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Abstract Diamond-reinforced metal matrix composites
(DMMC) prepared by cold spray are emerging materials
simultaneously featuring outstanding thermal conductivity
and wear resistance. In our paper, their mechanical and
fatigue properties relevant to perspective engineering
applications were investigated using miniature bending
specimens. Two different diamond mass concentrations (20
and 50%) embedded in two metal matrices (Al—Ilighter
than diamond, Cu—heavier than diamond) were compared
with the respective cold-sprayed pure metals, as well as
bulk Al and Cu references. The pure Al, Cu coatings
showed properties typical for cold spray deposits, i.e.,
decreased elastic moduli (50 GPa for Al, 80 GPa for Cu),
limited ductility (< 1 x 107°) and low fracture toughness
(3.8 MPa-m®’ for Al, 5.6 MPa-m®> for Cu) when com-
pared to the bulks. Significantly improved properties (strain
at fracture, ultimate strength, fatigue crack growth resis-
tance, fracture toughness) were then observed for the
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produced DMMC. The improvement can be explained by a
combination of two factors: changes in the properties of the
metallic matrix triggered by the reinforcement particles
peening effect and stress redistribution due to the particles
presence.
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Introduction

Diamond-based metal matrix composites (DMMC) com-
bine load-bearing properties of a ductile metal matrix with
the high hardness and thermal conductivity of the diamond
reinforcement. It is therefore not surprising that DMMC
and their properties have been extensively studied,
including different manufacturing processes or the effect of
the diamond content. For example, the review (Ref 1)
shows that Cu—diamond composite with 50% diamond by
volume can reach the thermal conductivity of 800 W/
(m-K). According to the Maxwell model, this is twice as
much as pure Cu. Another example is the Cu-based
DMMC studied in (Ref 2), which showed pin-on-disk wear
resistances ranging from 1.1 x 107 °to 1.4 x 10"® mm*N.
Again, compared to pure copper (wear rate of
3 x 107? mm?/N), this is an improvement by three orders
of magnitude. Needless to say, these attractive properties
predetermine DMMC use, e.g., for superior thermally
conducting abrasives (i.e., materials that can absorb the
friction-generated heat easily) or electrical contacts. For
such applications, good mechanical and fracture properties
are required. For DMMC, these are defined by the quality
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of the matrix and the reinforcement particles, as well as the
matrix—particle interfaces.

There are several DMMC production routes, including
sintering techniques (Ref 3), pressure infiltration (Ref 4)
and spray techniques (Ref 5). The former two methods are
widely used, but require high-temperature processing,
which may lead to high residual thermal stress develop-
ment and also require additional care to avoid diamond
graphitization (Ref 6). Typically, around 600°C and
800-1000°C are necessary for Al and Cu sintering, and
even higher temperatures are needed for the infiltration-
based techniques which require a full melting of the matrix
material. The typical properties of DMMC prepared by
these standard methods are reviewed in (Ref 7). In that
paper, the fracture toughness and ultimate strength of
particle-reinforced aluminum alloys were observed to
increase together with the particle content (while, at the
same time, the ductility decreased). Generally, the sintering
and infiltration methods can generate high-quality DMMC,
but are somehow limited when it comes to joining the
DMMC with an underlying support material. Unfortu-
nately, this is a critical quality for a number of targeted
applications, as a good adherence to the support material
would enable a cost-effective solution of covering only the
abrasively loaded area with the relatively expensive
DMMC. This opens up the potential for the spray tech-
niques. From the available coating methods, oxy-acetylene
and HVOF (Ref 5), as well as cold spray (CS) (see (Ref 8)
and (Ref 2)) were studied. Cold spray can deposit DMMC
without exposing the materials to high temperatures,
thereby avoiding the graphitization as indicated in our
previous study (Ref 2), tensile residual stresses develop-
ment (Ref 9) and limiting several other drawbacks inher-
ently associated with the high-temperature methods. The
difficulty here lies in the fact that diamond-based coatings
are not easily deposited due to the low deposition effi-
ciency of the brittle diamond particles (Ref 8). However,
recent studies showed that cladding of the individual dia-
mond particles resolves this problem and also prevents the
diamond phase fragmentation (see (Ref 2) and (Ref 10)),
thereby enabling production of thick, high diamond content
coatings. At the same time, the observed strength and
density of the cold-sprayed DMMC are relatively high (Ref
10), suggesting good engineering properties of the
material.

The cold spray technique differs significantly from the
other discussed manufacturing routes, introducing a sig-
nificant plastic deformation to the matrix material and
putting the reinforcement particles under high dynamical
loading upon their impact. As a consequence, the rein-
forcement mechanisms known in conventional MMC (Ref
11), i.e., micro-mechanical matrix strengthening or stress
redistribution into the reinforcement particles, may be
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limited for the CS route. At the same time, other mecha-
nisms not commonly encountered may be active, such as
the peening effect of diamond reinforcement.

Typically, the matrix strengthening observed in con-
ventionally manufactured MMCs is caused by a formation
of substructure, grain refinement or dislocation density
increase. These mechanisms are triggered by dislocation
activity driven by externally imposed stresses and ampli-
fied by the presence of reinforcement particles (Ref 11). In
the heavily deformed cold spray materials though, the
dislocation mobility is already limited by splat interfaces
with high dislocation density formed by plastic deforma-
tion at the impact. Therefore, further strengthening of a
cold-sprayed matrix by the described mechanisms will be
limited (with the exception of materials that anneal upon
their deposition, as commonly observed for, e.g., Al
deposits). In our study, the strengthening mechanisms are
not studied separately and are considered to be one of the
possible causes of matrix property changes.

Aside from stimulating the strengthening micro-mech-
anisms, the reinforcement particles can also influence the
DMMC stress—strain behavior by carrying a significant part
of the imposed load due to their high stiffness. This effect
is well described by the Eschelby equivalent inclusion
approach-based methods (Ref 12) or by FEM modeling
using special element types (Ref 13). It is shown that when
the reinforcement—matrix interface bond strength is suffi-
cient, a significant strength enhancement can be achieved.
In cold spray, the inter-splat bonding quality generally
predetermines the material strength and ductility, as it
generally represents the weakest part of the material. In an
approximation, the inter-splat interface can be considered a
combined metallurgical-geometrical joint of two highly
deformed splat boundaries. Naturally, its strength will
differ for the case when one of the splats is the reinforce-
ment particle. Indeed, as already concluded in the previous
work (Ref 10), the reinforcement—matrix interface repre-
sents a weak link in the cold-sprayed DMMC, a factor that
will significantly limit the stress redistribution.

