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In this study, aluminium—copper-based metal-matrix composites were synthesized utilizing the
spray atomization and co-deposition technique. Microstructural characterization studies were
carried out with an emphasis on understanding the effects associated with the co-injection of
silicon carbide and aluminium oxide particulates. The results demonstrate the ageing kinetics
of the spray-deposited and hot-extruded metal-matrix composites to be the same as those of

the monolithic aluminium—copper material. Results of ambient temperature mechanical tests
demonstrate that the presence of particulate reinforcement in the metal matrix does little to
improve strength, and degrades the ductility of the matrix material. A model is formulated to
compute the critical volume fraction of reinforcement. The results obtained using this model
suggest that an optimum volume fraction of silicon carbide is essential in order to realize a
strength improvement in the metal-matrix composite, relative to their monolithic counterpart.

1. Introduction

Discontinuously reinforced aluminium (DRA) com-
posites have over the years been the subject of inten-
sive study due to their innate ability to combine
superior strength, high stiffness, low density and frac-
ture resistance [1]. Commonly utilized matrix mater-
ials include aluminium alloys based on the 2XXX
(Al-Cu), 6XXX (Al-Mg-Si) and more recently the
TXXX (Al-Zn—Mg—Cu) series. The discontinuous re-
inforcements include particulates, chopped fibres and
whiskers. The primary advantage of using discontin-
uous reinforcements is that the metal-matrix com-
posites are relatively easy to fabricate by both powder
metallurgy (PM) and ingot metallurgy (IM) tech-
niques and the resulting products exhibit near-isotro-
pic behaviour. Commonly used reinforcements for
aluminium alloy matrices include silicon carbide (SiC)
and aluminium oxide (Al,O3).

In recent studies, investigators have succeeded in
tailoring the properties of existing aluminium alloys to
specific applications through compositional modifica-
tions. Omne such cxample is alloy AA 2519
(Al-Cu—Mg), which has demonstrated excellent
strength and ballistic performance coupled with good
stress corrosion cracking resistance [2]. In an effort to
achieve additional improvements in the properties of
alloys such as AA 2519, a variety of synthesis tech-
niques are actively being studied. One such technique
is spray atomization and deposition which has
received considerable attention for the synthesis of
aluminium-base alloys [3-5] and metal-matrix
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composites (MMCs) [6-14]. This novel technique in-
volves processing in a regime of the phase diagram
where the alloy is a mixture of solid and liquid phases.
Such an approach would inherently avoid the extreme
thermal excursions with concomitant degradation in
interfacial properties and extensive macrosegregation
normally associated with conventional casting pro-
cesses [15, 16]. Furthermore, this approach also elim-
inates the need to handle fine reactive particulates, as
is necessary with powder metallurgical (PM) processes
[17, 18].

The objective of the present study was to provide an
insight into the effects of co-injection of SiC and
Al,Oj particulates during spray atomization and co-
deposition processing, henceforth referred to as spray
processing, on the microstructure and mechanical be-
haviour of aluminium alloy AA 2519. The effects of
SiC and Al,O; particulates on the microstructure
during solid-state cooling, that 1is after the
matrix—particulate mixture has arrived on the sub-
strate, were investigated with particular emphasis on
the rate of grain growth. To identify the role of
particulate reinforcement on grain boundary migra-
tion, the reinforced matrix and unreinforced material
were exposed to various isothermal heat treatments.
The intrinsic microstructural features of the spray-
processed metal-matrix composite are characterized
and discussed in the light of alloy composition and
processing variables. The ambient-temperature mech-
anical properties of the composite are correlated with
microstructural features.
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2. Experimental procedure

2.1. Processing

The experimental studies were conducted on an
Al~(5.0-7.0)Cu~{0.1-0.3)M g-(0.0-0.8)Mn—0.0-0.1)Ti—
{0.0-0.25)V—0.0~0.25)Zr—(0.0-0.5)Fe—~(0.0-0.5)Si~{0.0-
0.12)Zn (wt %) (designated as alloy AA 2519) alloy.
The alloy was provided, in the form of rolled plates, by
the Army Materials Technology Laboratory (AMTL:
Watertown, Massachusetts, USA). The matrix alloy
will be henceforth referred to as Al-Cu. The size
distributions of the SiC (x phase) and Al,O; (o phase)
particulates were Gaussian and exhibited an average
size of 3 pm (ds,).

The MMCs were synthesized according to the fol-
lowing procedure. The Al-Cu matrix material was
superheated to the temperature of interest (Table I),
and disintegrated into a fine dispersion of micrometre-
sized droplets using atomizing gas at a pre-selected
pressure. Simultaneously, two jets each containing one
type of ceramic particulate reinforcement (either SiC
or ALL,Oj3) and positioned at 180° with respect to each
other were injected into the atomized matrix material
at a previously selected flight distance. The flight
distance was determined on the basis of a numerical
analysis of the temperature and fraction of solid con-
tained in the atomized matrix material. The reinforce-
ment injection distance for experiments 3, 4 and 5 was
0.21 m, and the substrate position used was 0.41 m for
all of the experiments. The selection of this injection
distance was made on the basis of a study by Gupta
et al. [197. Their results showed that at a particular
flight distance, the atomized aluminium alloy droplets
have lost approximately 40-50% of their original
enthalpy. Following co-injection, the mixture of rap-
idly quenched, partially solidified droplets with inter-
dispersed ceramic particulates was deposited on a
water-cooled deposition surface, eventually collecting
as a coherent preform. The microstructure of the
preform is dictated by the solidification conditions
during impact. In order to avoid extensive oxidation
of the aluminium alloy matrix during processing, the
experiments were conducted in an environmental
chamber. The latter was evacuated to a negative
pressure of 0.020 MPa, and backfilled with inert gas to
a positive pressure of 0.014 MPa, prior to melting and
atomization. A schematic diagram of the experimental
arrangement used in this study is shown in Fig. 1. A
total of five experiments were conducted. The primary

TABLE I Experimental parameters

experimental variables used for each experiment are
summarized in Table I

The SiC and AlL,O, particulates were introduced
into the atomized Al-Cu spray using an injector
{Fig. 2). The injector consisted of a coaxial tube that
entrained the ceramic particulates as the gas flowed
from the inlet to the outlet orifices. The injection of the
ceramic particulates was carried out at ambient tem-
perature. A comprehensive discussion of the experi-
mental details is provided elsewhere [6] and will not
be reiterated here.

