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Abstract

This study forms an initial investigation into the development of SprayStir, an innovative
processing technique for generating erosion resistant surface layers on a chosen substrate
material. Tungsten carbide — cobalt chromium, chromium carbide — nickel chromium and
aluminium oxide coatings were successfully cold spray deposited on AA5083 grade aluminium.
In order to improve the deposition efficiency of the cold spray process, coatings were co-
deposited with powdered AA5083 using a twin powder feed system that resulted in thick (>300
pm) composite coatings. The deposited coatings were subsequently friction stir processed to
embed the particles in the substrate in order to generate a metal matrix composite (MMC)
surface layer. The primary aim of this investigation was to examine the erosion performance of
the SprayStirred surfaces and demonstrate the benefits of this novel process as a surface
engineering technique. Volumetric analysis of the SprayStirred surfaces highlighted a drop of
approx. 40% in the level of material loss when compared with the cold spray deposited coating
prior to friction stir processing. Micro-hardness testing revealed that in the case of WC-CoCr
reinforced coating, the hardness of the SprayStirred material exhibits an increase of approx.
540% over the unaltered substrate and 120% over the as-deposited composite coating.
Microstructural examination demonstrated that the increase in the hardness of the MMC aligns

with the improved dispersion of reinforcing particles throughout the aluminium matrix.
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1. Introduction

Cold gas dynamic spraying (cold spray) is a low temperature coating technique that is
used to deposit powder feedstock particles on a variety of substrate materials [1,2].
Conventional spraying processes such as high velocity oxy-fuel (HVOF) [3] or plasma spraying
[3] can result in the complete or partial melting of the feedstock powder particles. As a
consequence, excessive residual stresses caused by contraction of particles during
solidification are present within the coating [4]. Additionally, the deposited material may suffer
from oxidation where spraying is undertaken without an appropriate shielding gas [5]. The high
temperatures in these processes can also alter the constituent phases of the feedstock material
resulting in a coating containing potentially undesirable phases [5,6].

In contrast, the bonding mechanism in cold spray results from the acceleration of powder
particles to supersonic velocities using a de’Laval nozzle and a compressible carrier gas such
as nitrogen or helium [2]. The significant kinetic energy of the particles as they impact the
substrate causes them to plastically deform, producing splats [7] on the surface of the substrate.
Layers of adjoining splats bond together to form the coating layer. By maintaining the particle
temperature below the solidus, any undesirable phase transformations are avoided, hence the
constituent phases of the coating layer reflect those that form the feedstock powder particles.
Coatings produced via cold spray exhibit a work hardened structure due to the extensive
deformation of impinged particles [2]. Furthermore, existing research [8] reports the generation

of compressive residual stresses within the aluminium coating which has been shown to

enhance the fatigue performance.

Developed in the mid-1980’s, cold spray has been the subject of extensive research in
the areas of component repair and coating production [2,9]. The low particle temperatures make
this process suitable for the deposition of material on aluminium and magnesium substrates.
More recently however, studies have investigated the deposition of metal matrix composite
(MMC) coatings in an attempt to produce erosion resistant surfaces [10,11]. The cold spraying
of suitable material is inherently difficult due to the limited deformability of the powder particles
at the temperatures experienced during the cold spray process. A study by Seo et al. [12],
demonstrated that, instead of adhering to the substrate, the spraying of cermet particles can
result in a grit blasting effect on the surface of the substrate.

Despite this, studies have shown that the deposition of erosion resistant material is
achievable with appropriate parameter development. Couto et al. [11] were able to produce a

coating layer comprising tungsten carbide particles when deposited with a ductile metallic



binder. However, the limited deformability of the cermets restricted the build-up of a thick (>100
p1m) coating. In the study by Couto et al. [11], the metallic binder was incorporated by using an
agglomerated, sintered powder comprising tungsten carbides, cobalt and chromium. This
method of adding a binding material is limited to certain material combinations and the powders
must be produced in advance of the cold spray process. The addition of a metallic binder can
also be achieved by mixing ceramic and binder powders to the desired ratio prior to spraying. In
the current study, two independent powder feeders supplied binder and cermet/ceramic
particles simultaneously to the nozzle eliminating the need for powder premixing. This novel
approach, referred to as co-deposition, is seen as a potential method of overcoming the
inherent difficulties in building up thick (>300 pm) coatings comprising cermet or ceramic
particles.

Cold spraying adds strength to the binder material in the form of work hardening [13] and
grain refinement [14-16]. Severe plastic deformation of the impinged particles produces an
elongated grain structure within the deposited material and is accompanied by an associated
build-up of dislocations. Binder particles that suffer particularly extensive plastic deformation,
such as those that directly impact the surface of the substrate, demonstrate a finer grain
structure when compared with the feedstock material. This refinement occurs as a result of the
substantial pressures generated upon impact with the substrate causing the recrystallisation of
the elongated grains [15,17,18].