With the uncertainty about the mechanisms that govern
the influence of the diamond phase in CS in mind, our
paper tries to explore the relevant properties of the cold-
sprayed DMMC. We studied the relation between the
architecture of the composite deposits, their engineering
properties and the associated failure mechanisms. Double-
clad diamond particles were sprayed together with two
metallic matrices: lighter and more compliant Al matrix,
and heavier and stiffer Cu matrix. Al and Cu were selected
owing to their high thermal conductivity and significantly
different densities and stiffnesses. This approach enabled to
observe the effect of the reinforcement-to-matrix density or
stiffness ratio: higher stiffness or density of the reinforce-
ment causes higher impact stresses and induces more
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prominent matrix property changes around the impact
position (Ref 14). Based on the results of (Ref 2) and with
the intended grinding and cutting application in mind, two
different diamond concentrations (20 and 50% by weight)
were tested for each matrix, in order to study the effect of
diamond content.

Characterization of basic stress—strain properties, frac-
ture mechanics, as well as fatigue properties of the deposits
was performed for all combinations of the matrix material
and diamond concentration. All testing methods were
performed on self-standing deposit material, therefore the
effects of substrate material and substrate—deposit interface
on tested properties were avoided. It was shown that the
presence of diamond particles improves most of the
investigated mechanical properties when compared to the
corresponding cold-sprayed pure metals. To evaluate the
effect of the individual mechanisms that form the proper-
ties of DMMC, the local matrix properties such as residual
stress, hardness and modulus were investigated as well as
failure mode of both the reinforcement particles and
matrix. The results were compared with pure metal
deposits sprayed with the same deposition system, as well
as a high-pressure commercial one.

Materials and Methods

The feedstock powders consisted of a mechanical mixture
of either Al (—58 + 15 pm, Valimet, USA) or Cu
(=38 + 15 pm, Safina, Czech Republic) powders with a
double-clad diamond powder. The cladded particles
(=53 + 45 pm, PDA C50, Element-Six, Ireland) consisted
of a diamond core, a thin Ni interlayer and a Cu shell. The
total cladding-to-diamond weight ratio was approximately
1:1, corresponding to a combined cladding layer thickness
of 2-5 pum. The densities of all materials are summarized
in Table 1. Aside from the two pure metals used as a ref-
erence (denoted as Al100, Cul00), four composites con-
taining 20 and 50 wt.% of the clad diamond particles in the
feedstock powder were sprayed (denoted as Al80, Cu80,
and Al50, Cu50). The coatings were deposited by an in-
house developed cold spray system (Trinity College
Dublin, Ireland). The system consists of a gas heater,
powder feeder, CNC working platform for controlling the

substrate movement, de Laval nozzle and a computer
control system. High-pressure He gas was used for spray-
ing. The spray nozzle had a throat diameter and an exit
diameter of 2 and 6 mm, respectively, with a total length of
210 mm. The used deposition parameters listed in Table 2
were reproduced from the previous study (Ref 2). Graphite-
free coatings were obtained, as evidenced by x-ray analysis
in that paper. At the same time, the deposition efficiency of
the double-clad diamond particles was comparable with
that of the pure Cu powder as indicated by EDX compo-
sitional analysis in (Ref 2). The deposition was performed
on 60 x 40 x 3 mm® aluminum alloy substrates and the
coating thickness was around 5 mm. Another two pure
metal deposits denoted as A1100” and Cul00" deposited by
a high-pressure commercial system in our previous work
(Ref 15) (ISS 5/11, OUT1 nozzle, nitrogen process gas;
Impact Innovations, GmbH., Germany) were also tested in
this paper to understand the obtained results in a broader
context.

The coatings microstructure was studied in an electron
channeling contrast mode (ECCI) using JEOL JSM-
IT500HR (JEOL, Osaka, Japan) field emission SEM. The
pure metal specimens were ground and polished by con-
ventional metallography techniques, while the samples
containing diamonds were polished using colloidal silica
on hard napless cloth for 30 minutes, cleaning the speci-
men and the cloth every 5 minutes. The final polishing step
was performed using colloidal silica vibratory polishing for
4 hours (Vibromet, Buehler, Lake Bluff, USA) to reveal
fine microstructure details and enable electron channeling
contrast imaging.

Density was measured using Archimedes method using
ABT-AO01 kit and ABT-NM analytical scale (Kern & Sohn
GmbH, Balingen, Germany). Universal rectangular bar
specimens were used for the measurement. Both open and
closed porosity was considered when evaluating the
measurements.

Hardness (H;7) and elastic modulus (E;7) of the matrix
were measured by an instrumented indentation technique
according to ISO 14577 standard. The tests were carried
out using MHT microhardness tester (Anton Paar GmbH,
Graz, Austria) equipped with Vickers diamond indenter.
The indentation cycle consisted of loading to a maximum
force, dwell and unloading, lasting for 30 s, 10 s and 30 s,

Table 1 Properties of the - 3 0.5
materials relevant to this study Material p (kg/m") E (GPa) R (MPa) A (%) Kic (MPa-m™)
compiled from [39, 40] and Diamond 3510 1050 ‘ 47-14
[19]. The clad diamond density .
was calculated assuming a 1:1 Clad diamond 5000
diamond-to-cladding weight Ni 8902 210 3610-660 25-45 194.1
ratio Al 2700 69 55-160 9-55 .

Cu 8960 110 216-448 13-45 134.5
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Table 2 Deposition parameters of the investigated cold-sprayed DMMC coatings and coatings A1100” and Cul00" sprayed by a high-pressure

commercial system

Deposit Gas pressure (MPa) Gas temperature (°C) Standoff distance (mm) Torch traversal speed (mm/s)
Al-based coatings 3.0 400 35 50

Cu-based coatings 3.0 600 35 50

A1100” 5.0 500 30 500

Cul00" 3.8 450 30 500

respectively. The maximum load-force was set to 0.5 N in
order to keep the indent diagonal below 50 pm. The
indents were typically placed into the largest reinforce-
ment-free areas of the specimen to avoid indenter contact
with a diamond particle. At the same time, the mean free
path between the reinforcement was typically around
100 pm (see Fig. 3). Consequently, the ratio of the indent
size to the mean free path limits the potential influence of
reinforcement particles on the measured matrix indentation
properties. At the same time, even the smallest indents with
25 pum diagonal allowed to measure across several splats,
comprehending the effect of inter-splat interfaces. Ten
indents were performed and statistically processed for each
material. All hardness values that were prominent outliers
were removed as the influence of hidden reinforcement
particles was suspected.

The elastic constants of the deposits were determined by
resonant ultrasound spectroscopy (RUS). RUS is a well-
established technique for investigation of elastic properties
of solids based on the inversion of natural frequencies of
free elastic vibrations of small, simple-shaped specimens
(Ref 16). Small prismatic samples (approximately
1 x 1 x 1 mm?®) were cut from each deposit. A fully non-
contact setup described in detail in (Ref 17) was used. The
sample was placed in an evacuated chamber with low
nitrogen pressure (20 mbar) which enabled precise tem-
perature control (& 0.1 °C) of the measured sample.
Vibrations of very small strain amplitude in the order 10~°
were excited at the bottom face of the sample by infrared
Nd:YAG laser (Quantel ULTRA, nominal wavelength
1.064 um, pulse duration 8 ns). The upper face of the
sample was scanned by a scanning laser vibrometer (MSA-
500) to obtain frequencies and modal shapes of individual
resonant modes. Resonant spectra of the free vibrating
samples were recorded in frequency range 0.1-1 MHz,
which covered the first 40 resonant peaks. These resonant
frequencies together with the velocities of longitudinal
waves in direction perpendicular to sample faces were
involved in an inverse procedure to determine the elastic
constants. A transversely isotropic material symmetry
described by five independent elastic coefficients (¢, ¢y,
C13, C33 and c44 in Voight’s notation) was assumed. The
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out-of-plane elastic modulus in spray direction Eg and in-
plane modulus E; 1 was calculated from c¢; using simple
algebraic relations (see, e.g., (Ref 18)).