2.2. Microstructure

Microstructural characterization studies were con-
ducted on both the unreinforced and reinforced ma-
trix materials in order to determine: (a) the grain size,
(b} volume fraction of SiC and Al,O; particulates, and
{c) the presence of secondary phases in the spray-
atomized and deposited samples. In addition, density
measurements were carried out on spray-deposited
and extruded samples in order to ensure the closure of
micrometre-sized porosity present in the as-spray de-
posited samples.

Optical microscopy was conducted on both poli-
shed and etched as-deposited samples using conven-
tional and differential interference contrast (DIC)
techniques. The use of DIC microscopy facilitated
identification of the ceramic particulates in the matrix.
The samples were sectioned to a thickness of 0.5 cm,
polished using conventional techniques, and etched
using Keller’s reagent (0.5 HF-1.5 HCI-2.5 HNO,
~95.5 H,0). The grain size was measured using the
linear intercept method, as described in ASTME
112-84.

Density measurements were conducted on the poli-
shed, extruded samples utilizing the Archimedes prin-
ciple. The weight of each sample was determined,
using a Fisher Scientific A-250 Balance, to an accuracy
of + 0.0001 g. Ethylene glycol was used as the fluid.

The volume fraction of ceramic particulate (SiC or
AL O;) was determined using a chemical dissolution
method. This method involved: (i) measuring the mass
of composite samples, (ii) dissolving the samples in
dilute hydrochloric acid (38.0% max.), followed by (iii)
filtering to separate the ceramic particulates. The par-
ticulates were then dried and the weight fraction
determined. The weight fraction was converted to

Variable Experiment No.

1 3 4 5
Matrix alloy Al-Cu Al-Cu Al-Cu Al-Cu Al-Cu
Reinforcement ~ SiC SiC Al,O4
Atomization pressure {(MPa) 1.21 1.21 1.21 1.21 1.21
Atomization gas Ar N, N, N,
Superheat temperature {K) 1023 1073 1073 1073 1073
SiC carrier gas ) - N, N, N,
Pressure of carrier gas (MPa) - 0.17 0.17 0.17
Metal flow rate (Kgs™") 0.034 0.039 0.039 0.039 0.039
Gas flow rate (Kgs™) 0.013 0.018 0.018 0.018 0018
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Figure 2 Schematic diagram showing coaxial tube injector.

volume fraction, Vi, using the equation

(wt % R)/pg
[(wt % R)/pp] + [(Wt Yo Matrix)/poyyis]

(1)

where pg and pp..ix represent the densities of the
reinforcing particulates and the matrix, respectively.
Scanning electron microscopy (SEM) studies were
conducted using a Hitachi S-500 microscope. Samples
taken from the: (i) as-received material, (i) as-spray

Vf(R)

deposited material, and (iii) spray-deposited and hot-
extruded materials from different experiments, were
sectioned to a thickness of 0.5 cm and polished using
conventional techniques. The polished samples were
then examined in secondary electron mode for in-
trinsic microstructural features. In addition, SEM
studies were conducted on fractured samples taken
from experiments 1, 4 and 5 in order to provide an
insight into the quasi-static fracture behaviour.

Transmission electron microscopy (TEM) studies
were conducted, using a Philips CM 20 microscope
equipped with an energy-dispersive spectrometer
(EDS) at an operating voltage of up to 120kV, on as-
spray deposited samples from experiments 2, 3 and 5.
The TEM studies were carried out in order to identify
SiC, Al,O4 and AL,Cu (B-type) precipitates. In addi-
tion, EDS analyses were conducted at the interfacial
regions of Al-Cu/SiC and Al-Cu/Al, O, in order to
investigate the segregation behaviour of copper. The
TEM samples were prepared using a twin-jet polisher
using a 1:3 solution of HNO;:CH;OH at 12V and
1.5 mA. The solution was maintained at a temperature
of 263 K.

X-ray diffraction (XRD) analysis was conducted on
the spray-deposited samples from experiments 2, 3
and 5 using a Philips Norelco vertical diffractometer.
Thin samples were exposed to CuK, radiation
(A = 0.15418 nm) using a scanning speed of 0.24 deg
min~'. A plot of intensity versus 20 was obtained,
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illustrating peaks at different Bragg angles. The Bragg
angle corresponding to each of the different peaks was
noted and the value of interplanar spacing, d, was
calculated using Bragg’s law (A = 2dsin®). The values
of d obtained were matched with standard values for
aluminium and other phases.

2.3. Thermomechanical treatment
Following spray processing, samples from experi-
ments 2, 3 and 5 were isochronally annealed at 673
and 773 K in order to study the influence of temper-
ature and annealing time on grain growth. In order to
assess the mechanical behaviour, both the unreinfor-
ced and reinforced spray-atomized materials were hot-
extruded. The extrusion step was accomplished using
a press (capacity 82.7 MPa) at a temperature of 673 K
for the unreinforced matrix material and at 723 K for
the reinforced material. An area reduction ratio of
16:1 was used for all samples. The extrusion step was
used in this study in order to close the micrometre-size
porosity that is normally associated with spray-at-
omized and deposited materials [6, 7, 13]. In order to
provide an insight into the ageing behaviour, Rock-
well hardness measurements were made on the as-
spray deposited and hot-extruded samples from ex-
periments 1, 4 and 5, solutionized at 802 K for 2 h and
isochronally annealed at 436 K for different intervals
of time.