The examination of particle reinforced MMCs has been the focus of a number of studies
in recent years due to their use in the production of stiff, lightweight components [19].
Investigations have shown that the strengthening effects are linked to the pinning of matrix
dislocations by the dispersed reinforcements and is referred to as dispersion strengthening [20].
Existing studies [13,21-23] have revealed that the level of dispersion strengthening relates to
the volume fraction of reinforcements and the uniformity of particle distribution. Redsten et al.
[24] highlighted the effect of reinforcing particle size on the strengthening effects. The authors
[24] found that by reducing the particle size below 0.1 um, the level of dispersion strengthening
was increased.

The impact of these strengthening mechanisms is highly dependent on the distribution
and size of the reinforcing particles [13,20]. A study by Luo et al. [13] investigated the
contribution of the various strengthening mechanisms to the measured hardness of a cold spray
deposited pcBN/NiCrAl composite coating. Work hardening from the plastic deformation of
deposited particles was identified as the most significant mechanism followed by matrix grain

refinement and dispersion strengthening [13]. Prior publications [13,22,25] related the hardness



of MMCs to the dispersal of reinforcing particles in the matrix, with homogenous distribution of
fine particles generating superior mechanical properties (yield strength and Young’s modulus)
[23]. A number of studies have focused on the erosion performance of MMCs [26-28], the
findings of which highlight a substantial reduction in the erosion rate of alloys with the addition of
particulate reinforcements. In the investigation by Neville et al. [27], the mass loss of the particle
reinforced MMC following exposure to a slurry solution was found to be approx. 90% less than
the as-received substrate material.

Despite the positive results noted by the authors, the cold spray process presents a
number of disadvantages. The distribution of the reinforcing particles within a cold spray
deposited MMC s difficult to control and can result in regions within the matrix that do not
possess any reinforcing material [29]. Moreover, the adhesive strength between the coating and
substrate is also a potential cause of poor coating performance [30]. The application of post-
spray heat treatment is necessary to produce mechanical properties that reflect the bulk
material with the as-deposited coating having almost no ductility [31]. Cold spray is also a line-
of-sight process and hence limits its use in spraying complex geometries [2].

To mitigate the aforementioned cold spray deposition issues, friction stir processing (FSP)
has been applied to the co-deposited cold sprayed MMC coatings to refine and improve the
distribution of the reinforcing particles and to remove the defined interface between the coating
layer and substrate. FSP is a solid state surface maodification technology that makes use of a
rotating tool that is plunged into a chosen substrate and traversed along a pre-defined
processing path [32]. Contact between the shoulder of the rotating tool and the workpiece
generates significant heat and, whilst not sufficient to melt the substrate, causes a softening of
the material [33]. The rotational motion of the tool forces this softened material from the leading
edge around to the rear of the tool where it is consolidated. FSP has been shown to improve the
microstructure and mechanical properties of thermally sprayed coatings [30,34]. Morisada et al.
[34] demonstrated the ability of FSP to remove defects such as micro-cracks and porosity from
an HVOF sprayed cermet coating comprising tungsten and chromium carbides. The study [34]
also reported refinement of the carbide particles and an improved uniformity to their distribution.
As a result, the authors [34] recorded a 1.5 times increase in the hardness of the MMC post-
FSP.

There is limited research [29,30,35,36] that discusses the application of FSP to cold
spray deposited coatings. For example, Hodder et al. [29] successfully applied FSP to an as-
deposited cold sprayed coating containing Al,O3 reinforcement particles, but this was not by co-

deposition and instead made use of an Al-Al,O3; mixture. The authors discovered that the FSP



was able to refine and redistribute the reinforcement particles, however, failed to examine the
impact of this on the erosion properties of the coating. Similarly, Huang et al. [36] investigated
the effect of FSP on AAbL056 reinforced with SiC particles. The authors carried out a
comprehensive microstructural evaluation of the stirred coating and concluded that the FSP had
successfully refined the SiC particles. In addition, a preliminary wear study revealed that the
presence of reinforcement particles had led to an increase in the coefficient of friction through
the pinning effect of the distributed fine particles on the Al matrix [36].

The present study examines the effect of FSP on co-deposited MMC coatings. For the
purposes of this investigation, the combination of cold spray and FSP will be referred to as
“SprayStir’. As-deposited and SprayStirred MMCs were evaluated using light optical and
scanning electron microscopy. The micro-hardness across the width of the stir zone was
examined and compared with the as-deposited material. The erosion performance of the MMC
coatings (pre- and post-FSP) was evaluated under slurry erosive conditions and the
mechanisms causing the degradation of the coating surface identified through examination of

the resulting wear scars.