All mechanical testing of the deposits, i.e., stress—strain
measurements, fatigue crack growth rate tests, as well as
fracture toughness measurements used a unified rectangular
specimen geometry of 3 x 4 x 32 mm?® described in (Ref
19). The specimens were cut from the coatings using
electric discharge machining. In total, five specimens were
cut for each combination of matrix and diamond concen-
tration. This allowed test replication for fatigue crack
growth rate tests and fracture toughness tests, while a
single specimen was used for the stress—strain testing
where the lowest variability was expected. The specimen
orientation denoted as L-T (analogous nomenclature to
ASTM E399 standard) shown in Fig. 1 was used. This
means that the T direction defines the crack propagation
direction for fatigue and fracture toughness specimens, as
well as the load line direction for bending stress—strain and
fracture toughness specimens. The crack plane was always
perpendicular to the longitudinal direction L of the spray
pattern.

The stress—strain properties in both tension and com-
pression were obtained from bending tests following the
method of Herbert (Ref 20) and the setup described in (Ref

Fig. 1 Schematic drawing of the cold-sprayed deposit and defined
orientations. Only specimens denoted L-T are investigated in this

paper
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15). The method uses a four-point bending fixture (4PB)
with an outer span L = 27 mm and an inner span [ = L/2.
A crosshead speed of u = 1x 10 m/s was used. The acting
force was measured by a 1 kN-force transducer and the
deformation at the upper and lower specimens’ surfaces
was recorded by digital image correlation (DIC) method
using ncorr software (Ref 21). Blackfly 5-megapixel
monochrome camera (FLIR Systems, Wilsonville, USA)
equipped with in-line illuminated telecentric lens of
I xmagnification (Edmund Optics, Barrington, NJ, USA)
was used. The polished and etched specimen faces illu-
minated in a bright-field lighting mode provided good DIC
texture and sufficient brightness. Incremental DIC was
used to enable tracking of large deformation of the speci-
mens. Circular subsets of 60-pixel diameter spaced at 5
pixels were used to compute the full displacement field of
the specimen. The displacement field was then fitted with
the displacement formula for pure bending, and the surface
deformations ¢, ¢. on the tension and compression sides
were extracted. The corresponding stresses were computed
by the following formula presented by Mayville and Finnie
(Ref 22):

dM (e, + &) + 2M(de, + de,)
bh*de,

Oy = (Eq 1)
where M is applied bending moment, b and / represent
specimen thickness and width, and the suffix o stands for
either ¢ (for compression stress) or ¢ (for tensile stress).
The letter d is a differential operator and the numerical
differentiation was performed using a four-point central
difference formula. Apart from the tension and compres-
sion stress—strain curves o;(g) and o.(e.) the standard
bending stress—strain curve o(¢) assuming equal behavior
in tension and compression (& = &) was also computed to
be used for the evaluation of standard bending modulus E.

The fatigue crack growth rate measurement was based
on ASTM E647 standard. Resonance technique was used to
excite the specimen vibration at stress ratio R ~ -1 and
loading frequency in the range 120-200 Hz. The speci-
mens were loaded in pure bending and the actual crack
length was obtained using a differential compliance
method. The details of the technique are given in (Ref 23).
A straight notch of approximately 0.5 mm length was pre-
cut to the specimens using a low-speed diamond saw. The
experiment was performed in a rate-control mode, where
the crack growth rate da/dN is prescribed as a function of
crack length a and the load is adjusted by the control loop
accordingly. That said, the nominal load varies throughout
the experiment, typically ranging from 20 MPa for pure Al
to 50 MPa for Cu-based DMMC. The crack was first grown
to a crack length @ = 1.1 mm at a crack growth rate
decreasing from da/dN ~ 107° m to da/
dN ~ 5 x 107" m/cycle. The da/dN vs. K curve was then

measured with da/dN increasing exponentially from da/
dN ~ 5 x 107" m/cycle to da/dN ~ 1 x 10~° m/cycle.

The fracture toughness measurement on fatigue pre-
cracked specimens followed the ASTM E1820 standard.
The pre-cracking was performed at a crack growth rate of
da/dN ~ 107° m. The crack length and crack opening
displacement (COD) was evaluated from the displacement
field obtained by digital image correlation (DIC) by a
method described in (Ref 15). The DIC approach further
simplifies the COD measurement and makes it more robust
compared to video-extensometer-based measurement used
in (Ref 24). Using the DIC data to directly evaluate the J-
integral by a method similar to (Ref 25) and (Ref 26) would
be even simpler. However, this approach was unsuccessful
in our study due to the local out-of-plane movement of the
specimen surface near the crack tip that would require a 3D
DIC system. The detailed description of the used fracture
toughness measurement can be found in (Ref 15). Note that
the other DIC-based measurements in this paper were
performed at significantly lower specimen deformation,
and a significantly smaller effect of out-of-plane displace-
ments could therefore be expected. The critical value J;¢
corresponding to J-integral at the onset of a stable crack
growth was estimated from the R-curves describing the
dependence of J-integral on crack extension Aa from
fatigue pre-crack. The J-integral was converted to the
fracture toughness using the plane stress formula
Kic = VEc.

Fractography was performed in both secondary electron
and backscattered electron modes using JSM5500 field
emission SEM (JEOL, Osaka, Japan). In order to investi-
gate the failure mode of reinforcement particles, several
pairs of backscattered SEM micrographs corresponding to
opposing fracture surfaces were compared. For each of the
used loading modes, i.e., near-threshold fatigue, Paris
regime and final static fracture, three areas were observed.
The images were manually aligned and the occurrence of
reinforcement particles on the opposing fracture faces was
analyzed based on their contrast. Over 2000 reinforcement
particles were analyzed in total.

The X’Pert PRO MPD (Malvern Panalytical, Malvern,
UK) diffractometer was used to measure the Al, Cu matrix
strain in the L-direction (Fig. 1) for the pure metal deposits
as well as the DMMC variants. The measurement was
performed on finely polished surfaces of the self-standing
universal specimens using Cr and Mn radiation with the
average effective penetration depths 5—11 pm and 3-5 pm,
respectively. Diffraction angles 20" were taken as a center
of gravity of the {311} diffraction doublet. To determine
residual stresses, the sin”yy method and x-ray elastic con-
stants  Y4s, = 19.05 TPa™', s, = —4.89 TPa~' and
Vas, = 11.74 TPa™ ', 5, = —3.12 TPa~' were used for the
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Al and the Cu phase, respectively. The values of sin®y
corresponding to positive and negative values of angles
were 0, 0.15, 0.3, 0.45, 0.6. Pinholes of 4 x 0.3 mm? in
size determining the irradiated area were used. A rough
estimation of the coherently diffracting domain size was
determined from the {311} diffraction peak for yy = 0° tilt
using the single-line Voigt function method, i.e., using the
Scherrer equation.