Smooth bar tensile properties were determined in
accordance with ASTM E8-81. Tensile specimens
were prepared from materials taken from experiments
1, 4 and 5. Tensile tests were conducted using a
servohydraulic structural testing machine. The speci-
mens were deformed at a constant crosshead speed of
0.0254 cm min ",

3. Results

3.1. Macrostructure

The overall dimensions of the spray-processed pre-
forms from the five experiments were approximately
36 cm in length and 18 cm in width. The thickness of
the preforms decreased from 5.0-7.5 ¢cm in the central
portion to approximately 0.5 cm in the thickness di-
mension. All of the structural characterization studies
were performed on material removed from the central
portion (80-90%) of the preforms. The remaining

portion (10-20%) of the preforms was considered too
porous for detailed analysis.

3.2. Microstructure

Optical microscopy conducted on coupons of the
unreinforced matrix material taken from experiments
1 to 5 revealed the presence of an equiaxed grain
morphology. The results of grain size measurements
are summarized in Table II. An example taken from
experiment 2 is shown in Fig. 3.

The results of density measurements revealed: (a) a
density value of 2.82gcm~3 for the as-received
AA 2519 alloy and the extruded samples taken from
experiment 1, and (b) density values for the as-ex-
truded materials taken from experiments 4 and 5 to be
2.85 and 3.00 gcm ™3, respectively.

The results of the acid dissolution experiments are
summarized in Table II. The volume percentages of
SiC particulates present in the as-spray deposited
material were estimated to be approximately 8.4 for
experiment 3 and 11.1 for experiment 4, respectively.
The volume percentage of Al,O; for experiment 5 was
approximately 16.8 for the as-spray deposited sample.
The interparticulate spacings were calculated using
the formula suggested by Nardone and Prewo, [20]
for discontinuous reinforcement:

ho= (v (2)

where A is the interparticulate spacing and ¢, [ and V;
are the thickness, length, and volume fraction of the
ceramic particulates, respectively. The results of the
computed interparticulate spacings, A, are also shown
in Table II.

Scanning eclectron microscopy of samples taken
from experiment 1 revealed the presence of a finite
amount of unconnected porosity and the presence of
needle-shaped particles (Fig. 4). The presence of a dark
region surrounding the needle-like particles is evident
in the micrographs. A scanning electron micrograph
taken from the as-received plates shows the plate-like
morphology of these particles with a low aspect ratio
(Fig. 5). The distribution of reinforcing particulates in
the Al-Cu matrix is shown in Figs 6 and 7.

Transmission electron microscopy of samples taken
from experiment 2 revealed a predominantly feature-
less matrix. The presence of nanometric-size copper-
rich precipitates was noted at and along the grain

TABLE II Microstructural characterization of as-spray deposited MMCs

Experiment Reinforcement Grain size Vi (%) Interparticulate
No. size, d50, (um) (um)
Reinforcement Porosity spacing, (A pm)®
IM*® - 440 + 30 - 0.0 -
1 - 250 + 2.1 - ND¢ -
2 - 355 £+ 3.0 - 1.1 -
3 3 283 + 22 84 ND 10.4
4 3 230 + 05 11.1 6.9 9.0
5 3 277 £ 25 16.8 6.4 7.3

* Material obtained in the form of rolled plates.
®Values computed using Equation 2.
¢ND: Not determined.
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Figure 3 Optical micrograph showing equiaxed grain morphology
of as-spray deposited Al-Cu sample taken from experiment 2.

&

25 pm

C &

Figure 4 SEM micrograph showing the presence of unconnected
porosity and needle-shaped precipitates in as-spray deposited
material from experiment 1.

Figure 5 SEM micrograph showing the presence of plate-shaped
precipitates in as-received Al~Cu rolled plates.

Figure 6 SEM micrograph showing the distribution of SiC partic-
ulates in as-spray deposited and extruded sample taken from experi-
ment 4,

4

") L v

Figure 7 SEM micrograph showing the distribution of Al,O; par-
ticulates in as-spray deposited and extruded sample taken from
experiment 3.

boundaries (Fig. 8) and dislocation rich-areas in the
matrix (Fig. 9). EDS analyses conducted on the heavi-
ly dislocated matrix regions revealed a high concen-
tration of copper (up to 14.4 wt %). In addition, the
presence of subcells was also noted in certain regions
of the matrix. Tt is interesting to note that these regions
contained approximately 8 wt % Cu, an amount that
is significantly higher than that detected in disloca-
tion-free regions. The results of TEM studies conduc-
ted on samples taken from experiment 3 revealed the
presence of copper-rich precipitates at the AI-Cu/SiC
interfacial region (Fig. 10). It was also observed that
the interfacial precipitates were generally larger in
comparison with other secondary phases that were
present in the matrix. In addition, no reaction pro-
ducts were observed at the interface. The results of
EDS analyses revealed the copper content to decrease
with increasing distance from the interface (Fig. 11).
The results of the TEM studies conducted on samples
taken from experiment 5 revealed the presence of
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Figure 8 TEM micrograph showing the presence of nanometric-size

Al,Cu precipitates at the grain boundary observed in samples taken
from experiment 2.

Figure 9 TEM micrograph showing the presence of nanometric-size
Al Cu precipitates in the dislocation-rich area of the matrix ob-
served in samples taken from experiment 2.

Figure 10 TEM micrograph showing the presence of nanometric-
size Al,Cu precipitates at the Al-Cu/SiC interfacial region observed
in samples taken from experiment 3.
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Figure 11 Graphical representation of the segregation pattern at
(1) Al-Cu/SiC and (#) Al-Cu/Al,O, interfacial regions observed
in samples taken from experiments 3 and 5.

Figure 12 TEM micrograph showing the presence of nanometric-
size Al,Cu precipitates observed in samples taken from experi-
ment 5.

copper-rich precipitates in the matrix. The size and
morphology of these precipitates were similar to those
that were observed in samples taken from experiments
2 and 3 (Figs 9, 10 and 12). Efforts to establish the
precise identity of copper-containing precipitates ob-
served in samples taken from experiments 2, 3 and 5
were not successful. However, on the basis of the
equilibrium phase diagram [21] and the X-ray diffrac-
tion results, these precipitates are likely to be of the
Al,Cu type (6-type). The results obtained from EDS
analyses conducted at various distances from the
Al-Cu/Al,Oyj interface are summarized in Fig. 11. The
results reveal the Al-Cu/AlL,O; interfacial region to be
more enriched in Cu, when compared to the interfacial
region of the Al-Cu/SiC metal matrix composite (see
Fig. 11).