2. Methodology

2.1 Materials

Tungsten carbide (WC-CoCr), chromium carbide (Cr;C,-NiCr) and aluminium oxide
(Al,O3) reinforced MMC coatings were deposited on AA5083 substrate material. These
reinforcement particles were selected in order to provide a comprehensive analysis of materials
that are typically employed in thermal spraying processes. Specifically, WC-CoCr and Cr;C,-
NiCr are agglomerated powders that are used to produce erosion and corrosion resistant
coatings respectively. Al,O; has also been included in the study as it provides a low cost
alternative to the agglomerated powders and is traditionally difficult to deposit without a suitable
binder alloy. The three types of reinforcing particles were co-deposited with AA5083 feedstock
powder on to 6 mm thick AA5083 plates. The specific properties of the reinforcing particles are

displayed in Table 1.

Table 1. Feedstock powder properties

Coating Powder Composition  Particle Size  Average Carbide Nominal Particle
Material Identification Code  (wt.%) Range (um)  Size (um) Density (g/cms)
W - 10Co -
WC-CoCr Woka 3652 55C - 4.4Cr 15-45 1.07 5.0
. Cr - 20Ni -
Cr3C,-NiCr  Woka 7202 9 6C - 0.1Fe 11-45 3.47 2.7




Al O3 Al-1010-HP 100Al,04 31-75 N/A 1.39

SU6600 15.0kV 10.6mm x700 SE )} m SUGéOD 15.0kV 10.86mm x701 SE

(a) (b) (c)

Fig.1. Scanning electron micrographs of the feedstock powder particles [x700]. a) WC-CoCr; b) Cr3C,-
NiCr; c) Al,O3

Fig. 1 highlights the similarities between WC-CoCr and Cr;C,-NiCr particles. Both
cermet’s are spherical in shape and are similar in size (Table 1). The cermet powders are
manufactured through an agglomeration processes which combines carbide particles with a
ductile binder. In contrast, the Al,O; powder (Fig. 1c) is comprised of pure Al203 particles that

are faceted and possess no metallic binder.

2.2 Coating deposition

Co-deposition of the three reinforcing particles and binder powder was carried out using
a high pressure cold spray system (CGT GmbH Kinetiks 4000) connected to two 4000 series
powder feeders (Fig. 2).



1)

Fig. 2. Image of the cold spray apparatus. (1) Powder feeder 1; (2) Powder feeder 2; (3) Robotic arm; (4)
Cold spray gun; (5) Cold spray nozzle; (6) Specimen stage; (7) Gas heater.

In order to improve the repeatability of coating deposition, the cold spray gun was
mounted on a robotic arm. A conventional de-Laval nozzle using nitrogen at a temperature of
500°C was used to accelerate the powder particles to the necessary velocity to achieve
deposition. Following initial parameter development work, powders were co-deposited to a ratio
of 40% binder and 60% reinforcing particle (vol. %). This ratio produced a coating thickness in
the range 0.38 — 0.44 mm, following the co-deposition of three layers, (three passes of the cold
spray nozzle). All coatings were milled to a standard thickness of 0.3 mm to provide a uniform

surface for the subsequent FSP process.

2.3 FSP parameter development and setup

Suitable machine parameters were established for uncoated AA5083 substrate through
an iterative parameter development investigation. Tool design and tilt angle were kept constant
with the effect of the rotational/traverse speeds and plunge depth examined. The 3° tilt angle
was necessary to prevent chipping of the MMC coating in subsequent processing. The outcome
of the study highlighted the plunge depth as having the most significant impact on the resulting
processed zone. The parameters that produced a high quality stir zone are presented in Table
2. For the purposes of this study, high quality was identified by the presence of minimal flash
[32] and no surface voids.



Table 2. FSP parameters

Tool Tvoe Pin Length  Rotation Speed Traverse Speed  Plunge Tilt Angle
yp (mm) (RPM) (mm/min) Depth (mm) (9
H13 Concave 600 272 3.8 3

shoulder

FSP of the MMCs was performed using a TTI precision spindle friction stir
welding/processing machine (Fig. 3). The coated aluminium plates were secured to the machine
bed using a mechanical clamping system to prevent any movement of the material during
processing. The tool was manufactured from H13 grade tool steel and incorporates a 2 mm pin

with spiral features and a concave shoulder (Fig. 4). In this study, the tool rotated in a clockwise

direction.

Fig. 3. Image of the FSP equipment. (1) Control cabinet; (2) TTI FSP rig; (3) FSP tool; (4) Rotating
spindle; (5) Mobile specimen bed.

@25 1,16 34.89 , 36.40

08~

9.49fﬂil 1.4

Fig. 4. Two dimensional technical drawing of the H13 FSP tool.



The FSP process comprised of three distinct stages. First, the tool was plunged into the
aluminium plate to a depth of 1.8 mm and allowed to stabilise. Moving along a straight path, the
tool was traversed from the uncoated aluminium on to the coated section of the plate where it
continued for a total distance of 100 mm. The retraction of the tool from the plate marked the

final stage and the conclusion of the FSP process.