Results and Discussion
Microstructure

The microstructure of deposits predetermines their
mechanical and fatigue properties. The pseudo-3D
microstructure of the Al, Cu pure metal coatings is pre-
sented in Fig. 2. The inter-splat pores (dark lines or areas)
of the investigated Al100 deposit clearly show prevailing
orientation in the L-T plane (i.e., perpendicular to spray
direction). The high-pressure reference specimens A1100"
and Cul00" show very limited porosity. The diamond
distribution in the produced DMMC deposits is shown in
Fig. 3. The diamond phase is distributed evenly and the
content follows the feedstock trend. A more detailed
microstructure of the matrix phase in all deposits is pre-
sented in Fig. 4. Both Al- and Cu-based deposits show a
typical microstructure of cold-sprayed coatings, i.e., indi-
vidual splats partially separated by inter-splat interfaces.
These are represented by dark lines, while the individual
grains inside the individual splats are defined by distinctive
shades of gray, reflecting the grain orientation. Two grain
size ranges were found in the matrix. The original coarse-
grained feedstock microstructure was more or less pre-
served in each splat interior. Contrary to this, smaller,
highly deformed grains were located along the inter-splat
interfaces. The localized deformation of cold-sprayed splat
interfaces is a well-known phenomenon that was modeled

by several authors and experimentally detected with FIB-
DIC strain mapping recently (Ref 27). In that study, the
authors have shown that a cold-sprayed particle deforms
plastically in the contact area due to inertia forces at
impact, while the particle core deforms elastically. The
rapid plastic deformation of the particle periphery can
invoke a dynamic recrystallization by a mechanism
described in (Ref 28). The size of a recrystallized grain will
decrease with increasing impact pressure, which in turn
depends on the particle density, stiffness and impact
velocity. For a particular material, the dynamically
recrystallized grain size may therefore indicate the energy
available at the point of impact and thus the impact
intensity. Unfortunately, the performed SEM analyses were
not able to quantify the representative grain size distribu-
tions, mostly because of the high deformation of the
observed grains. Some of the interfacial grains in our
materials, especially in the Al-based deposits, have an
equiaxial shape, suggesting a temperature-induced recov-
ery and grain growth processes in the heavily deformed
areas. According to the literature, the necessary recrystal-
lization temperature is in the range 200-300°C for Al (Ref
29) and 250-350°C for Cu (Ref 30). Thus, the above
processes may indeed readily take place, mainly in the Al-
based matrix. In the Cu-based deposits, the fine grains at
particle interfaces are mostly highly deformed, with com-
mon occurrence of twinning or deformation of the larger
grains, indicating high stresses experienced by the copper
matrix during its deposition. Twinning is indicated by a
sharp change of ECCI contrast between areas correspond-
ing to two different crystal orientations. Geometrically,
these areas are separated by straight lines defined by
composition planes of the twins (Ref 31). Apparently, the
deformation and residual stress was not recovered, as
opposed to the Al-based deposits.

The detail of a reinforcement particle and its interface
with the surrounding matrix is shown in Fig. 5. The dia-
mond core and the surrounding layers of the cladding are

Fig. 2 Pseudo-3D microstructure of the pure metal deposits. SEM, backscattered electron contrast. Each cube edge is 100 pm
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Fig. 3 Pseudo-3D microstructure of the investigated DMMC. SEM, backscattered electron contrast. Each cube edge is 1 mm

Fig. 4 Microstructure of the
matrix in the investigated
deposits. SEM, ECCI contrast

apparent for both DMMC types. While the cladding was
virtually intact in the Al-based DMMC, the Cu-based
DMMC frequently showed marked discontinuities at the
cladding—matrix interface. Often, the cladding was missing
in significant part of the interface, see Fig. 5. The separa-
tion of the cladding was probably caused by high stiffness
of the Cu matrix and a resulting higher impact stress. The
mechanism forming these discontinuities originates from
the fact that the reinforcement particle deforms signifi-
cantly less at impact when compared to the matrix parti-
cles. As a result, the just-deposited diamond particles will
stick out of the deposit surface, forming a local surface

roughness. The flattening of subsequently deposited matrix
particles is limited by this local roughness and the dis-
continuity is formed. The softer Al matrix adapts to the
reinforcement more easily and less porosity was therefore
found around the reinforcement particles, indicating better
particle-matrix contact (see Fig. 5). On the other hand, the
cladding was often damaged during impact of the rein-
forcement particles into the stiffer Cu matrix, creating
localized debris areas around the reinforcement. These
debris areas further promoted imperfect bonding and
porosity formation around the reinforcement particles,
decreasing the matrix—particle contact quality.
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Fig. 5 Matrix—reinforcement
interfaces, SEM, ECCI contrast.
Note the marked discontinuity
at the cladding—Cu matrix
interface which was a frequently
observed phenomenon. Also
illustrated here is a missing
cladding at bottom of the
particle in the same DMMC

type

cladding

diamond

missing cladding

Table 3 Mechanical properties of the investigated cold-sprayed DMMC. Asterisks denote reference samples from [15]. Suffixes ¢ and t denote
compression and tension. The p/p, values in parentheses are referenced to bulk rolled matrix material

Deposit Density RUS 4PB stress—strain Fracture mechanics
SR, ¢ Es  Ex E  E E.  Rox Rox Rm Ko Ko
(g/ (%) (vol.%/ (GPa) (GPa) (GPa) (GPa) (GPa) (MPa) (MPa) (MPa) (MPam®®) (MPa-m®)
cm’) wt.%)
AIIO0" 2,66 98.5 66.9 66.6 71 75 69 69 70 >89 108+ 1.6 1.4
A1100 251 93.0 499 5513 49 50 44 81 38£03 1.8
AI80 285  (105.6) 14/24 703 722 67 48 78 135 187 147 72403 2.6
AlI50 3.14  (116.3) 25/40 777 793 72 54 82 146 210 155 7.1 £09 2.9
Cul00” 885 98.8 1207 1223 110 100 113 343 . 348 8.7 + 1.1 3
Cul00 8.34 93.1 986 985 91 79 100 120 5.6 £ 0.1 1.7
Cus0 791 (88.3) 13/23 99.8 1055 88 57 96 106 6.8 £0.5 2
Cu50 7.18 (80.1) 35/52 892 1027 87 62 94 92 6.0 £ 1.4 25