The X-ray diffraction spectra corresponding to as-
spray deposited samples from experiments 2, 3 and 5
were analysed. The lattice spacings (d) corresponding
to the observed Bragg angles are shown in Table IIL



TABLE III Results of X-ray diffractometry studies

Experiment 2 (Al-Cu)

20 (deg) 38.38 42.58 44.67 47.09 47.74 65.16 78.38

Calculated d value (nm) 0.234 0.212 0.203 0.193 0.190 0.143 0.122
Experiment 3 ( A-Cu/SiC)

26 (deg) 34.16 35.68 38.56 42.60 42.68 44.76 47.36 60.08
Calculated d value (nm) 0.262 0.251 0.233 0.212 0.211 0.202 0.191 0.154
Experiment 5 ( Al~Cu/Al,04)

20 (deg) 35.16 38.56 43.40 44.80 57.48

Calculated d value (nm) 0.255 0.233 0.208 0.202 0.160

Standard d values (nm)

Al 0.2338 0.2025 0.1432 0.1221 0.1169

2-Al,O4 0.255 0.209 0.160

ALCu 0.191 0212 0.429

2-SiC 0.251 0.263 0.154

The XRD spectrum corresponding to the as-spray
deposited Al-Cu material (experiment 2) indicated the
presence of pure aluminium and Al,Cu phases. The
XRD spectrum corresponding to the as-spray depos-
ited Al-Cu/SiC material (experiment 3) indicates the
presence of pure aluminium, Al,Cu and «-SiC phases,
while the XRD spectrum corresponding to the
Al-Cu/Al,O; composite material (experiment 5) re-
vealed the presence of pure aluminium and o-Al,O4
phases.

3.3. Grain growth behaviour

In order to provide an insight into the effects of the
SiC and AL O, particulates on the microstructure of
the composite matrix during solid-state cooling, grain
growth studies were conducted on the samples taken
from experiments 2, 3 and 5. The grain sizes were
determined using the linear intercept method, after
isochronal anneals at 673 and 773 K (Tables IV and V
and Figs 13 and 14). The results of grain size measure-
ments shown in Figs 13 and 14 reveal a logarithmic
progression of grain growth with time for the un-
reinforced Al-Cu, and reinforced Al-Cu/SiC and
Al-Cu/Al,O, materials. Not unexpectedly, it can be
seen that the final grain sizes of the Al-Cu/SiC and
Al-Cu/Al,O; composite materials, at 673 and 773 K,
are lower than that of the unreinforced matrix mater-
ial. The microstructure of the as-spray deposited
monolithic alloy (Al-Cu) and the SiC- and Al,O;-
reinforced Al-Cu matrices consisted of equiaxed
grains, both before and after the isochronal heat
treatments.

3.4. Ageing studies

The results of the ageing studies conducted on samples
removed from experiments 1, 4 and 5 are shown in
Fig. 15. The results exhibit the presence of a well-
defined peak at 12.0 h for the samples taken from
experiments 1, 4 and 5. The results also reveal that the
maximum peak hardness is achieved in samples taken
from experiment 4 followed by samples taken from
experiments 5 and 1, respectively. In addition, the
results also show the as-quenched hardness of the

TABLE IV Results of grain size measurements for different inter-
vals of time at 673 K for as-spray-atomized and .deposited samples
of Al-Cu, Al-Cu/SiC and Al-Cu/Al,O, materials

Time Grain size {(um)
{min)
Experiment 2 Experiment 3 Experiment 5
0 355+ 30 283 +22 277 +£25
1 36.6 + 3.8 87+ 11 283+09
10 395+ 1.8 315+ 1.0 3.1 £ 0.7
50 430+ 13 342 + 091 350 £ 08
100 448 £ 2.1 388+ 06 351 +£22

2 Time O refers to as-spray deposited grain size.

TABLE V Results of grain size measurements for different inter-
vals of time at 773 K for as-spray atomized and deposited samples
of Al-Cu, Al-Cu/SiC and Al-Cu/Al,O, materials

Time Grain size (um)
(min)
Experiment 2 Experiment 3 Experiment 5
0 3554 3.0 283 4+22 277+ 25
1 378 + 8.0 291+ 1.8 293+ 1.6
10 399+ 26 352 447 347 +23
50 462 + 2.3 362 + 1.4 375+ 1.0
100 48.8 + 2.7 391+ 1.2 422 +238

*Time O refers to as-spray deposited grain size.
pray g

composites samples to be higher than the monolithic
counterpart.

3.5. Mechanical behaviour

The results of ambient-temperature testing on the
spray-deposited and hot-extruded unreinforced and
reinforced matrices (Al-Cu), aged to peak hardness,
are summarized in Table VI. Also shown in this table
are the properties of equivalent material prepared by
the ingot metallurgy route. The results in Table VI
reveal that the ambient-temperature mechanical prop-
erties of the unreinforced spray-deposited materials
accord well with those of the ingot metallurgical
material [22]. The results also show that the presence
of particulate reinforcement (SiC or Al,O,) in the
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Figure 13 Graphical representation of the logarithmic grain growth
relationship at 673 K observed in as-spray deposited (l) Al-Cu,
(A) Al-Cu/SiC and (@) Al-Cu/Al,O; materials.
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Figure 14 Graphical representation of logarithmic grain growth
relationship at 773 K observed in as-spray deposited (H) Al-Cu,
(A) Al-Cu/SiC and (@) Al-Cu/Al,O; materials.

Al-Cu matrix does not help in improving strength,
and, in fact, degrades the ductility of the composite
matrices.