2.4 Evaluation methods

2.4.1 Coating characterisation

Transverse cross-sections of the stir zone were taken from the processed plate to
examine the coating microstructure before and after FSP. A precision cutting wheel (Accutom 5)
was used to section the specimens in order to eliminate any cutting damage to the MMC layer.
The surface was prepared to a 0.5 um finish using standard metallographic preparation
techniques. A macroscopic image showing a cross section view of a typical SprayStirred
specimen is displayed in Fig. 5 and depicts the various regions within the stir zone that are
discussed throughout this article. The pin region denotes the area of the stir zone through which

the tool pin traversed.

As-deposited Shoulder region i Shoulder region ' As-deposited

material retreating side . :. advancing side material

_____________________________________________________________________________________

Fig 5. Macroscopic cross section of SprayStirred MMC layer.

An Olympus G51X light optical microscope was used to examine the microstructure of the
specimens before and after FSP. The distribution of reinforcing particles within the aluminium
matrix was identified using electron micrographs produced by a Hitachi S-3700 series SEM.
Energy dispersive spectroscopy (EDS) using Oxford Instruments INCA software mapped the
positions of the constituent elements and indicated the dispersion of reinforcing particles
throughout the aluminium matrix. Image analysis software was used to quantify the reinforcing
particle content for each MMC before and after FSP. Three micrographs were examined for
each specimen to determine the average reinforcing particle content.

Micro-hardness values were measured across the width of the stir zone and in the as-
deposited MMCs. The results were analysed to determine the change in average hardness

following the application of FSP, as well as the average hardness in the regions depicted in Fig.



5. The data was collected using a Mitutoyo MVK-G1 micro-hardness tester with applied load of

100 gf. The reported hardness of each region is an average of 10 measurements.

2.4.2 Solid liguid impingement testing

The slurry erosion performance of the MMC coatings before and after FSP was
evaluated using a closed loop solid liquid impingement test rig. A schematic diagram of the
apparatus can be seen in Fig. 6. The benefits of a closed loop system include the ability to
control the sand content of the slurry, vary the velocity of the flow and modify the stand-off
distance of the impinging nozzle. These parameters have been shown in existing studies to

influence the level of damage caused to the sample [37,38].

Fig 6. Schematic diagram of recirculating liquid impingement test rig (not to scale). (1) Sample holder; (2)
Jet impingement nozzle; (3) Specimen; (4) Slurry solution; (5) Slurry tank; (6) Drainage valve; (7)

Drainage pump; (8) Recirculating pump.

The 20 mm diameter test coupons were machined from the aluminium plate and
positioned directly under the impinging nozzle. Prior to testing, all specimens were lightly
abraded using 500 grit SiC paper to produce a uniform surface finish. The slurry used in the
investigation consisted of 3.5% NaCl and FS9 grade angular silica sand with an average particle
size of 0.355 mm. The test specimens were fully immersed in the slurry solution for the duration
of the test. Following the conclusion of each test, the apparatus was flushed with fresh water to
remove any trace particles, hence ensuring consistent testing conditions for each specimen.

The experimental parameters are presented in Table 3.

Table 3. Solid liquid impingement test parameters.

10



Flow Velocity Sand Concentration Stand-off Impingement Test Duration Sample
(m/s) (g/l) Distance (mm) Angle (°) (min) Diameter (mm)

22 0.4 20 90 20 20

A mass balance (accuracy of 0.1 mg) was used to weigh the test coupons prior to and
following erosion testing. Three test replicates were measured to establish the average mass
loss. Volume loss was examined using an Alicona (Infinite Focus G4) non-contact optical
surface characterisation system. The wear scar was divided into two distinct regions (impinged
and turbulent) corresponding to the different flow characteristics over the specimen surface. The
impinged zone is classified as the surface area directly beneath the 3 mm jet nozzle and relates
to an area of 7.1 mm? The volume loss from the entire wear scar and from the impinged zone
was measured using the Alicona system. The difference between these two values represents
the volume loss from the turbulent zone.

Analysis of the wear scar surface was carried out following slurry erosion testing to
identify the underlying erosion mechanisms leading to the breakdown of the MMC coatings. The
analysis was facilitated by high magnification micrographs of the wear scar captured using the
SEM.

3. Results and Discussion

3.1 MMC coating characterisation

3.1.1 Light optical microscopy

Fig. 7 indicates the approx. location within the cold sprayed (Fig. 7a) and SprayStirred
material (Fig. 7b) from which the micrographs in Fig. 8 were captured. Micrographs of the
polished sections taken from the as-deposited and retreating side of the SprayStirred
specimens are displayed in Fig. 8. Within the stir zone, the patterns of light and dark regions
relate to the matrix and the reinforcing particles respectively.

