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Wetting and interfacial reactions in Al-Li-SiC,
metal matrix composites processed by spray
atomization and deposition
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The present study addresses the wetting and interfacial behaviour in a SiC, reinforced
aluminium-lithium alloy processed by spray atomization and deposition. The microstructural
characteristics of the spray atomized and deposited Al-Li-SiC, metal matrix composites were
investigated as a function of processing history and thermal exposure. The present results
show that there was sufficient interfacial activity at the Al-Li/SiC interface during deposition
to establish a stable bond. Furthermore, the absence of interfacial reaction products suggests
that the temperature during deposition remained relatively low. When the spray deposited ma-
terial was exposed to temperatures in excess of 600 °C, severe interfacial reactions and the
formation of oxide phases were noted. The microstructural studies were accomplished using
optical microscopy, scanning electron microscopy (with energy dispersive X-ray spectroscopy),
transmission electron microscopy, and X-ray diffractometry.

1. Introduction

The attractive physical and mechanical properties
that can be obtained with metal matrix composites
(MMCs) have been documented extensively [1-7].
Many of the MMCs produced today, however, do not
exhibit the ideal properties that would be anticipated
based on the rule of mixture calculations. This behavi-
our has been attributed to reinforcement degradation
and poor matrix-to-reinforcement bonding resulting
from extensive interfacial reactions during processing
[8].

Systematic studies of metal/ceramic interfaces were
initiated in the early 1960s [9]. It is now widely
accepted that in order to maximize interfacial bond
strength in MMCs, it is necessary to promote wetting,
control surface interactions, and minimize oxide for-
mation. Wetting is effected between a metal and a
liquid when the strength of the interfacial bond ex-
ceeds the surface tension of the liquid. Wetting is
difficult to achieve in molten metals due to their
relatively high surface tension values (60-2400
mJm~2). There are, however, various techniques
which can be utilized to improve the wetting charac-
teristics of MMCs. These techniques are based on the
principle that the contact angle formed in a molten
metal/ceramic system can be decreased through: (a)
increasing the surface energy of the solid, (b) decreas-
ing the solid/liquid interfacial energy, and (c) decreas-
ing the surface tension of the liquid metal. In practice,
the bond formed between the matrix and reinforce-
ment can be enhanced by [10]: (a) applying metallic
coatings such as Ni and Cu to the ceramic particulates
[11, 12], (b) alloying the metallic matrix with reactive
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materials such as Li, Mg, Ca, Ti, Zr, and P, to reduce
the surface tension of the melt and/or the solid/liquid
interfacial energy, and to induce chemical reactions at
the interface [13-16], and (c) heat treating the ceramic
particulates in order to promote desorption of ad-
sorbed gases from the ceramic surfaces [17]. The
principles underlying these practices are discussed
subsequently.

Wetting can be promoted in certain metal/ceramic
systems through additions of elements which have a
high affinity for oxygen, such as elements in groups |
and II of the periodic table, e.g., Lt and Mg in alumi-
nium alloys [13, 14]. These clements segregate to the
interfacial region and weaken any oxide layers present
[(18]. For the case of Mg additions to aluminium, for
example, additional improvements in wetting behavi-
our result from a decrease in surface tension, as a
result of the low surface tension of Mg (0.599 N/m)
relative to that of aluminium (0.760 N/m). The addi-
tion of 3 wt % Mg to Al reduces the surface tension
from 0.760 to 0.620 N/m [15]. Furthermore, the addi-
tion of reactive elements to the melt can also enhance
wetting by promoting interfacial reactions. For ex-
ample, chemical reactions have been observed to oc-
cur readily between Al,O; and divalent transition
metal oxides to form aluminate spinels such as
MgO-Al,O; [16]. Such mineral spinels or oxides
promote interfacial bonding, since they form strong
bonds between both metals and ceramics.

From the above discussion, it is apparent that some
interfacial activity will be beneficial to the wetting
behaviour of MMCs. In the presence of high pro-
cessing temperatures, however, extensive interfacial
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reactions with concomitant degradation in the metal/
ceramic bond will have an adverse effect on mechan-
ical behaviour. Hence, the formation of extensive in-
terfacial reactions must be avoided and the thermo-
dynamic activity of certain elements during processing
must be controlled. In the Al/SiC system, for example,
intermediate phases such as Al,C; and Al, SiC, may
form during thermal exposure cither as a continuous
layer or isolated precipitates [19]. At temperatures
above the melting point of Al, SiC reacts with molten
Al according to the following reactions

