles
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microstructures and defects, which were not considered in

the current FEM model since this was a single particle

simulation. However, the proposed micromechanical

mechanism and the experimental data do provide a general

explanation to the established relationship between the

spray angle and coating bond adhesive strength. A multi-

particle simulation, most likely, would be able to provide a

qualitative prediction model of the bonding and trend under

different cold spray process parameters and conditions.

Residual Stress Analysis

To understand the macroscopic effect of spray angles on its

influence on the development of Al6061 coating residual

stress, two methods of through-thickness residual stress

measurement were used. The two alternative techniques,

the neutron and the x-ray diffraction method were applied

with a possibility to countercheck the results.

Fig. 7 The simulation results versus impact angle. (a) Deposited

mass portion of single powder particle upon impact, (b) volume-

averaged equivalent plastic strain, (c) volume-averaged shear stress

and von Mises stress versus impact angle and (d) portion of particle

material at the particle–substrate interface. Solutions in (a) (b) and (c)

are sampled after the whole system cools down to 298 K. Solutions in

(d) are sampled t ¼ 70 ns after impact
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The 700 lm Thick Coating

The 700 lm thick coated sample provides a possibility to

investigate the reliability of the experimental data since

stress data are available both for the substrate and coating.

The basis of the analysis is the Tsui and Clyne’s analytical

model that predicts the residual stresses in progressively

deposited coatings (Ref 37). Through-thickness neutron

stress measurements from substrate to coating and the

model stress profile fitting the experimental data are shown

in Fig. 11, while the same model data are matched against

the x-ray stress measurement data (Fig. 11b). The model

assumes stress generation through the deposition stress

mechanism (Ref 37), while any thermally generated ther-

mal mismatch stress is absent because there are no differ-

ences in the thermal expansion coefficient of the coating

and substrate—they both are Al6061. In the case on neu-

tron data, a stress balance was achieved within the entire

coating-substrate system. The two stress measurement

techniques and the model demonstrate general agreement

for the stress in the 700 lm thick cold sprayed Al6061

coating: the residual stress mode is in compression with

typical magnitude of - 40 MPa. Similar magnitudes of the

compressive stresses were found previously in the Al6061

coatings produced by cold spray (Ref 20). Although only a

single direction was measured by x-rays, RD, the neutron

data for RD and TD undoubtedly confirm that the stress

state is truly equi-biaxial, there is no anisotropy between

RD and TD. This is expected due to the symmetry of

particle deposition that arises from the 90� spray angle.

Under scrutinous examination, however, it could be also

noticed that both neutron and x-ray measurement points

close to the surface do not exactly follow the model line

that predicts the tendency to be more negative at the sur-

face. Contrary to model predictions, it appears that top the

200-300 lm layer has the opposite, positive, stress gradi-

ent. It can be explained by the different thermo-mechanical

history of the top layer: it is much less peened as there are

no subsequent incoming particles, and hence, this top layer

did not experience the same steady-state regime during

coating build-up. In many conventional XRD residual

stress studies, this part of the deposit is often removed via

grinding and polishing to create a flat profile required for

measurement. Hence, this trend is not commonly reported

within the literature.

The 300 lm Thick Coating

Cold sprayed samples deposited to 300 lm thickness were

made by 50�, 70� and 90� spray angles relative to the

substrate surface and this allows the investigation into

whether there is any directionality effect on the residual

stress for the Al6061 coatings. As in the 700 lm thick

coatings, the neutron data allow a separate analysis of both

TD and RD stress components (although a single point was

measured in the coating, representing the average stress in

the coatings), while the x-ray data on the RD component

Fig. 8 Cross-sectional microstructures of cold sprayed aluminum 6061 sprayed at spray angles of 40, 60 and 90� (non-grit-blasted). Etched with

Keller’s reagent

Fig. 9 Weight of aluminum 6061 coating obtained at various spray

angles per pass, while all other spraying conditions were identical

(Ref 36)
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provide higher resolution stress profiling for the RD stress

component. The x-ray measurements on the coating surface

also allow analysis of RD and TD stress components

independently and, therefore, to judge independently the

bi-axiality of the residual stress state and, therefore, cross-

check the neutron bi-axiality experiments.