Density and Diamond Content

The density of cold spray coatings is a reliable indicator of
their quality, in particular when related to reference bulk
materials (p,) using relative coating density p/p,, (Table 3).
The relative density of the pure A1100 and CulO0 coatings
was approximately 93%), i.e., somewhat lower than 99% for
the reference coatings A1100" and Cul00", providing a
basic benchmark of the pure metal deposit quality.
Unfortunately, the theoretical bulk density for studied
DMMC was not known with sufficient precision due to
uncertainties in their composition. Instead, the relative
density of DMMC is referenced to rolled bulk matrix
materials in Table 3 and gives just another quantification of
the influence of reinforcement-to-matrix ratio. The
approximate density of particles with 1:1 cladding-to-
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diamond mass ratio is about p, = 5.0 g/cm® (Table 1).
This is significantly higher than density of bulk Al
(pp = 2.7 g/cm3) and the density of Al-based DMMC
should therefore be higher than that of the pure Al deposit.
Naturally, an opposite holds for the heavier Cu matrix
(pp = 8.96 g/cm3). Both trends can be clearly observed in
Table 3. The absolute density values in Table 3 can also be
used to estimate the reinforcement volumetric concentra-

tions ¢,, as ¢, = %, and convert it to mass concentration

subsequently. Here, p, is the density of a clad diamond
particle and p,, corresponds to the density of the matrix
approximated by the density of pure metal deposits A1100
or Cul00. The computed reinforcement particle volumetric
concentrations qualitatively correspond to the microstruc-
ture observations shown in Fig. 3. Moreover, the estimated
mass concentration (see Table 3) corresponds to feedstock
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powder composition and thus shows that both matrix and
reinforcement deposited with similar deposition efficiency.
Note that the volumetric concentrations include the dia-
mond—cladding and the volume of the pure diamonds
represents about 70% of the clad particle.

Stress—Strain Properties

The stress—strain behavior is an important quality that
predetermines the practical use of any engineering mate-
rial. The tensile and compression stress—strain curves
computed from the four-point bending tests are presented
in Fig. 6. Both investigated pure metal coatings showed
brittle behavior in tension with fracture strain below 0.2%.
The compression and tension curves of these specimens
were similar, mainly because they broke in the elastic
regime, i.e., before any significant difference could be
observed. The engineering characteristics of the stress—
strain curves are summarized in Table 3. Tensile and
compressive moduli E, and E. of the deposits were eval-
uated, as well as a standard symmetrical bending modulus
E describing a material with equal moduli in both tension
and compression. Other presented properties are the ulti-
mate tensile strength R, and yield strength R, . Com-
pared to their pure metal counterparts, the values of
compressive and tensile moduli of the DMMC provide
important information concerning the reinforcement parti-
cle-matrix contact. The presence of the reinforcement
particles which are much stiffer than the matrix (for the
elastic modulus of all involved materials, see Table 1)
should significantly increase the coating modulus in both
tension and compression (see (Ref 32) for relevant mod-
els). At the same time, any imperfect contact or even
porosity at the diamond-cladding or cladding—matrix
interfaces may decrease it as shown in (Ref 33). Along with
the modulus change of the matrix, these two conflicting
factors determine the elastic modulus of the DMMC. When
compared to pure metal coating Al100, the Al-based

DMMC showed a compression moduli E, higher by about
80% and comparable E; moduli in tension (see Table 3).
This indicates that, in compression, the stiffness effect of
the reinforcement together with the matrix modulus
increase was stronger than the detrimental interface effect.
In tension, the effects equilibrated when the reinforcement—
matrix interface areas detached. In the Cu-based DMMC,

the ratio % is lower than in the Al-based ones due to
matri

the higher modulus of the Cu matrix. Therefore, for Cu, a
lower contribution of the particles to the overall DMMC
stiffness can be expected. In compression, this (reduced)
stiffness effect, along with the matrix modulus increase,
was counteracted by the interface effects (stronger than for
Al, in accordance with the splat interface observations
presented in Fig. 5). As a result, no effect of reinforcement
on compression modulus was observed. In tension, the
negative effect was even more pronounced when the
reinforcement—matrix interfaces detached and the overall
tension modulus decreased by about 25%. Finally, the
presence of diamonds increased the rupture strain of both
Al- and Cu-based DMMC, indicating a higher ductility of
the matrix.

In order to verify the partially unexpected results of
bending tests, resonance ultrasound spectroscopy analysis
was carried out. The elastic moduli characterizing a
transversely isotropic material are presented in Table 3:
out-of-plane values Eg of modulus in the direction parallel
to spray direction (S axis in Fig. 1) and the in-plane values
E;7 (in L-T plane in Fig. 1). RUS is a tension—compression
method at low loads where an identical tension and com-
pression stiffness is assumed. Similarly, if an identical
assumption is made, a symmetrical modulus E can be
computed from the bending test data. The symmetrical
bending modulus £ can then be compared with the RUS
modulus E;; that is measured in the same plane. The
values of RUS moduli E;r were about 20% higher than the
symmetrical moduli E from bending. This difference can
be explained by the behavior of inter-splat interfaces,

Fig. 6 Stress—strain properties 400 400 — . -
of Al- and Cu-based cold- tension Cu100*
sprayed DMMC deposits. || compression '
Reference high-pressure cold 300 300 }
spray deposits are denoted by
asterisks —_ —
& &
S 200 = 200 Cu100
° 2 /Cu80
100 100 | St
tension
........... compression
0 ] ! ! I 1 I
0 0.2 0.4 0.6 0.8 1 O0 0.2 0.4 0.6 0.8 1
e(%) e(%)
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which likely remained closed during the low-load RUS
testing, but detached during the bending. At the same time,
the trends in the difference between the DMMC and the
pure coatings were similar and the RUS results therefore
confirmed the observations from the bending test.

Notably, the RUS analysis showed only small differ-
ences between the out-of-plane Eg and the, slightly higher,
in-plane E;7 moduli. The observed lower out-of-plane
moduli Es indicated that a higher proportion of the inter-
splat interfaces are situated within the L-T plane. Never-
theless, the differences in the two moduli accounted for
less than 5%, indicating a good global isotropy of the
materials. The only exceptions were pure metal deposit
Al100 and Cu50 DMMC, where the anisotropy reached
about 10%.