Al,C, + 3Si 1)
ALSiC, + 3Si @)

4Al + 38i1C =
4Al + 48iC =

In the case of reaction 1, further growth of the reaction
products occurs by solid state diffusion through the
formed Al, C, layer. In the case of reaction 2, however,
the reaction continues by the dissolution of the SiC
into the molten Al matrix. It is important to note,
however, that the presence of Al,SiC, phase has not
been confirmed experimentally. Although the bond
formed between the SiC and Al,C,; is generally strong,
the topology of the resulting Al,C,-SiC interface can
be highly irregular when the original interface is ir-
regular, or if there is dissolution/growth reaction be-
tween SiC and liquid Al The irregular topology of
the interface may promote stress localization during
deformation. This is best exemplified in the
C(graphite)/Al system, where the presence of cracks,
cavities and voids, formed at the C/Al,C; interface
introduces additional mechanisms of crack nucleation
and propagation, relative to those active in the un-
reinforced metal [20]. In addition to extensive inter-
facial reactions, high processing temperatures will
promote oxide formation and segregation of the con-
stituent elements [20-22]. Segregation of elements
such as Cu and Mg from grain interiors will promote
localized corrosion, and limit precipitation-hardening
mechanisms.

The various processing techniques which have de-
veloped to fabricate MMCs can be classified as: (a)
liquid phase processes, (b) solid phase processes, or (c)
two-phase processing methods. Liquid phase pro-
cesses involve the casting of a mixture of liquid—-matrix
and ceramic particulates. These include the DURAL
process [11,23] and melt infiltration processes
[24-27]. Solid phase processes include the oxidation
of a melt/reinforcement mixture (e.g., the Lanxide™
Process [28]) and powder metallurgy (PM) (blending
and consolidation of alloy matrix powders with re-
inforcement particulates) techniques [11,29]. Al-
though liquid phase processes and solid phase pro-
cesses have been carried out to various degrees of
success, there is ample experimental evidence suggest-
ing that there are some important drawbacks
[25, 30, 31]. More recently, two-phase processes have
been successfully utilized to process particulate re-
inforced MMCs with minimal reactivity; these include
rheocasting [32, 33], and spray atomization and de-
position processes [34-38]. A review of the available
literature on particulate reinforced MMCs may be
found elsewhere [39].
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Although the results of recent studies [34-40] sug-
gest that spray atomization and deposition processes
can be successfully utilized to incorporate ceramic
reinforcements into a metallic matrix with minimal
reactivity, there exists no information on the mech-
anisms affecting the wetting behaviour of the reinfor-
cements during processing. The objective of the pre-
sent study was to provide insight into the wetting and
interfacial behaviour of Al-Li-SiC, MMCs processed
by variable co-deposition of multiphase materials
(VCM), a spray atomization and deposition tech-
nique, with particular emphasis on wetting character-
istics and interfacial reactions.

2. Experimental procedure

2.1. Material

Reynolds Metals Company provided the aluminium—
lithium master alloy as cast ingots, 100 mm x
200 mm x 600 mm. The ingots were inspected for
major defects, and chemicalily analysed in preparation
for atomization. The chemical analysis of the remelted
alloy was Al-2.1wt % Li. The selection of an Al-Li
binary alloy (solid solution) as a matrix material was
prompted by the results of Wolf et al. [14] and De-
lannay et al. [15]. Their work indicates that lithium
enhances the wettability of ceramic particulates by
molten metals by segregating to the interfacial region
and weakening any oxide layers present. In addition,
lithium effectively reduces the density and increases
the modulus of the MMCs [40].

The SiC particulates were obtained from the Super-
ior Graphite Company. The size distribution of the
SiC particulates (B phase) was Gaussian and exhibited
an average of 3 um (ds,). In addition, 90% of the
distribution of SiC particulate sizes was less than 5 pm
(doo) With 10% of the distribution falling under 1 um.
Overall, most of the SiC particulate sizes (99%) were
under 15 pm. The bulk and particulate density was
0.78 and 3.1 g/cm?, respectively. In order to ensure
moisture desorption from the surface of the partic-
ulates, these were vacuum degassed at 800°C for 30
minutes prior to the experiments.