3.6. Fracture behaviour

Macroscopic investigation of the fracture surfaces of
samples taken from experiment 1 reveal the presence
of a cup and cone type of fracture. Fig. 16 is a
representative scanning electron micrograph showing
the morphology of the fracture surface. The presence
of dimples of uniform size is indicative of ductile
failure. Fracture surfaces samples of the SiC-reinfor-
ced composites (experiment 4) reveal matching frac-
ture surfaces tilted at an angle of ~ 8° with respect to
the horizontal plane, suggestive of brittle failure. Fig.
17a is a low-magnification scanning electron micro-
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Figure 15 Graphical representation of ageing studies conducted on
as-spray deposited and extruded (A) Al-Cu (experiment 1), (@)
Al-Cu/SiC (experiment 4) and (M) Al-Cu/Al, O, (experiment 5). All
materials were solution-treated at 802 K for 2 h.

TABLE VI Results of room-temperature mechanical properties

Experiment YS UTS Duectility
No. (MPa) (MPa) (%)

1 3187 £ 00 410.3 £+ 10.7 147+ 0.7
4 3012 £ 53 4223 4+ 8.5 10.8 + 0.5
5 299.6 + 4.6 411.8 £ 53 65+ 13
IM 332.3 - -

*Cast samples solutionized at 802 K and aged at 436 K for 16 h
[22].
>Not reported.

%

Figure 16 SEM micrograph showing fracture surface morphology
of sample taken from experiment 1.

graph of the fractured sample. Cracks can be seen
emanating and randomly distributed throughout the
fracture surface. Fig. 17b shows regions of highly
localized plastic deformation and that of brittle failure
on the fracture surface of a sample taken from experi-
ment 4. In addition, interfacial debonding was ob-
served between SiC particulates and the matrix, in the
sample taken from experiment 4 (Fig. 18). Finally,



Figure 17 Representative SEM micrographs showing (a) cracks
distribution on the fracture surface and (b) mixed-mode type of
failure observed in fractured samples taken from experiment 4,

Figure 18 SEM micrograph showing the interfacial debonding be-
tween matrix and SiC reinforcement observed on the fractured
surface of sample taken from experiment 4.

macroscopic examination of the fractured samples
taken from experiment S revealed the fractured sur-
faces to be tilted by ~7° to the horizontal plane,
suggestive of brittle failure. Fig. 19a is a low-magnifi-

Figure 19 Representative SEM micrographs showing (a) crack dis-
tribution on the fracture surface and (b) mixed-mode type of failure
observed in fractured samples taken from experiment 3.

cation scanning electron micrograph revealing the pre-
sence of cracks randomly distributed throughout the
fracture surface. Fig. 19b is a representative scanning
electron micrograph revealing a mixed-mode type of
fracture. The regions corresponding to highly local-
ized plastic deformation and features reminiscent of
brittle failure can easily be discerned in this figure.
Finally, the presence of cavities of ~5 to ~ 15 pm
were observed on the fractured surfaces of the samples
taken from experiments 4 and 5. These cavities were
noted to be associated with either the large ceramic
particulates or clusters of small particulates.

4. Discussion

4.1. Microstructure

Three salient features are associated with the micro-
structure of spray-atomized and co-deposited ceramic
particulate-reinforced metal-matrix composites:

(a) the grain structure,

(b) the presence of micrometre-sized pores, and

(c) the amount and distribution of reinforcing par-
ticulates.
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The grain morphology of the spray-atomized and co-
deposited MMCs was equiaxed, in agreement with the
‘results obtained by other investigators [23-31]. The
mechanisms associated with the formation of
equiaxed grains during spray atomization and depos-
ition processing are addressed elsewhere [6, 23-27,
31], and will not be reiterated here. The results from
Table II reveal the experimentally observed grain sizes
for the unreinforced and reinforced spray-deposited
materials to range from 23.0 to 35.5 pm. The relatively
finer-grained microstructure noted for experiment 1
(25.0 pm), relative to that obtained in experiment 2
(35.5 um), is consistent with the lower superheat tem-
perature used in experiment 1 (1023 K), relative to that
used in experiment 2 (1073 K) [32]. The results also
show that increasing the volume fraction of reinforce-
ment effectively decreases the grain size of the as-spray
deposited material as observed in experiments 2, 3
and 4 (see Table II). Moreover, the results convinc-
ingly show that the grain size of the as-received plates
is higher than that observed for the unreinforced and
reinforced materials, in the as-spray deposited condi-
tion. Finally, it can be seen that the presence of 11.1%
(Vy) of SiC particulates in the metal matrix is far more
effective in refining the grain size when compared to
16.8% (V;) of Al,O,, under identical processing condi-
tions (Table II). A thorough discussion of the effects of
the processing variables on the resulting microstruc-
ture obtained during spray atomization and depos-
ition is provided elsewhere [6, 7, 27].

A second important microstructural characteristic
frequently associated with spray-atomized and depos-
ited microstructures is the presence of a finite amount
of non-interconnected porosity [23-30]. The overall
amount of porosity present in spray-atomized and
deposited materials depends on the following:

(a) the thermodynamic properties of the material,
(b) the thermodynamic properties of the gas, and
(c) the processing parameters.

Under conditions typical for aluminium alloys, the
amount of porosity present in spray-atomized and
deposited materials has been reported to be in the
1-10% range [6, 23, 25] (Fig. 4). The various mech-
anisms governing the formation of pores during spray
atomization and deposition can be found elsewhere
[33-36]. Finally, the results of this study reveal that
the presence of ceramic particulates (SiC/ALOj;) in-
creases the volume fraction of porosity in the as-spray
deposited materials when compared to that of the
unreinforced matrix material, processed under identi-
cal conditions (Table II). This is attributed in part to
enhanced heat transfer and the concurrent increase in
solid fraction of the droplets prior to deposition [13].

The resultant size, amount and distribution of re-
inforcing particulates is of interest since the mechan-
ical behaviour of the ceramic particulate-reinforced
metal-matrix composites is linked with the presence of
these particulates in the matrix. The volume fraction
of ceramic particulates present in spray-atomized and
co-deposited materials has been correlated with pro-
cessing parameters such as injection angle, injection
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pressure and ceramic/metal mass flow ratio, and phys-
ical properties such as surface tension of the atomized
droplets [23, 25, 37, 38]. The ceramic particulates may
be incorporated into the aluminium alloy matrix by
two possible mechanisms:

(a) the ceramic particulates penetrate the atomized
droplets during co-injection and remain entrapped in
the matrix during subsequent impact with the depos-
ition surface [38], or

(b) the SiC particulates remain on the surface of the
atomized droplets and are entrapped by the matrix
after impact with the deposition surface.