Fatigue Crack Growth Rate

Fatigue crack growth rate of cold-sprayed DMMC is cru-
cial for engineering applications as these materials inher-
ently contain defects such as cracks, pores and interfaces
that may all act as fatigue crack initiators. The growth of
the fatigue cracks is described by a relation of the crack
growth rate da/dN to a suitably selected crack-driving
force, such as the maximum value of the stress intensity
factor encountered during a loading cycle (K.x) or its
effective range AK. (the range when the crack can be
considered open). The relations of the crack growth rate
da/dN to these two crack-driving forces are plotted in
Figs. 7 and 8. The observed differences between K,,x and
AKg; are typical for the used loading type (similar differ-
ences were observed for cold-sprayed pure metals in (Ref
19)). At low crack growth rates, the AK.g of the cold-
sprayed deposits was lower than K,,x. This can be caused
by the roughness-induced crack closure, irreversible splat
sliding or residual stress. At higher crack growth rates
encountered at higher crack lengths, both the remaining
ligament and the crack faces deform irreversibly and
together with increasing crack tip opening displacement

lead to the increase in the AK.s range beyond the value of
Kinax-

The shape of da/dN vs. K curves differed significantly
for the Al- and Cu-based deposits. The Al-based deposits
showed very steep crack growth curves near the threshold,
with an elbow at da/dN ~ 10~® m/cycle. Below the
elbow, some oscillations in the K direction can be
observed. These oscillations are stronger in the AKg-based
plot than in the K, ,x-based one. It is unclear whether this is
an effect of the loading history or an artifact of the remote
AK.;; measurement. As a result of the diamond presence,
both observed crack-driving forces K,,x and K¢ increased
over the whole tested da/dN range by a factor of ~1.5x.
This contrasts somehow with the observed behavior of
powder metallurgy MMC, where a significant plasticity of
the matrix is usually observed. For example, the da/
dN(AK) curves of SiC-reinforced Al-Zn-Mg—Cu matrix
studied in (Ref 34) or Al,O5 particles-reinforced 6061
aluminum alloy matrix described in (Ref 35) showed
increased resistance in the near-threshold region only,
whereas the Paris region remained unaffected by the par-
ticles presence. On the other hand, the shift over a whole
da/dN was observed in the da/dN(AK.g) plot in (Ref 34).
The Cu-based deposits showed relatively straight crack
growth rate curves down to 10 m/cycle, with a very
indistinct near-threshold elbow at lower crack growth rates.
Their da/dN(K,.x) curves did not differ significantly and
no systematic dependence on the diamond concentration
was observed. However, the difference of da/dN(AK.g)
curves in the near-threshold region was obvious as well as
the dependence of da/dN(AK.g) on reinforcement particle
concentration.

For both Cu and Al, the slopes of the linear part of the
curves, i.e., the exponent » in the Paris law flm“ = CK" are
relatively high, in the range from 7 for Al and even higher,
at around 10 for Cu. This correlates with the fact that static
mechanisms such as particle decohesion are active and
contribute to the fatigue failure process in this load range,
as will be shown later by the fractographic analysis.

Fig. 7 Crack growth rate da/dN
as a function of K,,,. Solid & . ¢ Cub50
lines denote reference values 107 10° ¢ Cus0
taken from [19], black line ) ) e Cu100
represents the baseline data of a % % Cu100*
cold-rolled sheet, reference } s ‘ ~ 5 sheet
high-pressure cold spray = 10 =/ 2 10
d . Z Ry o AI50 Z
eposits are denoted by < % =
asterisks = f;":' ¢ AI80 =
< 9 e AI100 <
R * X
10710 L8 AI100 10710
S sheet
1 2 3 4 5 67 8910 1 2 3 4 5 67 8910

Kumx(MPa \/Il_l)
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Fig. 8 Crack growth rate da/dN :
as a function of effective stress ¢ Cus0
intensity factor AK. Solid 10 ~0€' M
lines denote reference values ) )
taken from [19], black line % = , / :’,,;
represents the baseline data of a = .8 s =
cold-rolled sheet, reference = 10 ;1‘,)\"’ o =
high-pressure cold spray é i 2:28 é
deposits are denoted by E & e ANM00 K
asterisks 1010 § AI100*

sheet

1 2 3 4 5 678910 1 2 3 4 5 678910
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Fracture Toughness

Fracture toughness describes a material’s resistance against
static crack extension and enables to estimate its loading
capacity when cracks or other sharp, stress-concentrating
defects are present. The crack growth resistance curves
obtained for the investigated materials are presented in
Fig. 9. These curves relate J-integral, i.e., the elastic
energy release rate caused by a growing crack (i.e., energy
released by a unit area of a newly formed crack), to the
actual crack extension Aa from the original fatigue pre-
crack. Resistance curves increasing with crack extension
Aa were observed for all deposit types. The values of
fracture toughness Kjc, i.e., values of stress intensity fac-
tors at the beginning of crack growth derived from the R-
curves, are provided in Table 3. The toughness values of
pure metal deposits are lower than the corresponding ref-
erence deposits AI100° and Cul00". The presence of
reinforcement leads to a higher Kic in both Al- and Cu-
based DMMC, with the effect more pronounced in the Al-
based coatings. The fracture toughness of DMMC was,
however, still lower than that of the reference deposits.

X-ray Diffraction

XRD was used to indirectly characterize the matrix mate-
rial by means of coherently diffracting domain size dcpp

AKq(MPa,/m)

and residual stress magnitude @esiqua- The measured depp
was very small, characterizing rather the size of dislocation
cells or other sub-structural elements far smaller than the
actual grain size and, as such, it could not be safely used to
observe the effect of dynamic recrystallization. Still, it can
provide a rough measure of thermally induced material
grain growth and recovery. The measured values of dcpp
for the feedstock powder and all investigated coatings are
included in Table 4. For the investigated Al-based coat-
ings, the feedstock featured a relatively coarse substructure
with dcpp = 368 nm. The investigated deposits had sig-
nificantly lower dcpp, in the range 139-198 nm.

This decrease is possibly caused by micro-stress or
substructure refinement (see (Ref 36)), both of these being
indicators of dynamic recrystallization. The dcpp of Cu-
based deposits was compared to (Ref 37). For the investi-
gated Cu-based coatings, the dcpp always decreased with
the change from the feedstock powder to the deposit,
indicating dynamic recrystallization with the dcpp com-
parable to cold worked Cu observed in (Ref 37) and a
limited recovery. The observed comparable dcpp of ref-
erence powder and deposit Cul00* can be explained by
dynamic recrystallization followed by more significant
recovery than in the case of investigated Cu-based deposits.
Still, the dcpp of the reference deposits did not reach the
values of annealed Cu from (Ref 37) (dcpp~ 100 nm)
possibly indicating incomplete annealing.

Fig. 9 R-curves of the Al- and 50 &0 500
Cu-based cold-sprayed DMMC. 3 = @2 o aso [ 15170 cuso
Pre-crack length ~ 1.8 mm. The 25| o0 O QI ® AI80 ® Cuso -~
dotted line is the arbitrary — f ‘ b ®  Al100 . ® Cu100 | e
construction line of ASTM NE & ot O  AI100*|] NE 1 O Cu100*
E1820 standard. The symbols = ok = :
with center dots define the f‘.% 1.5 — i‘%
values of respective fracture 8 g 8
toughness, reference high- - 1 - 05
pressure cold spray deposits are 05 [ |
denoted by asterisks ' o :

0 0 ]