2.2. VCM processing

During VCM, the matrix material is disintegrated into
a fine dispersion of droplets using high-velocity inert
gas jets (see Fig. 1). Simultaneously, one or more jets of
strengthening phases are injected into the atomized
spray at a previously determined spatial location. This
location is determined on the basis of numerical ana-
lysis of the fraction solid contained in the atomized
matrix, as a function of flight distance; a more thor-
ough discussion of the numerical results and injection
details is presented elsewhere [34, 35]. The objective is
to achieve interfacial control by injection of the re-
inforcing particulates at a spatial location where the
atomized matrix spray contains a limited amount of
volume fraction liquid. In this manner, contact time,
thermal exposure of the reinforcing particulates to the
partially solidified matrix, and interfacial reactions
can be minimized. In order to avoid extensive oxida-
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Figure 1 Schematic diagram of VCM technique.

tion of the Al-Li matrix during processing, the ex-
periments were conducted inside an environmental
chamber. The latter was evacuated down to a pressure
of 150 micrometres of Hg, and backfilled with inert gas
prior to melting and atomization.

Five VCM experiments were conducted for this
study. The primary experimental variables used dur-
ing each experiment are listed in Table 1.

2.3. Structural characterization

In order to study the resulting microstructure and
phases, metallographic samples were prepared from
various locations in the as-spray deposited Al-Li-
SiC, MMCs. The microstructural studies were con-
ducted: (a) on the as-spray deposited material, and (b)
on the as-spray deposited material after two iso-
chronal anneals at preselected temperatures. The de-
tails of the thermal exposure are given in Table IL

TABLE I Experimental variables used in study

In addition, some of the as-spray deposited mater-
ials were machined into a square prism, of cross-
section 1.0 x 1.0 cm?, and fractured at room temper-
ature. The resulting fracture surfaces were then
analysed.

The heat treatment temperature of 600 °C shown in
Table II was selected on the basis of the Al/SiC phase
diagram (see Fig. 2). As shown in this figure, forma-
tion of the Al,C, phase is thermodynamically stable at
this temperature.

The microstructural characterization was accomp-
lished using optical microscopy, transmission electron
microscopy (TEM), scanning electron microscopy
(SEM) with energy dispersive X-ray spectroscopy
(EDS), and X-ray diffractometry (XRD).

2.3.1. Optical microscopy (OM)

Optical microscopy was conducted on polished and
etched, as-spray deposited samples using conventional
and differential interference contrast (DIC) tech-
niques. The size, volume fraction and distribution of
the SiC particulates was characterized from the op-
tical micrographs using a Buehler Omnimet II Image
Analyser.

2.3.2. Transmission electron microscopy
(TEM)

Transmission electron microscopy was performed on
a JEOL 100 C at an operating voltage of 100 kV. The
TEM specimens were prepared by sectioning and
mechanical polishing into thin foils of about
0.1-0.5 mm in thickness. The foils were then chem-
ically polished to perforation, using the window tech-
nique in a 1:2 solution of HNO, and methanol at
approximately —20°C and a voltage of approxim-
ately 10'V.

2.3.3. Scanning electron microscopy (SEM)

SEM studies were conducted using a HITACHT S-500
microscope. The samples were cut to a thickness of
0.5 cm and mirror polished asing conventional tech-
niques. The polished samples were then examined in
secondary electron mode for microstructural details;

Variables Experiment number

1 2 3 4 5
Matrix alloy Al-Li Al-Li Al-Li Al-Li Al-Li
Reinforcement SiC, SiC, SiC, SiC, SiC,
Atomization pressure 1.2 MPa 1.2 MPa 1.2 MPa 1.2 MPa 1.2 MPa
Atomization gas Argon Argon Argon Nitrogen Nitrogen
Fluidized bed gas Argon Argon Argon Argon Nitrogen
Injection angle® 30° 20° 90° 30° 30°
Injection distance 0.14 m 0.13m 0.15m 0.14m 0.14m
Fluidizing pressure 0.69 MPa 0.69 MPa 0.69 MPa 0.69 MPa 0.69 MPa
Flight distance 0.41 m 041m 041 m 0.41m 041 m 041 m
Pouring temperature 840° 840° 840° 840° 840°
Metal delivery tube
Diameter 3.30 mm 3.27 mm 3.33 mm 3.05 mm 3.00 mm
Atomization nozzle
Pressure condition® ~0 6.0 kPa ~0 ~0 ~0

* The injection angle refers to the relative angle between the spray of SiC, and the concentric vertical axis of the atomized matrix.
b Positive and zero values represent pressurization and metal free-fall, respectively.
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TABLE II Specimen thermal history

Designation Conditions

Hitl as-spray deposited condition

Ht2 as-spray deposited + heat treated at 600 °C for
2 hours

Hi13 as-spray deposited + furnace re-melting under

a flow of argon atmosphere at 870 °C for
1 hour.

point analyses were carried out at selected regions of
the sample surface to detect the presence of reaction
products. SEM/EDS analyses were also conducted
on as-deposited and fractured Al-Li-SiC, specimens
in order to avoid surface contamination during metal-
lographic preparation. The exposed SiC particulates
on the fracture surface were then analysed by varying
the accelerating electron voltage (10, 15,20, and
25 keV) and measuring the intensity of the Al and Si
X-ray peaks at different depths throughout the thick-
ness of the particulates.