Gupta et al. [6, 27] proposed that the extent of
particulate entrapment after impact will depend on
the conjunct influence of the magnitude of impact and
repulsive forces present at the metal-ceramic interface.
If entrapment fails to take place either during co-
injection, or subsequently, during deposition, the
microstructure of the spray-atomized and co-depos-
ited materials will be characterized by a high concen-
tration of ceramic particulates at the prior droplet
boundaries. Such a situation has been reported by
Ibrahim et al. [39] for a spray-atomized and deposited
6061 Al/SiC metal-matrix composite.

A comparison of the observed grain sizes with the
measured interparticulate spacings provides an insight
into the extent of entrapment that occurred during the
experiments (Table II). The results show that the
interparticulate spacings in materials from experi-
ments 3, 4 and 5 were substantially smaller than the
measured grain sizes, suggesting entrapment of the
ceramic particulates by a large proportion of the
droplet population. However, on the basis of the
present data, it was not possible to discern whether the
entrapment of the ceramic particulates occurred dur-
ing atomization, or during subsequent deposition.
Furthermore, it is worth noting that the SiC partic-
ulates were more homogeneously distributed in the
Al-Cu metal matrix when compared to the Al,O,
particulates. The Al,O, particulates showed a tend-
ency to agglomerate into clusters (Fig. 7). Further
work continues in this area.

On the basis of the present experimental findings, it
appears that the co-injection of ceramic particulates
during deposition influences the precipitation kinetics.
Phase equilibria, as inferred from the Al-Cu phase
diagram [21], is consistent with the XRD results
obtained for experiments 2 and 3, which confirmed the
presence of Al,Cu precipitates. However, failure to
detect the presence of Al,Cu-type phases using SEM
in samples taken from experiment 3 suggests that the
precipitates were refined by the presence of reinforcing
phases. This phenomenon is consistent with the results
of Salvo et al. [40] who suggested that the finer
precipitate size that is commonly observed in MMCs
may be attributed to a greater number of nucleation
sites associated with a higher density of dislocations
that is present in the reinforced metal matrices.
Finally, failure to detect Al,Cu diffraction lines in
samples taken from experiment 5 is ascribed to two
competing reasons:



(a) the volume fraction of Al,Cu is below the XRD
detection limit, and/or
(b) precipitation of Al,Cu is completely suppressed.

The latter phenomenon is unlikely as a result of the
high quench rates that are necessary to completely
suppress this reaction. In related studies, it has been
suggested that the formation of microsegregation-free
solidification is governed by either the absolute stabil-
ity criterion or solute trapping [41-43]. In order to
achieve considerable solid solubility extension, the
amount of solute C has to be less than a critical
amount C.,. If C < C,,, the formation of microsegreg-
ation-free solidification will be governed by the abso-
lute stability criterion and substantial extension of
solid solubility can be realized. However, if C > C,,
the formation of microsegregation-free solidification
will be governed by solute trapping and the material
system will exhibit a relatively high resistance to solid
solubility extension. In order to analyse the present
system, C., was computed by considering the alloy as
a simple binary Al-Cu system, on the basis of the
following equation [41-43]:
k*T

C T e, ©
where m; is the liquidus slope, k is the partition
coefficient, I" is the Gibbs-Thompson coefficient and
a, 1s the interatomic distance. The values of k (0.16)
and m (3.4 K/wt %) were taken from Murray [44],
while the value of I' = 1.08 x 1077 K m was taken
from Juarez Islas et al. [45]. Substitution of these
values in Equation 3 predicts the value of C., to be
2.39 wt % Cu. Hence, for the alloy used C > C,, and
the formation of microsegregation-free solidification
will be governed by solute trapping. Moreover, in view
of results provided and discussed elsewhere [6, 46],
which suggest that the solidification front velocity
during spray atomization and deposition is of the
order of 1-2mms™*', it is unlikely that complete
suppression of copper precipitation as Al,Cu occurred
in this study. The results of our analyses are consistent
with TEM observation of samples taken from experi-
ment 5. The results show the presence of Al,Cu-type
precipitates in the matrix (Fig. 12). Quantitative ana-
lyses to determine the size distribution and volume
fraction of these precipitates could not be conducted
due to difficulties associated with

(a) non-uniform distribution of precipitates,
(b) nanometric size of the precipitates, and
(c) sample area investigated.

The reduction in intensity (as observed in experiment
3) and the absence of diffracted beams (as observed in
experiment 5) corresponding to Al,Cu may be at-
tributable to a decrease in growth kinetics experienced
by the AL Cu precipitates, as a result of an en-
hancement in heat transfer brought about by the
presence of ceramic particulates, during deposition
[26].

4.2. Solid-state cooling effects
Once the mixture of solid, liquid and mushy droplets

impacts the deposition substrate, the newly formed
grains will continue to grow during solid-state
cooling. In order to gain an insight into the growth of
grains in both the reinforced matrix and unreinforced
matrix, kinetic analysis of the data, given in Tables IV
and V, was used to calculate the grain growth expo-
nent in the as-spray deposited materials. The grain
growth exponent n represents the slope of the line
when the grain size (mm) is plotted as a function of
time (min) on a bilogarithmic plot [47-497. The empir-
ical relationship correlating grain size with annealing
time and grain growth exponent can be expressed as

D = C@y 4)

where D is the average grain diameter, ¢ is the an-
nealing time, and C and n are constants. The nu-
merical values of C and n depend on both alloy
composition and annealing temperature (Table VII).
The values of n have been reported to range from 0.05
to 0.50 [50]. A comprehensive discussion of the signifi-
cance of the exponent n can be found elsewhere [50,
51]. The main assumptions involved in the develop-
ment of Equation 4 are;

(a) the grains have an equiaxed morphology,
(b) there is no prior deformation, and
(c) the grain growth is normal [47-49].