The results of stress measurements in the 300 lm thick

coatings are reported in Table 4 (for the average over

thickness stress by neutrons, two directions), Table 5 (for

the surface residual stress by x-rays, two directions) and

Fig. 12 (the through-thickness stress resolved stress by

x-rays, one direction, TD). The first fact to mention is that

residual stress in all coatings is compressive, which is

consistent with the results on the 700 lm thick coating and

in accordance with expectations. Secondly, the results of

both techniques show that the residual stress state in the

two different principal directions, RD and TD, is not dis-

similar considering finite statistical significance of the

experimental data, although there are some slight differ-

ences for the non 90� spray angle samples. They are

inconsistent in sign and of the same order of magnitude as

the truly isotropic 90� spray angle samples. Also, though

this experimental result seems counterintuitive and con-

tradictive to the anisotropic splat deformation in an oblique

fashion as shown by the simulation results and

microstructure observations discussed earlier, it suggests

that the final accumulated residual stress is mostly associ-

ated with the peening processes on the particle layers

deeper than at the very top layer. In other words, although

the very top deposited layer (i.e.,\50 lm) might have an

anisotropic stress state, the deposition of the following

layers will reset the stress state to isotropic since the

coherent effect of peening on the underlying layers is

apparently isotropic. However, this anisotropy cannot be

detected even by the x-ray surface measurements because

the very top layer is inevitably removed during surface

preparation for the stress measurements. There is still a

possibility that there might be some slight anisotropy, but

the effect must be small, some 10 MPa, which is the

accuracy of the current stress measurement capabilities,

Fig. 10 Comparison of average tensile adhesive strength values from

Al 6061 coatings on Al 6061 substrates sprayed from 40� to 90�
angles

Fig. 11 Residual stress profile through the 90� spray angle sample

with coating thickness of 700 lm measured by (a) the neutron

diffraction method and (b) the x-ray method

Table 4 Residual stresses for the cold sprayed coating samples

measured with neutron diffraction

Residual

stress in

RD, MPa

Residual

stress in TD,

MPa

Overall

residual

stress, MPa

Sample: 90� (700 lm
thick), averaged over

thickness

- 41 ± 3 - 37 ± 3 - 39 ± 2

Sample: 90� (300 lm
thick)

- 53 ± 4 - 45 ± 5 - 49 ± 3

Sample: 70� (300 lm
thick)

- 55 ± 5 - 42 ± 5 - 47 ± 4

Sample: 50� (300 lm
thick)

- 68 ± 5 - 74 ± 5 - 71 ± 4
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and this also requires higher positional accuracy measure-

ments that are difficult to achieve. Thirdly, while the pro-

gressive layer deposition model predicts a negative

gradient for the stress profile in coatings (as shown in

Fig. 11), it appears that the stress profile in the top 300 lm
follows the opposite trend with a positive gradient

(Fig. 12). This is totally in agreement with the case of the

700 lm thick coating, where the topmost 300 lm layer

exhibits a positive stress gradient, and though in this case,

this effect is essentially valid for the whole thickness of the

coating, while this effect can be addressed in the model by

introducing a non-constant deposition stress parameter, due

to the quantitatively small value of the stress gradient,

some 3 MPa per 0.1 mm, the current analysis based on the

overall (average) stress was chosen as the most reliable

method for the comparative study of the effect of the

spraying angle presented below.

Effect of Spray Angle on the Stress State

Although there is no experimental evidence of the stress

state anisotropy (within our error bars), there is some

experimental indication that the compressive stress mag-

nitude does depend on the spray angle. For simplicity of

assessment, the through-thickness x-ray data were aver-

aged (see Table 6) to make them comparable with the

neutron measurements and resultant data are plotted in

Fig. 13. The measured coating residual stress has changed

to - 70 MPa at the spray angle of 50�, as compared to the

70� and 90� samples with stress value approximately

- 50 MPa. While our neutron measurement data tend to

demonstrate this trend with both RD and TD components,

the x-ray data points have somewhat of a lesser trend, also

with some obvious bias in respect to the neutron data,

specifically for the spray angle of 50� and 70�. This might

be related to some inconsistencies of surface preparation:

since surface polishing induces tensile stress in the near

surface layer, this can potentially result in stress mea-

surements biases and the stress values shift toward more

tensile values if the affected layer is not fully removed by

electropolishing. Thus, since the neutron diffraction tech-

nique is free of such effects, we consider our neutron data

as a more reliable dataset for the purpose of comparing the

average stress values. In summary, there is a dependence of

compressive in-plane stress as well as the deposition stress

seemingly observed with change of the spraying angle by

means of the residual stress measurement using the neutron

and x-ray diffraction methods.