2.3.4. X-ray diffraction (XRD)

X-ray diffraction analysis was conducted on spray
deposited samples in the Ht1 and Ht3 conditions (see
Table IT). Thin samples were exposed to CuK, radi-
ation (A = 15418 nm) using a scanning speed of
2 deg/min. A plot of intensity versus 20 was obtained,
illustrating peaks at different Bragg angles. The Bragg
angles corresponding to different peaks were noted
and the values of interplanar spacings, d, was calcu-
lated from Bragg’s law (A = 2d sin 0). The values of d
obtained were then matched with standard values for
aluminium and other phases.

3. Results

3.1. Structural characterization

The as-spray deposited VCM materials exhibited a
discoidal geometry, 50 mm in height by 150 mm in
diameter. The height of the deposits decreased from a
maximum of 50 mm at the centre, to a minimum of
5 mm towards the periphery. The density of the as-

spray deposited VCM materials ranged from
24 g/em? to 2.6 g/cm>. These density values corres-
pond to approximately 88-97% of the theoretical
density, as computed for an Al-Li-5vol% SiC,
material.

3.2. Optical microscopy (OM)

Optical microscopy was conducted on coupons of the
VCM Al-Li/SiC, material; one example is shown in
Fig. 3a. This figure reveals the presence of an equiaxed
grain morphology with an average grain size of 65 pm.
This grain morphology has also been reported by
other investigators [41-43]. The average grain size for
experiments 1 to 5 was in the range of 66~71 um; the
as-cast Al-Li grain size was 207 pm. Optical micro-
graphs of the deposits were taken using differential
interference contrast (DIC); one example is shown in
Fig. 3b. The use of the DIC technique facilitated the
identification of the distribution of the SiC partic-
ulates in the matrix.

3.3. Image analysis

Image analysis was conducted on a number of samples
taken from experiments 1-5 in order to characterize
the size, distribution and location of SiC,, in the Al-Li
matrix. The size and distribution of SiC, obtained
from the image analysis were then used to compute the
interparticle spacing of SiC, according to the formula
discussed by Nardone and Prewo [7]:

A= (LWL 3

where I, [, and f are the length, breadth, and the
volume fraction of the SiC,, respectively. The results
of image analysis and the computed values of inter-
particle spacings, A, are shown in Table IIL

3.4. Transmission electron microscopy (TEM)
Transmission electron microscopy studies were con-
ducted on samples of the VCM materials in the Htl,
Ht2 and Ht3 conditions (see Table II). A representat-
ive view of the as-spray deposited Al-Li-SiC, micro-
structure is shown in Fig. 4. This figure shows the
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Figure 2 Phase diagram of Al-SiC system [19].



Figure 3 Optical micrograph showing: (a) the grain structure of the
VCM deposit, and (b) SiC, distribution in the matrix.

presence of a highly irregular Al-SiC interfacial re-
gion. In some regions of the TEM samples, the partic-
ulates could be seen suspended by thin ligaments of
the matrix across narrow interfaces. In addition, a
high dislocation density in the matrix region sur-
rounding the particulates was also noted (See Fig. 4).

TABLE III Results of image analysis of Al-Li-SiC, composite

Figure 4 Representative TEM micrograph of the Al-Li-SiC,, in the
Ht2 condition.