0 0 0.2 0.4 0.6
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;:gfn?enlt{eidstil:::le?lfta)t(ii? (jllllf(:iﬁx Material Err (GPa) HVir [-] Oresidual(MPa) depp (nm)
1T) rpeasurements of deposit Al powder” 200
matrices and feedstock powders.
The value of residual stress Al poivder 368
Oresidual and the size of Al100 717 £ 43 37.6 £ 2.2 -15+3 369
coherently diffracting domain Al100 644+ 7.4 55.8 8.2 -1£2 153
depp are included Al80 774 + 48 617 +53 1842 139
Al50 769 £ 5.7 639 + 54 -23+3 198
Cu powder* 63
Cu powder 70
Cul00" 125.1 £+ 8.1 1347 £ 4.3 -103 £ 5 56
Cul00 1115 £ 55 116.8 £ 13.6 43 +3 20
Cu80 120.6 £ 5.5 132.8 £ 11.5 -67 + 4 30
Cu50 1184 £+ 12 130.6 £ 14.9 58+ 8 32

The residual stress in the matrix of deposits is shown in
Table 4. The small presented error values indicate that the
lattice spacing conforms to the assumptions of the sin’y
method and indicate the measurement uncertainty in the
probed area. In the pure metal deposits, the nonzero
(Presidual 1ndicates that the method does not probe all regions
equally and is actually biased toward compressive stress,
which may form inside the splat’s interior in response to
the compressive plastic deformation at the interfacial area.
In this case, the measured residual stress may be regarded
as an indication of the severity of interfacial plastic
deformation and the impact stress. Indeed, the high-pres-
sure deposits A1100" and Cul00" where a higher impact
intensity could be expected showed significantly higher
residual stress magnitude than the coatings Al100 and
Cul00, by a factor of 13x and 2.4 x, respectively. In other
words, the residual stress magnitude is related to the impact
stress, which causes a formation of compressive residual
stress inside the splats.

The relatively low residual stresses found in the Al-
based coatings suggest that the residual stress was released
by the recovery process. In contrast, the Cu matrix deposits
retained significant residual stress. The effect of diamond
addition on the residual stress is apparent for both matrix
types. The matrix in all diamond-containing deposits shows
higher magnitude of compressive stress than in the pure
metal deposits. On the other hand, it seems that there is no
clear trend between the actual diamond concentration and
residual stress.

Microhardness and Indentation Modulus of Matrix

Instrumented micro-indentation represents an efficient
method for measuring local mechanical properties of a
particular phase in a material. The measured instrumented
microhardness Hir and indentation modulus Ejr of the
matrix results are presented in Table 4. The interacting
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volume for hardness measurement is defined by the indent
diagonal. In our case, the load was selected to 0.5 N,
resulting in diagonals around 40-50 um for the Al-based
deposits and 25-30 pm for the Cu-based ones. That said
and considering the splat dimensions, only a very limited
influence of the diamond stiffness can be expected and the
measurements should provide a reliable matrix character-
ization. The validity of this assumption is supported by the
fact that the values of Hyr and Ejt are virtually identical for
both DMMC types, regardless of the actual reinforcement
concentration.

The investigated pure metal deposits showed lower Ejr
modulus by about 12% compared to the high-pressure
A1100" and Cul00". The microhardness Hyr decreased by a
similar factor for Cu. The reference Al1100" deposit, how-
ever, showed much lower H;r, as a result of bigger grain
size (see Fig. 4) through the material recovery. From the
investigated deposits, the pure Al deposit Al1100 had the
lowest indentation modulus and hardness, while the Al-
based DMMC showed an increase by 13 and 20% in Hirt
and Epr. For the investigated Cu-based DMMC deposits,
Eir and Hyt were higher by 8 and 12% when compared to
the CulOO deposit. In summary, the DMMC showed
a harder and stiffer matrix than the corresponding pure
metal deposits, indicating improved properties. This
improvement shows similar saturation behavior as the
residual stress, i.e., it does not increase with diamond
concentration.

Fractography

Fractography represents an effective method for the
description of both static and fatigue failure mechanisms.
The observed micromorphology of the fracture surfaces is
shown in low magnification in Fig. 10 and in detail in
Fig. 11 for slowly growing fatigue cracks (da/dN ~
1072 m/cycle) and in Fig. 12 for a static fracture generated
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Fig. 10 Fatigue fracture
surface of cold-sprayed deposits
fractured at da/

dN = 10~° m/cycle. SEM
micrograph, backscattered
electrons, shadow mode. Crack
grows from the bottom to the
top

Fig. 11 Details of fracture
surface of cold-sprayed deposits
fractured at da/

dN = 107 m/cycle. Arrows
show signs of trans-splat fatigue
cracking. SEM micrograph,
backscattered electrons, shadow
mode

Fig. 12 Details of fracture
surface of cold-sprayed deposits
fractured in a static mode in the
fracture toughness test. Arrows
show trans-particle fracture with
signs of plasticity. SEM
micrograph, backscattered
electrons, shadow mode

during the fracture toughness test. The fracture of the
matrix took place by the combination of inter-splat deco-
hesion and a trans-splat crack growth. The trans-splat
cracking was observed in the near-threshold fatigue region
of all deposits (see Fig. 11). In fact, it was a dominant near-
threshold mechanism for the Al-based DMMC, where the
complete matrix fracture was formed by trans-splat
cracking, but contributed only partially to crack propaga-
tion in the other deposits. Contrary to this, the Paris regime
of all deposits was dominated by inter-splat decohesion
with no trans-splat crack growth observed. The static

failure of all deposits was also dominated by inter-splat
decohesion but showed also a very limited amount of
ductile trans-splat failure, see arrows in Fig. 12.
Characterization of the failure mode of the reinforce-
ment particles was more difficult and required their anal-
ysis on both opposing fracture faces. For the Al-based
deposits, three image intensities corresponding to the Al
matrix, the Cu-Ni cladding and the diamond cores could be
observed (Fig. 13). This enabled to determine the type of
fracture of individual reinforcement particles as cladding—
matrix (55.4% of particles by number), cladding—diamond

@ Springer



230

J Therm Spray Tech (2022) 31:217-233

3 5 3

> dié}lnond diamond

h VT i :
cladding{ Fmatrixs*

ﬁ ."“t T )

»
8 d

4

A T 2
. claddinggfdiamond &

Fig. 13 Matching fracture surfaces of AI80 DMMC, illustrating three
types of the reinforcement fracture. Note the trans-splat failure of the
Al matrix

(40.8%) and diamond—diamond (3.8%). For the Cu-based
deposits, it was impossible to differentiate the cladding
from matrix (both copper), thus cladding—matrix fracture
could not be detected. If we assume the same ratio of
cladding—diamond to cladding—matrix fracture types as in
case of the Al-based deposits, the resulting fracture type
proportion will be similar to Al: cladding—matrix 54.9%,
cladding—diamond 42% and diamond-diamond 3.1%. In
other words, the diamond—diamond fracture was very rare,
which corresponds to (Ref 10), where the diamond—clad-
ding interface is denoted as the weakest point of the
composite. No correlation of the individual diamond frac-
ture modes with their concentration or type of loading was
found.

Summary

The obtained results provided experimental evidence of the
effects of the two suggested mechanisms shaping the
mechanical and fracture properties of the investigated
DMMC: changes in the matrix properties and loading stress
redistribution into the reinforcement particles. At the same,
the microstructural and fractographic observations enabled
to form hypotheses regarding their origin.