Regarding the grain morphology, the presence of
equiaxed grains has been established in the preceding
section. Finally, the linear relationship observed be-
tween grain growth and annealing time (Figs 13 and
14) provides an experimental basis for the assumption
of normal growth.

A few comments are in order regarding the values of
grain growth exponent »n obtained in this study. It is
observed (Table VII) that the value of n for a constant
temperature is lower for the AI-Cu material
(0.044-0.056) relative to those of the Al-Cu/SiC
(0.059-0.060) and Al-Cu/Al,O; (0.050-0.074) com-
posite materials. Furthermore, the results also reveal
the value of n to increase with an increase in temper-
ature for the unreinforced and reinforced materials,
consistent with the results obtained by other investig-
ators [50, 51]. This behaviour is rationalized by con-
sidering the extrinsic and intrinsic effects associated
with the co-injection of ceramic particulates.

The co-injection of the ceramic particulates during
spray atomization and deposition increases the rate of
heat transfer from the atomized spray and, thereby,
promotes the retention of alloying elements in solid
solution in the matrix [26]. In related studies, Gupta

TABLE VII Results of grain growth exponents

Experiment  Temperature C n

No. (K)

2 673 0.036 0.044
773 0.037 0.056

3 673 0.028 0.059
773 0.029 0.060

5 673 0.028 0.050
773 0.029 0.074
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et al. [52] used X-ray diffractometry to show that a
spray-processed Al-4.0 Ti material retained 0.88 wt %
Ti in solid solution, whereas the corresponding as-
spray processed Al-2.3 wt % Ti/SiC material retained
up to 1.13 wt % Ti in solution. An excess solid solubil-
ity of the alloying elements in the matrix will tend to
reduce the volume fraction of precipitates in the ma-
trix and, in effect, allow for easier grain boundary
mobility. This rationale is supported by the results of
X-ray diffraction studies which failed to reveal the
presence of Al,Cu-type precipitates in the as-spray
processed Al-Cu/Al,O; composite samples. Hence,
on the basis of the results obtained, it appears that the
presence of Al,Cu-type precipitates in the matrix in-
hibits grain growth more effectively than the reinfor-
cing ceramic particulates.

4.3. Ageing studies

The results of this study reveal that the as-quenched
hardness of the metal-matrix composites is higher
than that of the monolithic counterpart. This is at-
tributed in part to the high dislocation density present
in the composite matrix due to the mismatch between
the coefficients of thermal expansion of the metal
matrix and the ceramic reinforcement [53]. The res-
ults also show that the ageing time for peak hardness
was the same for the unreinforced Al-Cu and re-
inforced Al-Cu/SiC and Al-Cu/Al,O; materials.
These results are consistent with the findings and
observations of Chawla et al. [54] and Salvo et al
[40]. These researchers showed a negligible difference
in ageing kinetics between unreinforced and reinfor-
ced materials when they were aged at relatively low
temperatures (~423 K). Moreover, in related studies
conducted on aluminium alloy 6061, Rack and Kren-
zer [55] showed that in some instances the ageing
kinetics of unreinforced material may even be faster
than for the reinforced materials due to changes in the
precipitation sequence, caused by the presence of a
large number of matrix dislocations. This behaviour
has also been reported for spray-processed 6061 com-
posites during a time interval of 0.6 >t > 0.0 h [56].
In addition, the higher hardness observed for the SiC-
reinforced composites, as compared to the Al,O;-
reinforced composites in both the as-quenched
and peak-aged conditions, can be attributed to the
higher hardness of SiC (Vickers hardness
3000-3500 kg mm ~2) as compared to Al,O; (Vickers
hardness 2600 kg mm~2) [57]. These results are con-
sistent with the work of Salvo et al. [40] who studied
6061 aluminium alloy reinforced with SiC and Al,O4
particulates, and processed using a compocasting
technique.

4.4. Mechanical behaviour

The results of the mechanical behaviour studies indi-
cate that the co-injection of SiC or Al,O; particulates
in the Al-Cu matrix reduces the yield strength (YS)
and ductility of the matrix material and does not
significantly improves the ultimate tensile strength
(UTS). The reduction in UTS values for the metal-
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matrix composites is not unusual and has also been
reported by several other investigators [28, 39, 58]. In
related studies, Ibrahim et al. [39] showed that
strength of a metal-matrix composite increased ap-
preciably over that of the monolithic counterpart only
when the volume fraction of the reinforcing partic-
ulates was increased over 28%. Friend [59] suggested
that unless there is a critical volume fraction of re-
inforcing phase in the matrix, the load transfer be-
tween the matrix and the reinforcement will not be
effective and a concomitant strength improvement
may not be realized.

To provide an insight into the strengthening beha-
viour of the MMCs used in this study, a simple
numerical formulation was developed. The objective
of this formulation was to calculate the critical volume
fraction of reinforcing particulates required above
which strengthening is to be expected in discon-
tinuously reinforced metal matrices. The model
formulation incorporates the following important
assumptions:

(a) the reinforcing particulates are equiaxed (e.g.
aspect ratio = 1),

(b) the reinforcing particulates acts as load carriers
until the onset of debonding, and

(c) the reinforcing particulates are uniformly dis-
tributed in the matrix.

The strength of MMCs may be estimated on the basis
of rule-of-mixture theory for uniaxial continuous fibre
composites as [59]

O, = CuVpt+oh(l =V (3)

where o, is the composite strength, o, the strength of
reinforcing phase and o the matrix stress at the
reinforcement failure strain.

Equation 5 needs to be modified in order to account
for the presence of surface flaws that are typically
associated with the reinforcing ceramic phase. For
example, the presence of the sharp edges on ceramic
particulates, with concomitant stress concentration
effects, is known to promote early void nucleation
[60]. Moreover, the occurrence of interfacial debon-
ding has also been shown to play a critical role in the
deformation behaviour of metal-matrix composites
[61]. In view of these findings Equation 5 was modi-
fied to account for the fact that composite strength is
intimately linked to the strength of ‘the interface.
Hence, replacing o, by o;

o, = oVi+ il —Vy (6)

c

where o, is the interfacial bond strength between the
soft and ductile matrix and the hard and brittle re-
inforcement.