3.5. SEM/EDS
Scanning electron microscopy of samples removed
from the as-spray deposited Al-Li-SiC, materials re-
vealed the presence of a finite amount of non-intercon-
nected porosity. The micrometre-size pores were ran-
domly located throughout the microstructure, and
exhibited a near elliptical morphology. The distribu-
tion of pores was found to be bimodal, with a large
proportion in the 1-2 pym and 10-20 pm size ranges;
the volume fraction of porosity was estimated to be
approximately 3—12 % throughout the material.
Representative SEM micrographs of the deposited
Al-Li-SiC, MMCs are shown in Fig. 5 for the Htl
and Ht3 conditions. Fig. 5a illustrates the morphology
of the fractured surface corresponding to a sample in
the Htl condition. The surfaces of the particulates
shown in Fig. 5a exhibit an irregular, faceted morpho-
logy. Detailed examination of the fracture surface
revealed that particulate fracture, rather than pullout,
during deformation, suggesting a strong interfacial
bond. Fig. 5b shows the extensive interfacial reaction

Equivalent Volume fraction Interparticle

Sample diameter (um)® (%) spacing
number®  Min. Max. Mean o} Min. Max Mean o (A, pm)
1A 0.57 09.00 270 2.01 1.92 08.33 3.49 1.82 14.48
1B 0.57 10.00 211 2.10 2.89 06.15 4.56 1.13 12.69
1C 0.57 12.00 2.10 1.76 4.40 13.44 7.89 1.91 07.48
2A ----NOT DETERMINED-- - - - 9.60 - 08.714
2C ----NOT DETERMINED- - - - - 11.65¢ - 07.91¢
3A 0.57 11.00 2.76 2.13 4.69 7.19 6.12 0.85 11.14
3B 0.57 10.00 2.86 212 4.38 6.10 5.13 0.50 12.62
3C 0.57 9.00 334 2.16 1.34 3.16 2.49 0.54 21.16
4A 0.25 13.56 1.65 292 18.39 2472 20.75 225 18.14
4B 0.25 9.33 1.54 234 3.17 07.36 05.41 1.56 25.71
SA 0.25 10.68 1.61 2.79 2.60 07.63 03.70 1.54 19.99
5B 0.25 16.95 227 424 2.77 08.95 06.00 2.29 11.89
5C 0.25 18.92 258 4.83 0.76 15.00 05.29 5.23 10.78

® A, B, C designations refer to top, centre and bottom regions, respectively, of the spray deposited Al-Li-SiC,.
5 The equivalent diameter is a measure of the size of the SiC particulates.

¢ These values of the volume fraction were determined using quantitative metallography.

¢ These values were computed from Equation 3 for a SiC, size of 2.7 pm.
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Figure 5 Representative SEM micrograph showing: (a) the frac-
tured surface of the as-deposited Al-Li-SiC,, and (b) the presence
of reaction products in the remelted Al-Li-SiC, material (Ht3
condition).

which occurs between the SiC particulates and the
Al-Li matrix during remelting of the Al-Li matrix
(Ht3 condition).

The results of EDS analyses conducted on the as-
spray deposited material (Ht1 condition) are shown in
Fig. 6. The results shown in this figure correspond to
the location shown in Fig. 5a. The relative concentra-
tions of the constituent elements were calculated from
the intensity of the X-ray beam, and are plotted in
Fig. 6 as a function of depth of penetration into a
SiC particulate. The depth of penetration, R, of an
electron beam into a SiC particulate was computed
from [44]:

R = (4120/p)E" 4)

where n = 1.265 — 0.0954 In E, E = primary electron
energy (in MeV), and p = density of absorbing media
(in g/cm?). The results obtained using Equation 4
show that the accelerating voltages used in the present
study, namely 10, 15, 20, and 25 keV, correspond
to penetration depths of 0.519, 1.218, 2.189, and
3.413 pum, respectively.

Finally, the relative concentrations of the consti-
tuent elements corresponding to the location shown
in Fig. 5b, (Ht3 condition), are shown in Fig. 7. The
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Figure 6 Concentration of Al and Si as a function of penetration in
the SiC, for the as-spray deposited VCM material. (O) AL (A) Si.
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Figure 7 Histogram of the Al-Li-SiC, material in the Ht3 condi-
tion showing the relative intensities of SEM/EDS signals for Al,
Si, O, and C. The Matrix1 and Matrix2 designations refer to
EDS analyses conducted on the matrix at distances of 2 and
10 pm, from the interface, respectively.

results shown in Fig. 7 show that the Al/SiC interface
contains O, C, Si and Al In this figure, the location
designated as Matrix 1 refers to a region approxim-
ately 2 pm from the interface, whereas location de-
signated as Matrix 2 was approximately 10 ym away
from the interface.