The matrix properties were clearly influenced by the
presence of the reinforcement particles as the matrices in
the DMMC showed residual stress, microhardness and
indentation modulus higher than those in the pure metal
deposits. Increasing the impact stress either by using higher
spray parameters (Table 2) as in the case of the high-
pressure reference specimens or by impact of stiff diamond
particles as in the case of DMMC leads to the increase in
residual stress (see Table 4 and Sect. 3.6). The increased
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indentation modulus and hardness (see Table 4 and Sect.
3.7) of the matrix in DMMC is also an indication of
increasing the quality of inter-splat interfaces and can also
be attributed to peening by higher impact stresses. The
above effects were present in both Al and Cu matrices,
regardless of the actual particle-to-matrix density ratio
(which is around 2 for Al matrix and around 0.6 for Cu-
based matrix when values in Tables 1 and 3 are used).
Therefore, it is suggested here that this tamping/peening
effect (see the review (Ref 32)) is connected to the stiffness
of the reinforcement particle rather than to its weight. For
the clad diamonds used in our study, the stiffness of the
reinforcement is much higher than the stiffness of both
matrices, approximately 10x for Al matrix and around 6x
for Cu matrix, assuming a rule of mixtures for the double-
clad particles and using values from Table 1. Obviously, an
impact of a stiffer particle would invoke higher impact
stress and this effect will be more amplified for Al as a
more compliant matrix. Not surprisingly, the increase in
indentation properties is higher in the Al-based DMMC (20
and 13% increase in Eyr and Hyt compared to A1100) than
in the Cu-based ones (8 and 13% increase in Err and Hir
compared to Cul00), see Table 3. In summary, the matri-
ces of DMMC exhibited enhanced properties compared to
pure metals and the improvement was more prominent in
the case of Al. An interesting finding is the long range of
reinforcement particle impact influence witnessed by the
instrumented indentation as the indent distance from
nearest reinforcement particle was several tens to actually
hundreds of micrometers.

The effect of the reinforcement particles on stress
redistribution is predetermined by their stiffness and the
quality of the reinforcement—matrix interface. For the
investigated DMMC, reinforcement particles possessed a
significantly higher stiffness than the matrix, thus they
should, in theory, carry a significant part of the imposed
load both in tension and compression. For both loading
types, however, the reinforcement effect is moderated by
the compliance of the reinforcement—matrix interface. This
compliance lowers the overall modulus of the MMC as
noted in (Ref 38). It arises from the discontinuities formed
around the reinforcement particle observed in Fig. 5. Apart
from the reinforcement-matrix interface compliance, the
reinforcement-matrix bonding strength also comes into
play when tension loading is considered and compliance is
increased as soon as the particle debonds. The effect of the
above described properties of reinforcement—matrix inter-
faces predetermines the tensile and compression moduli
difference between the DMMC and the corresponding pure
metal deposits. Despite the higher observed local matrix
indentation modulus, the tensile modulus of all investigated
DMMC was lower or comparable to the corresponding
pure metals. Such result suggests that the combination of
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relatively lower bonding strength and high compliance
reinforcement—matrix interface prevented the stress redis-
tribution into reinforcement. With regard to compression,
the Al-based DMMC showed a modulus higher than cor-
responding pure metal deposit, indicating sufficient rein-
forcement—-matrix interface stiffness was achieved in the
process. For Cu-based DMMC, the compressive elastic
modulus was slightly lower than the pure metal deposits,
despite the increase in the modulus of the matrix. That said,
the effect of the increased reinforcement particle stiffness
was negated by porosity-induced decrease in reinforce-
ment—matrix interface stiffness.

In summary, the stress redistribution into reinforcement
particles was limited by the reinforcement—matrix interface
compliance and partially decreased bonding strength. This
limitation is more important for properties where the
specimen is loaded predominantly in tension, such as
fracture toughness and, partially, the fatigue crack growth
rate. Under such loading, the reinforcement particles lose
their contact with the matrix and do not contribute to the
global specimen stiffness. In other words, their effect will
be similar to the effect of equally sized voids.

Conclusions

Complex mechanical characterization of cold-sprayed Al-
and Cu-based DMMC revealed their improved properties
compared to the pure metal deposits prepared by the same
technology. In terms of values, the DMMC showed the
following differences from the pure metal deposits:

e Improved coating strength (4-86%), ductility (+200%),
fatigue crack growth resistance (440 to +60%) and
fracture toughness (+88%) were observed for Al-based
DMMC.

e Decrease in coating strength (—24 to —12%), increased
ductility (4+25 to +60%), fatigue crack growth resis-
tance (415 to +45%) and fracture toughness (+10 to
+20%) were observed for Cu-based DMMC.

In the search for the mechanisms underlying the
observed differences, the strengthening mechanisms typi-
cally encountered in traditional MMCs as well as effects
associated with cold spray technology were examined. This
was done by performing a study of the local DMMC matrix
properties as well as by observing the failure mode of both
matrix and reinforcement in various loading modes
including fatigue. It was found that:

e The matrices in the DMMC had better properties than
those in the pure metal deposits. A more prominent
improvement was observed for Al-based DMMC. The
cause of this improvement is most probably the

tamping/peening effect of the reinforcement particles
that yielded a better inter-splat bonding of the matrix
material. The effect is present regardless of the actual
reinforcement—matrix density ratio, which suggests that
the reinforcement particle stiffness is more important
than their actual mass.

e The stress redistribution into reinforcement particles
was limited by the lower reinforcement—matrix bonding
strength and also by porosity formed around reinforce-
ment particles during their deposition, as evidenced by
the differences in compression and tension stress—strain
curves of the DMMC. As such, this effect could not
contribute to improvement of most of the mechanical
properties that are characterized by tensile loading of
tested material. The stress redistribution effect was
observed only for the compressive loading of Al-based
DMMC, where the softer matrix better adhered to the
reinforcement.

e The failure mechanism of the DMMC matrix was
related to loading type and amplitude. Trans-splat
fatigue fracture was observed in Al-based deposits at
near-threshold fatigue loads and partially also in other
deposits at the same loading range. At higher loads,
particle decohesion was the main failure mode in the
matrix in all investigated fatigue fractures as well as in
the static fractures, making the micromorphology of the
two fracture surfaces virtually identical.

e The failure mechanism of the reinforcement particles
was mostly decohesion from the matrix. Only a very
small amount, typically less than 4% of the diamond
particles were fractured, indicating limited diamond
fragmentation during deposition.

From all considered mechanisms shaping the DMMC
properties, the matrix improvement seems to play the most
important role. As evidenced by the performed matrix
property characterization, a significant improvement of the
mechanical properties of a cold-sprayed metal matrix can
be achieved by the tamping/peening effect of the rein-
forcement particles. This improvement is apparent in
matrix areas even at a significant distance from the rein-
forcement particles, suggesting a long range of the effect.
Moreover, it appears that this improvement is related to
higher impact stress caused by high stiffness of the rein-
forcement particles rather than their density.
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