A magnified cross section of the WC-CoCr coating is exhibited in Figure 8a. The
absence of defects is attributed to the high velocities in cold spray and to the presence of the
ductile metallic binder. Figure 8a also depicts agglomerates of WC-CoCr particles, resulting in
areas within the coating that are void of any reinforcing particles. Quantitative image analysis of
the micrographs revealed the coating to be comprised of approximately 56% (vol.%) WC-CoCr
and 44% binder. The measured value closely reflects the deposition ratio between the metallic

binder and reinforcing particles (section 2.2).
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Fig. 7. Micrographs highlighting the approx. location of images shown in Fig. 8 [x50]. a) As-deposited cold

spray coating; b) SprayStirred coating
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(e)
Fig. 8. Light optical micrographs of the MMC coatings [x500]. a) As-deposited WC-CoCr; b) as-deposited
Cr3C,-NiCr; c) as-deposited Al,Os; d) SprayStirred WC-CoCr; e) SprayStirred CrsC,-NiCr; f) SprayStirred

Al O3

13



The micrographs in Fig. 8 present highly dissimilar microstructures before and after FSP.
Fig. 8a and Fig. 8b illustrate the WC-CoCr reinforced MMC in the as-deposited and SprayStirred
conditions respectively. Fig. 8b exhibits significant refinement of the WC-CoCr particles, with the
agglomerates observed in the as-deposited condition dispersed by the FSP. This refinement is
attributed to the shear forces that are exerted by the tool as it stirs the plasticised material
[39,40]. During FSP, the agglomerates are deformed beyond the elastic limit of their respective
binder alloys resulting in the dispersal of the individual carbides throughout the matrix.
However, some particles can be observed at sizes of approx. 20 pum, thereby showing that not
all of the as-deposited powder has been broken down by the FSP. In existing studies [41,42],
the level of refinement has been shown to increase with the number of FSP passes. Therefore,
it is expected that additional FSP passes through the MMC would distribute any traces of the
as-deposited reinforcing particles to a greater extent.

The same mechanism is present in both the Cr;C,-NiCr (Fig. 8d) and Al,O; (Fig. 8f)
reinforced MMCs which also demonstrate substantial particle refinement after FSP. The large
Al,O3 particles observed in Fig. 8c have been broken down and dispersed throughout the matrix
by the rotating motion of the FSP tool. This has resulted in a more homogenous distribution of
reinforcements when compared to the as-deposited coating (Fig. 8c). Fig. 8e reveals increased
particle refinement along the top of the image corresponding to the region that is exposed to the
greatest temperatures and forces from the tool shoulder [13]. The effects are also apparent in
WC-CoCr and Al,O3; coatings with both depicting a greater level of refinement towards the top

surface. This feature is highlighted in Fig. 9.

J o 4
1 ]

s I T T T T 1 500 um

Fig 9. Variation in particle refinement through the depth of the SprayStirred MMC.
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3.1.2 Scanning electron microscopy

The particle distribution before and after FSP is exhibited in the EDS image maps
depicted in Fig. 10.

100pm L Mix¢

(c (d

Fig 10. EDS mapping showing distribution of reinforcing particles [x500]. a) As-deposited WC-CoCr, b)
Spraystirred WC-CoCr, c) As-deposited Cr_C_-NiCr, d) SprayStirred Cr_C_-NiCr.

Fiedler et al. [43] noted that micro-reinforcement mechanisms occur as a result of
improved dispersion and reduced agglomerations. As demonstrated in Fig. 10, this has been
accomplished through the use of FSP on the co-deposited MMCs. The wt.% of the various
elements within the MMC coating was also analysed using EDS software and is displayed in
Table 4. The results highlight a significant quantity of reinforcement material in the as-deposited
coating and therefore validates the findings from the optical microscopy. The values contained
in Table 4 also reveal a drop in the quantity of reinforcement on the advancing side of the stir

15



zone. This is accompanied by a corresponding rise in the quantity of reinforcement on the

retreating side of the stir zone. This outcome is attributed to the tool design used in the study

and specifically to the threaded probe of the tool.