3.6. X-ray diffraction (XRD)

The X-ray diffraction spectra corresponding to sam-
ples in the Ht1 and Ht3 conditions were analysed. The
lattice spacings (d) corresponding to the observed
Bragg angles are shown in Table IV. Also included
in this table are the standard lattice spacings corres-
ponding to pure Al, SiC, Al,C;, AISIC, Al,O; and
Al, Mg,. The XRD spectrum corresponding to the as-
spray deposited Al-Li-SiC, material (Ht1) indicates
the presence of pure aluminium. The XRD spectrum
corresponding to the re-melted Al-Li-SiC, material
(Ht3), however, exhibits additional peaks. Inspection



TABLE IV Results of X-ray diffractometry studies

Htl sample

Angle 36.4 39.0 453
Calculated d values - 2.36 2.00
Band size (%) - 60 100
Ht3 sample

Angle 36.4 39.0 453
Calculated d values 247 2.36 2.00
Band size (%) 10 100 59
Standard d values

Al 2.338 2.025 1.432
AL, O, 23379 1.601 1.510
Al,Mg, 248 1.60 1.52
Al-Li 2.26 1.92 1.58

54.6 60.6 65.8 78.8 82.9
- 1.42 1.21 1.16
- 15 21 10
54.6 60.6 65.8 78.8 829
1.68 1.53 1.42 1.21 1.16
5 36 35 13

1.221 1.169

of Table IV suggests that these additional peaks cor-
respond to Al,O;. The absence of X-ray peaks corres-
ponding to SiC, Al,C; and AlSiC phases was thought
to result from the relatively low volume fraction of SiC
particulates present in the samples utilized for the
XRD study (see Table III).

4. Discussion

4.1. Grain structure

The experimental results show that the grain morpho-
logy of the VCM material is equiaxed; this observa-
tion is in agreement with previous findings
[41-43, 45]. It has been proposed [46] that the forma-
tion of an equiaxed grain morphology during spray
deposition is associated with three simultaneous pro-
cesses: (1) dendrite arm fragmentation, (2) nucle-
ation/grain multiplication, and (3) constrained
growth. During deposition, there is extensive frag-
mentation of the dendrite arms formed during solidi-
fication, as a result of the repeated impact of the
partially solidified droplets, first with the deposition
surface, and subsequently, with each other. The pre-
sence of dendrite fragments, the development of strong
convective currents in the liquid during impact, and
the formation of a large number of solid nuclei have all
been proposed as factors which contribute towards
the development of an equiaxed grain morphology
during spray atomization and deposition. A more
thorough ‘discussion of these mechanisms can be
found elsewhere [46].

Comparison of the grain size of the spray deposited
Al-Li binary alloy to that of the VCM Al-Li-SiC,
material indicates that the presence of the SiC partic-
ulates effectively reduces the grain size by approxim-
ately 10%. The finer grain morphology of the
Al-Li-SiC,, is thought to result from a combined effect
of three distinct mechanisms: enhanced heat transfer,
increased solidification prior to impact, and grain
boundary pinning effects. During flight, the SiC par-
ticulate spray from the fluidized bed effectively en-
hances the convective heat transfer from the matrix
droplets as a result of its lower temperature (the
particulates are injected into the matrix spray at room
temperature) and high relative velocity. The high rela-
tive velocity between the atomized droplets and the
SiC, carrier gas is a direct result of the injection angle
(see Table I). Further work is in progress in this area in

order to develop an understanding of the effects of the
reinforcements on the resulting microstructure during
spray deposition.

Regarding the presence of pores in the as-spray
deposited VCM material, the observed irregular mor-
phology of the pores suggests that porosity develops
from interstices formed as droplets impact on one
another. This is consistent with the findings of other
investigators [41-43]. A discussion on the origin of
porosity in spray deposited materials can be found
elsewhere [35, 46].

The high dislocation density observed in the Al-Li
matrix adjacent to the SiC particulates is in agreement
with previous findings [43, 47]. The high dislocation
density observed in MMCs is thought to result from
the large difference in coefficient of thermal expansion
(CTE) of ‘Al and SiC (10:1) which causes thermal
mismatch strains, &, between reinforcement and mat-
rix during solid state cooling. These strains are relaxed
by the formation of a dislocation network, which in
turn, will alter the response of the MMC to thermo-
mechanical processing, relative to that of unreinforced
alloys [19, 47, 48].