This dependence follows a similar trend at the small

angles as the coating tensile adhesive bond strength

decreases at the low spray angle. Numerically, the effect is

different though: while coating compressive residual stress

magnitude increased by some 50% when the spray angle

changes from 90� to 50�, the coating adhesive bond

strength increases by some 30% over the same change of

spray angle. From these collective residual stress mea-

surements, one possible explanation for the higher coating

adhesive bond strengths at lower spray angles could be due

to higher compressive residual stress.

Overall, the simulation results and the experimental data

by neutron diffraction and XRD demonstrate different

aspects at different spatial scales of the stress accumulation

during cold spray deposition if performed under tilting

angle. In the scale of a splat, the simulation results show

that at the smaller impact angles (40�-60�), the particle

deformation is dominated by the extremely significant and

localized shear deformation within the splat, which yields

the remarkably higher residual stress eventually. The

amount of localized shear deformation within the splat

would decrease with increasing spray angles (70�-90�)
along with the accumulated residual stress. In the macro-

scopic scale of the whole coating, as shown by the exper-

imental data from neutron and x-ray diffraction residual

Table 5 Residual stress of the

cold sprayed coatings measured

by the x-ray diffraction

measurement method on the top

surface

Surface Subs_RD||phi=90 Residual stress in RD, MPa Residual stress in TD, MPa

Sample: 90� (700 lm thick) - 24 ± 2 - 30 ± 2

Sample: 90� (300 lm thick) - 38 ± 2 - 37 ± 2

Sample: 70� (300 lm thick) - 16 ± 2 - 27 ± 2

Sample: 50� (300 lm thick) - 50 ± 2 - 60 ± 2

Fig. 12 Residual stress profile measured in 300 lm thick coatings

using x-ray diffraction
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stress measurements, all localized splat-scale stress fields

are canceled to essentially an equi-biaxial stress state with

only the in-plane stress component. The increase in the

compressive residual stress from 70� to 50� observed

experimentally corresponds to the similar jump in the shear

stress and von Mises stress evident from the model data

observed as the angle changes from 75� to higher values.

More detailed measurements, e.g. in samples produced at

75�, 65�, 60�, 55�, can further corroborate this correlation.

More experimental investigation is needed to understand

details of the correlation between these observations and it

is in progress.

Conclusions

In this work, the effect of the spray angle was investigated

for Al6061 alloy coating deposited on Al6061 substrate

through experimental and modeling approaches. Simula-

tion of a single-splat deposition event was carried out for a

range of spray angles and predicted that the highest shear

stresses would occur at impact angle of 60-65� while

dropping sharply after 70�. Also, the highest interfacial

PEEQ strains would be observed at 50� and decrease as

spray angle increases. The simulations demonstrated that

the interfacial-bonded material region decreasing with

increasing spray angle. This was correlated with experi-

mental data from tensile adhesion bond strength test, which

showed that the highest bond strength occurred at 60� spray
angle and the lowest at 90�. The higher tensile adhesion

bond strengths observed for coatings at spray angles less

than 90� could be associated with larger volume fraction of

the high-temperature and high-plastic strain interfacial

shear region (or interfacial-bonded material).

By using neutron diffraction and x-ray diffraction

methods to measure the through-thickness residual stress

on samples obtained by spraying under different angles, it

allowed us to find that the cold sprayed coating’s residual

stresses are largely equal in TD and RD directions, thus,

demonstration equi-biaxial stress state. There is a trend to

have higher compressive residual stresses for the coating

sample sprayed at 50�, while in the range of 70�-90�, the
residual stresses remain constant. This correlates well with

the FEM results that shows the shear stress increases

sharply as spray angle decreased from 70� to lower values.

Acknowledgment The numerical simulation in this research is sup-

ported by the Agency for Science, Technology and Research

(A*STAR) under the programme ‘‘Machining Learning Assisted

Control of Metal Cold Spray and Shot Peening Processes

(A1894a0032)’’. Dr Luzin and Dr Ang acknowledge the support by

the Australian Research Council (ARC) under the Industrial Trans-

formation Training Center project IC180100005 that is titled ‘‘Sur-

face Engineering for Advanced Materials’’, SEAM. The neutron

diffraction experimental work was supported through ANSTO user

access program (proposal 7973).

References

1. J.R. Davis, Handbook of Thermal Spray Technology, ASM

International, Materials Park, 2004

2. A. Papyrin, V. Kosarev, S. Klinkov, A. Alkimov, and V. Fomin,

Chapter 1—Discovery of the Cold Spray Phenomenon and Its

Basic Features, Cold Spray Technology. A. Papyrin Ed., Elsevier,

Oxford, 2007, p 1-32
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