Table 4. EDS elemental analysis (wt.%)

Mg Al Cr Ni Co W 0]

ps-Deposited wc-cO§r 151 3222 254 554 58.19

CrsCo-NiCr  2.06 39.52 4292 1551

Al,O5 2.60 86.06 11.35
SprayStired WC-CoCr  0.83 19.35 3.29 7.68 68.85
(Retreating)  Cr,C,-NiCr 2.09 39.82 41.85 16.23

Al,O5 2.56 86.48 10.96
SprayStired ~ WC-CoCr  1.54 33.79 2.78 5.95 55.95
(Advancing)  Cr,C,-NiCr 2.23 49.51 36.34 11.92

Al,O5 2.84 90.4 6.67

3.1.3 Micro-hardness

The micro-hardness distribution across the width of the stir zone and the average micro-

hardness of the substrate (pre- and post-FSP) is presented in Fig. 11.
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The broad scatter of results in Fig. 11 occurs as a result of indentations made on either a
hard carbide particle or on the softer ductile matrix. The results show that FSP has little effect
on the average hardness of the substrate (no reinforcing particles). This is an unexpected
outcome considering that a number of authors state that an increase in micro-hardness is one of
the primary benefits of FSP [44,45]. The lack of any hardness increase identified in the present
study has also been reported by Chen et al. [46] whilst investigating the effect of FSP on the
mechanical properties of AA5083.

Analysis of the SprayStirred specimens reveals a noticeable drop in the micro-hardness
towards the centre of the stir zone. Optical micrographs of the hardness indents can be seen in
Fig. 12 and show the proximity and quantity of reinforcing particles in each region within the stir
zone. Analysis of the region that the pin traverses through highlights a lack of reinforcing
particles. The minimal presence of reinforcements in this region is attributed to the pin forcing

particles from the surface towards the base of the stir zone; this phenomenon can be seen in
Fig. 13.

Fig. 12 Hardness indents showing the level of surrounding WC-CoCr particles [x500]. a) As-deposited; b)
Retreating side; ¢) Pin location; d) advancing side.

100 pum

—
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Fig 13. Light optical micrograph showing reinforcing particles being pulled down from the surface [x50].

The greatest hardness values were measured on the retreating side of the stir zone. On
this side, the WC-CoCr and CrsC,-NiCr reinforced coatings exhibited an average hardness
increase of approx. 540% and 495% respectively over the as-received substrate. The addition
of Al,O3 particles has resulted in a comparatively lower hardness increase to the MMC of 103%.
This is attributed to a lower quantity of reinforcing particles in the MMC and the increased
distance between neighbouring particles (see section 3.1.4). The superior hardness found on
the retreating side of the stir zone corresponds to a reduction in the interparticle spacing of the
WC-CoCr material after FSP (Table 4). These results demonstrate the impact of tool design on
the distribution of reinforcing particles. The tool design in the current study has resulted in
greater quantities of reinforcing particles being transported to the retreating side as opposed to
being evenly distributed across the top surface of the coating layer. This outcome aligns with the
results of the EDS analysis.

3.1.4 Interparticle spacing

There have been a number of studies [22,25] that relate the hardness of an MMC to the
distribution of reinforcements, specifically to the spacing between particles (interparticle
spacing) within the MMC. Whilst not directly measuring hardness, Kouzeli et al. [47] developed
a method to quantify this by superimposing a number of lines with known length on a
micrograph of the MMC. The number of particle intercepts with the lines and the volume fraction
of reinforcing particles was used to calculate the average interparticle distance [47]. Despite
providing a good indication of the spacing between adjacent particles, this method fails to
account for particle agglomeration and dispersal quality. As such, this method does not allow
direct comparisons to be made between MMCs containing evenly dispersed and agglomerated
reinforcing particles.

To address this, several authors [48-50] have investigated the generation of statistical
models that are capable of quantifying the level of dispersion in MMCs. Khare & Burris [48]
developed a method that measures the free-space length which is defined as the width of the
largest randomly placed square for which the average number of intersecting particles is zero.
The presence of particle agglomerates is accounted for by measuring the largest free-space
length. Hence, Khare and Burris’ method [48] was applied to highlight the variation in
interparticle spacing between the as-deposited and SprayStirred MMCs. The results are offered
in Table 5.

Table 5. Interparticle distance
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Coating WC-CoCr CrzCo-NiCr  AlL,O4

Interparticle distance (um)

(as-deposited) 11.5 15.3 13.1
Interparticle distance (um)

(SpraysStirred) 3.7 58 8.6
Reduction in interparticle 68 60 34

distance (%)

The results indicate a 68% and 75% decrease in the average interparticle spacing in the
WC-CoCr and CrsC,-NiCr coatings following FSP. SprayStirred Al,O; resulted in a smaller
decline in interparticle distance of 34%. The decrease in the level of refinement experienced by
the Al,O; particles, as compared with the tungsten and chromium based reinforcements, is
primarily attributed to the morphology of the oxide particles. The Al,O; powder is comprised of
solid particles without ductile binder whereas the cermet powders are agglomerates of smaller
carbides retained by a binding alloy that can be refined to a greater extent by the stirring motion
of the FSP tool. Despite the variation in the level of reduction experienced by each coating, the
results highlight the beneficial effects of FSP by showing a reduction in the interparticle spacing
for all SprayStirred coatings.