4.2. SiC particulate size and distribution

The results shown in Table III indicate variations in
the volume fraction of SiC, with spray deposited
thickness. Regarding variations in volume fraction of
SiC, for a single experiment, the results shown in
Table V do not reveal a clear correlation between
spray deposited thickness, the amount of SiC,,, and the
experimental conditions (see Table I). Although a
systematic investigation of the effects of the injection
angle on the distribution of SiC, in the matrix was
outside the scope of the present study, the variations
in volume fraction with spray deposited thickness are
most likely affected by changes in the fluidization
conditions (i.e., pressure drop) and mass flow rate of
the metal during the experiments, in addition to the
injection angle. Furthermore, since the volume frac-
tion of SiC, was determined using image analysis, the
results should be treated as an order of magnitude
approximation of the actual SiC, volume fraction. The
results do suggest, however, that it is possible to alter
the resulting variations in volume fraction of SiC
particulate through changes in the fluidization condi-
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TABLE V Numerical model results of the thermal history of the droplets of varying sizes

Diameter of Temperature (°C) f, Temperature (°C) f, Thickness of Oxide film Oxide film
droplet (umy) {at 0.14 m) (%) (at 0.41 m) (%) oxide film (nm) (0.14 m)? 0.41 m)y*
25 182 100 100 100 234 ALO,3H,0/  ALO,3H,0/
Al,O;H,0/Li,O Al,0;H,0/Li,O
62 605 95 472 100 58.5 v-ALO,/ ALO,H,0/
v-LiAlO, y Al,O,
156 650 33 647 48 140 v-Al, 0,4/ v Al,Oy/
y-LiAlO, v LiAlO,

* The type of oxides shown for the indicated temperatures and droplet sizes are for equilibrium conditions, and were determined from the
work of [61, 62] on the basis of the average temperature of the droplet.

tions. The higher volume fraction of SiC particulates
observed for experiment 2 was thought to result from
a pressurization condition at the metal delivery tube
(see Table I). This behaviour, which is caused by the
relative position of the metal delivery tube to the gas
jets, has been studied extensively [49]. In the present
study, the pressurization effect reduced the metal flow
rate of the matrix, effectively decreasing the Al-Li/SiC
particulate mass flow ratio, hence resulting in a higher
SiC particulate concentration.

Regarding the size distribution of the SiC,, the
results from Table III (ds, = 2.7 um} are consistent
with the initial SiC, size (ds, = 3.0 um). The slight
reduction in particulate size can be attributed to the
difficulties associated with fluidizing the coarse SiC
particulates. The results also indicate that the pro-
cessing methodology does not favour clustering of the
SiC particulates.

In terms of the location of the SiC, in the matrix,
comparison of the computed interparticle spacings
from Table III to the resulting grain sizes, indicates
that the particulates were randomly distributed in the
matrix (i.e. not preferentially located at the grain
boundaries). This was also confirmed through SEM
analysis. After impact with the substrate, retention of a
suitable particulate dispersion throughout the matrix
is facilitated by the presence of primary dendrite de-
bris resulting from droplet impact. The mechanisms
affecting the distribution of SiC, during VCM are
discussed in the subsequent section.

4.3. Wetting and interfacial reactions
In order to discuss the wetting behaviour during
VCM, it is necessary to review the current understand-
ing of the factors which govern the behaviour of
liquid/solid interfaces under equilibrium condition.
A concept commonly used to measure the adhesive
strength between a solid and liquid interface is the
work of adhesion W,,, defined by the Young-Dupré
equation as:

Wia = 1iy(l + cosd) 5)

W, has been defined [15, 18] as the work required to
separate a unit area of the solid/liquid interface; v, is
the liquid/gas interfacial energy. Wetting of a solid
surface by a liquid is achieved when cos 6 > 0, that is
when v, > v,; where v, and v, are the solid/gas and
solid/liquid interfacial energies, respectively. More-
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over, it can be shown [15] that wetting will occur
when the driving force for wetting D; exceeds the
liquid interfacial energy, i.e.

Dy = vy, (6)

The driving force for wetting, Dy, is governed by two
factors: the surface tension of the liquid, and the
strength of the liquid/solid interaction at the interface
[15]). In turn, these two factors are affected by vari-
ables such as interfacial reactions, surface character-
istics, heat of formation, valence electron concentra-
tion, temperature and time [50]. For molten metals, it
is difficult to satisfy Equation 6, because metals typ-
ically exhibit rather high surface tension values
(64-2400 mJm ~?). Hence, the wettability of oxides by
molten metals is generally poor. Recent results suggest
that the wettability of molten metals against ZrO,
[15] and Al,O4 [51] is approximately proportional to
the free energy of oxide formation of the metal. In the
presence of oxygen, however, metals with a high free
energy of oxide formation form stable oxides which
act as effective diffusion barriers that decrease the level
of interaction at the interface. Furthermore, the
absorption of oxygen from the atmosphere can also be
detrimental to the wetting behaviour by decreasing
Yse- As a result, wetting is not observed in molten
metal/ceramic systems until a certain threshold tem-
perature is achieved which allows penetration of the
molten metal through the oxide layer. For example,
Laurent et al. [52] and Warren and Anderson [53]
attributed the transition from non-wetting to wetting
behaviour in Al/SiC system to the disappearance of
the oxide layer from the molten Al droplet. Further-
more, Warren and Anderson [53] also singled out the
destabilization of the oxide layer (by the presence of
reactive elements) and the improvement of interfacial
reaction kinetics with temperature as the main factors
contributing to wettability.