Now in the limit, when the volume fraction of
reinforcement V; equals the critical volume fraction
Verim the strength of the composite o, will be equal to
that of the unreinforced matrix material o,,. Hence
we can write Equation 6 as

o o Vi + ox(1 — V) (7

mu

where o, is the ultimate strength of the unreinforced
matrix. Replacing V; by Ve and rearranging



Equation 7 we obtain

E3

G; =~ Om
On the basis of work discussed elsewhere [ 11, 62, 63],
an interfacial bond strength value of o; = 1690 MPa
was used to calculate Vg p for the SiC particulate-
reinforced metal-matrix composites used in this study.
A similar calculation was not attempted for the Al,O,
particulate-reinforced metal-matrix composites due to
the unavailability of a ; value for this material. The
results of this calculation, summarized in Table VIII,
suggest that Vg = 8.2% for the SiC particulate-
reinforced MMCs. The small difference between the
calculated Vg (8.2%) and the actual V; (11.1%) is
consistent with the marginal improvement in strength
that was experimentally observed. The computed
value of Vgir, however, should be considered as a
lower-bound estimate since, in practice, a completely
uniform distribution of reinforcing particulates in the
metal matrix is difficult to achieve, and hence there are
always clusters or agglomeration sites present in the
matrix which promote early crack nucleation. This is
consistent with the presence of cavities (5-15 pm) that
were noted on the fracture surfaces of some of the
MMC samples. These cavities are thought to originate
as a result of the interfacial debonding originating at
clusters of reinforcing ceramic particulates. The calcu-
lated value of Vg, however, provides an insight into
the minimum volume fraction of reinforcement that is
required to realize an improvement in strength in
discontinuously reinforced MMCs. Moreover, inspec-
tion of Equation 8 reveals some interesting trends.
First, Equation 8 suggests that the higher the bond
strength o, the lower the volume fraction of ceramic
reinforcement that is required for an improvement in
strength. Secondly, an increase in the matrix strength
O 18 accompanied by an increase in Vg r. Regarding
the first observation, a high value of o, is indicative of
a more effective matrix-reinforcement load transfer.
Hence, the MMC will need a smaller volume fraction
of reinforcement relative to one with a poorly bonded
reinforcement (e.g. low ;). The second observation is
consistent with the results reported by McDanels [64]
for 20 vol % SiC,/AL In this study, he noted the
strength improvement that was realized in a 6061
MMC to be higher than that noted for 2124 and 7075
MMCs, consistent with the lower matrix strength of
the 6061 alloy relative to alloys 2124 and 7075.

Regarding the effect of the type of reinforcement on
the mechanical behaviour of the spray-deposited
MMCs, a few comments are in order. Inspection of

VCRIT =

TABLE VIII Input parameters and the results of numerical
model

Variable Value
o; (MPa) 1690.0
af (MPay 361.4
G, (MPa) 470.6
Verr (%) 8.2

* Assuming 0.67% strain to failure.

Fig. 11 suggests that the interfacial region of the
Al,O;-reinforced metal-matrix composite exhibits a
higher concentration of Cu when compared to that of
the SiC-reinforced metal-matrix composite. The Cu
enrichment at the interface will deplete the adjacent
matrix of Cu, thereby leading to a lower volume
fraction of Al,Cu-type precipitates (primary strength-
ening phase) during subsequent ageing, and thus pos-
sibly weakening the matrix. This suggestion is con-
sistent with the relatively small difference in tensile
strength between the MMCs and the unreinforced
matrix materials, noted in this study. Moreover, the
higher segregation of Cu noted in the AlO;-
reinforced MMC, relative to that in the SiC-reinforced
MMC is consistent with the higher strength improve-
ment observed in the latter material relative to that in
the former. This is despite the fact that the volume
fraction of AlLO; (16.8%) exceeded that of the SiC
(11.1%). Tt should be noted, however, that the overall
strength of the MMGC:s is not solely dictated by consti-
tutional changes in the matrix brought about by the
presence of ceramic reinforcements, but also governed
by competing influences of: structural changes in the
matrix [65, 66], volume fraction and distribution of
ceramic reinforcement [67], defect concentration in
reinforcement [66], and the extent of interfacial bon-
ding between the matrix and reinforcement [68].

4.5. Fracture behaviour

The extent of brittle fracture, as determined from
fractographic studies, ranged (in ascending order)
from unreinforced matrix to SiC-reinforced MMC to
AL, O;-reinforced MMC. These results are consistent
with the mechanical properties (Table VI) which show
a maximum ductility of 14.7% for the unreinforced
matrix material and a minimum ductility of 6.5% for
Al,O;-reinforced matrix. In addition, the relatively
uniform and finer dimple size of the unreinforced
material as compared to the reinforced counterparts
(experiments 4 and 5) are indicative of ductile failure
[64]. The extent of particulate breakage and inter-
facial debonding noted on the fracture surface of
samples taken from experiment 4 is consistent with
results obtained in earlier studies on SiC-reinforced
Al-7Si [61]. The relatively low difference in atomic
contrast between the Al,O; particulates and the ma-
trix made it difficult to analyse the fracture surface of
samples taken from experiment 5 with respect to
interfacial debonding and particulate breakage.

5. Conclusions

1. The results of grain size measurements and grain
growth studies conducted on the as-spray processed
materials indicate that silicon carbide (SiC) partic-
ulates are more effective in refining grain size than the
aluminium oxide (Al,O,) particulates.

2. The ageing kinetics of the spray-processed and
hot-extruded MMCs remain the same as those of the
monolithic material.

3. The results of the present study also show that the
presence of particulate reinforcement (SiC or Al,O5)
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in the aluminium alloy matrix (AA 2519) does not help
in improving strength, and, in fact, reduces the ductil-
ity of the composite material.

4. Regarding strengthening behaviour, preliminary
results obtained, on the basis of a simple numerical
formulation, suggest that a minimum of 8.2 vol % of
SiC particulates is required in order to realize a
strength improvement for the Al-Cu matrix material
used in this study.
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