3.2 Solid liquid impingement erosion study

3.2.1 Mass loss

Fig. 14 displays the influence of FSP on the mass loss experienced by the three particle
reinforced MMCs and the as-received AA5083 substrate material. The results demonstrate a
reduction in the mass loss of the MMC coatings after FSP. However, the erosion performance of
the uncoated substrate exhibits no measurable decline in the mass loss experienced following
FSP. This outcome highlights a correlation between the recorded micro-hardness values which
also revealed no change between the pre- and post-FSP conditions. The link between hardness
and erosion performance has been reported in prior publications, all of which examined the
erosion performance of thermal spray coatings when exposed to a slurry test environment
[51,52]. The WC-CoCr reinforced MMC has shown a reduction in mass loss of approx. 75%.
This drop constitutes the greatest improvement in erosion performance following FSP out of all
the examined coatings and is attributed to the dispersal of the large WC-CoCr agglomerates
and a subsequent reduction in the interparticle spacing.

Due to the highly dissimilar densities (Table 1) of the three types of powder particles, the
mass loss data cannot be used to carry out a comparative analysis between the three coatings’

erosion performance. To enable a comparative analysis of the three coatings, the volume loss
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within the wear scar was measured using an Alicona non-contact surface characterisation

system.
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Fig. 14. Mass loss of the MMC coatings pre- and post-FSP.

3.2.2 Volume loss

The volume loss in the direct and turbulent regions of the wear scar was measured
independently to investigate the contribution of each region to the total volume loss. The
corresponding data can be seen in Fig. 15. The Al,O; reinforced MMC has experienced the
greatest improvement in erosion performance post-FSP, recording a 36% decrease in the total
volume loss. The direct and turbulent zones exhibited a drop in volume loss of 33% and 43%
respectively. The significant improvement in erosion performance is attributed to the level of
refinement of the oxide particles and associated drop in the interparticle spacing (Table 5).

In the pre- and post-FSP conditions, the uncoated AA5083 material has resulted in
similar levels of volume loss. This is an unexpected outcome considering that a number of
authors [53,54] report an improvement to the erosion performance of the alloy post-FSP.
However, the volumetric results do align with the outcome of the micro-hardness analysis, which
also demonstrated no change in hardness before and after FSP [51,52]. The volume loss
measured in the turbulent zone is less than the direct zone in all of the examined MMC
coatings. Contrarily, the primary contributor to the volume loss experienced by the uncoated
specimen is material loss from the turbulent region. This outcome is related to the greater
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hardness of the MMCs which resist the sand particles scoring across the surface. The variation
in wear mechanisms will be expanded on in section 3.2.3.

Prior to FSP, the WC-CoCr and Al,Os;-based MMCs have resulted in similar levels of
volume loss. This corresponds to the large Al,O; oxides behaving similarly to the WC-CoCr
agglomerates (which act as large particles). Post-FSP, the volume loss experienced by the
Al,O3 coatings is reduced, however, the drop in volume loss experienced by the WC-CoCr is
even higher. Whilst the Al,O3 particles are substantially refined post-FSP, the particles are still
larger than the carbides in the WC-CoCr MMC (Table 1). Consequently, the greater erosion
performance of the SprayStirred WC-CoCr MMC aligns with the presence of fine reinforcements
and reduced interparticle spacing.

The SprayStirred Al,O; MMC has experienced lower volume loss than the Cr;C,-NiCr
coating despite the greater interparticle distance between reinforcements. Thus, the interparticle
spacing is not the only parameter that governs the erosion performance of the MMC. The
hardness and toughness of the reinforcing particles must be sufficient to oppose the impacting
silicon carbide particles without cracking. The significant refinement of the oxide particles by the
FSP has increased the number of particles that are less than 1 um and as such, the Al,O;
reinforced MMC benefits from increased dispersion strengthening [20], resulting in lower volume

loss.
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Fig. 15. Volume loss in the direct and turbulent regions of the wear scar.

3.2.3 Wear scar analysis

As discussed in section 3.2.2, the erosion mechanisms that act upon the surface of the
specimens differ depending on the properties of the particular coating. SEM micrographs of the
impinged regions (Fig. 16) were examined to identify the specific mechanisms acting on the
MMC coatings and the uncoated AA5083 material.

)
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() (d)

Fig. 16. Scanning electron micrographs of the wear scar. a) Uncoated [x2500]; b) WC-CoCr [x3000]; c)
WC-CoCr [x8000]; d) CrzC,-NiCr [x1500]

Fig. 16a exhibits substantial scoring and lip formation within the impinged zone on the
uncoated AA5083 substrate. Directionality and parallel scratch patterns are also evident from
the image (Fig. 16a). This scar pattern is consistent with the erosion of ductile materials as
noted by Finnie [55]. The primary mechanisms causing material loss, as identified by previous
research [56,57], can be attributed to cutting and scoring of the ductile matrix. Repeated impact
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leads to the formation of lips (Fig. 16a). Continued exposure to the high velocity jet causes the
removal of these lips resulting in an associated volume loss.

The impinged region of the WC-CoCr reinforced SprayStirred coating is presented in
Fig. 16b and reveals a significant quantity of tungsten carbides exposed to the impinging slurry.
To generate this feature on the surface of the specimen, the slurry has removed the soft, ductile
matrix that surrounds the carbides. Without this retaining matrix, continued exposure to the
impinging jet causes the carbides to be pulled from the surface. Furthermore, an electron
micrograph depicting a region of matrix alloy within the SprayStirred MMC (Fig. 16c¢) exhibits
signs of ploughing that are consistent with ductile material removal. This feature is commonly
referred to in the published literature and is reported as the primary erosion mechanism for
particle reinforced alloys [26,52,58,59]. However, the exposure of carbides does highlight their
uniform distribution in the MMC. In this case, the quantity of material removed is decreased as a
result of less ductile matrix exposed to the impinging slurry.

Evidence of the same mechanism was found in the Cr;C,-NiCr coating, as demonstrated
by the exposed carbides shown in Fig. 16d. The level of damage experienced by this coating is
attributed to the greater interparticle spacing and the lower hardness of the chromium carbides
(as compared with WC-CoCr). The increased distance between neighbouring particles has led
to a greater surface area of matrix being exposed to the impinging slurry, while the hardness of
the chromium carbides is not sufficient to resist the impacting silicon carbides which have

caused cracking in the wear scar (Fig. 16d).

4. Conclusions

WC-CoCr, Cri;C,-NiCr and Al,O3; powders have successfully been co-deposited with a
metallic binder to produce particle reinforced MMC coatings. These coatings have subsequently
been subjected to FSP, the aim of which was to improve the distribution of reinforcing particles
within the MMC matrix. Coatings in the as-deposited and SprayStirred conditions were
examined under solid liquid impingement test conditions. The mass and volume loss of each
specimen was measured to quantify any change to the erosion performance of the MMC post-
FSP. The following conclusions can be drawn from this body of work.

e The shear forces generated by the FSP tool have resulted in substantial refinement of
the reinforcing particles. Micrographs revealed that the particles have been evenly
dispersed throughout the MMC matrix. Moreover, the WC-CoCr agglomerates present in

the as-deposited condition have been dispersed by the FSP.
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The reduction in interparticle spacing post-FSP has been quantified for each reinforcing
particle using a statistical analysis approach. Results revealed that FSP has been
successful in reducing the average interparticle distance of all three coatings, with the
WC-CoCr reinforced MMC exhibiting a reduction of 65%.

In the case of the WC-CoCr reinforced MMC, FSP has resulted in approx. 120%
increase in the average hardness over the as-deposited MMC. This increase is
attributed to the particle refinement and reduction in the interparticle distance of the
reinforcements.

The tool geometry employed in this study has led to a build-up of reinforcing particles on
the retreating side of the stir zone. This has prevented an even distribution of reinforcing
particles across the top surface of the substrate. As a consequence of the 2 mm pin, the
reinforcing particles have been pushed towards the base of the stir zone thus resulting in
a region that is void of any reinforcing particles in the centre of the processed zone.
Hence, the centre of the stir zone demonstrates only minor hardness increase over the
as-received substrate.

The hardness of the MMC coatings is highly dependent on the quantity of reinforcing
particles in the surrounding matrix which limits the deformation of the ductile matrix alloy.
The measured hardness values correlate with the interparticle distance, with coatings
recording the highest hardness (WC-CoCr) also presenting the smallest interparticle
distance.

Volumetric analysis of as-deposited and SprayStirred coatings following solid liquid
impingement testing has highlighted the improved performance of the SprayStirred MMC
coatings under slurry erosion conditions. The findings of this study attribute the poor
performance of the as-deposited MMC coatings to agglomeration of reinforcing particles
within the matrix. The FSP process has been shown to effectively break-up and disperse
the agglomerates resulting in a homogenous distribution of particle reinforcements.
Al,O3 exhibited the greatest improvement in erosion performance following FSP with the
volume loss decreasing by approx. 40%. Despite this, WC-CoCr recorded the lowest
volume loss out of all the examined coatings. The superior erosion properties of this
MMC are attributed to the uniform distribution of fine reinforcing particles.

The primary wear mechanisms operating within the MMC coatings have been evaluated
through examination of the impinged regions. The findings highlight damage to the softer
matrix alloy in the form of ploughing which subsequently exposes carbide/oxide particles

to the impinging slurry. The SprayStirred surfaces presented a reduction in the
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interparticle spacing, hence less of the matrix alloy was exposed to the impinging slurry.
Consequently, the volume loss is lower in the SprayStirred specimens when compared

with the corresponding as-deposited coatings.
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