Even in systems that exhibit a strong driving force
promoting chemical reactions, the presence of oxides
can prove detrimental to the wetting behaviour. In
SiC/Al, for example, the high value of the work of ad-
hesion (W,, = 1000-1200mJm ~2) [15], indicates that
there is a strong tendency for chemical interaction at
the interface. However, wetting in this system is hin-
dered not only by the formation of AL, O, on the
molten metal, but also by the formation of SiO, on the
surface of the SiC particulate. In the presence of SiO,
and Al, O;, the contact angle formed between Al at its



melting point and SiC can be extrapolated [53] to be
approximately 155° which corresponds to non-
wetting behaviour. Under these conditions, the value
of work of adhesion calculated using the method
discussed by Delannay et al. [15] is 98.37 mJ/m?2,
The latter also suggests non-wetting between the Al
and SiC since the work of adhesion, W,,, must be
greater than the liquid/gas interfacial energy, v,
(1050 mJm ~2) for wetting to occur.

The wetting characteristics and the extent of inter-
facial activity during VCM are affected by the thermal
conditions of the matrix during reinforcement injec-
tion and deposition. During VCM, the thermal and
solidification conditions of the droplet distribution
will depend on: (a) the thermodynamic properties of
the matrix material, such as (i) liquidus temperature,
(i) solidus temperature, (iii) melting temperature, (iv)
density, (v) thermal conductivity, (vi) surface tension,
(vii) heat capacity, and (viii) heat of fusion; (b) the
thermodynamic properties of the atomization gas
such as (i) density, (ii) heat capacity, (iii) viscosity, and
(iv) thermal conductivity; (c) the characteristics of the
reinforcement phase(s) such as (i) size distribution, (ii)
mass flow rate; and (d) the processing parameters such
as (i) atomization gas pressure, (ii) nozzle/substrate
flight distance, (i) metal/gas flow ratio, and (iv) re-
inforcement injection. For processing conditions typi-
cal for aluminium alloys, the droplet distribution dur-
ing reinforcement injection and subsequently during
impact is made up of solid powders (d,¢ = 2045 pm,
f.~ 1), droplets with mostly liquid phase (dg,
= 150-250 um, f; ~ 0), and a substantial fraction of
powders in the mushy state (dso = 50-90 pum,
£, ~ 0.5) (the subscripts 84, 50 and 16 in dg,, dso and
d, represent 84%, 50% and 16% of the size distribu-
tion under this particle size) [46, 54]. As a result,
during impact with the deposition surface, the SiC
particulates will be surrounded by either: (a) dendrite
fragments, (b) fully solidified fine droplets, or (c) liquid
phase. This event is shown schematically in Fig. 8.

The presence of either dendrite fragments and/or
fully solidified droplets will promote mechanical en-
trapment of the SiC particulates during deposition.
The highly irregular surface morphology of the SiC,,
which was evident from SEM observations (see Fig. 5),
will facilitate mechanical entrapment of the partic-
ulates during = deposition. In related studies,
Mehrabian et al. [55] showed that during stir casting
of an Al-Si-Fe alloy containing SiC or Al,O; partic-
ulates, the presence of primary dendrite debris pre-
vents settling, flotation, or agglomeration of the cer-
amic particulates. The presence of either dendrite
fragments and/or pre-solidified droplets during depos-
ition will have a similar effect to that present during
stir-casting. Furthermore, the presence of small crevi-
ces in the surface of the SiC particulates increases the
effective surface area available for interfacial activity,
and enhances the mechanical bond formed between
the particulate and matrix. In the presence of pre-
solidified droplets, however, the interparticle spacing
will be limited by the droplet size. This is supported by
the results shown in Table 111, for samples 3C and 4B.
The interparticle spacings computed for these two

SiC particulate
( K—— Partially solidified droplet
[ ] [ ]
[ ]
> i l Dendrite fragments

Liquid aluminium alloy phase
([sac particulates
Mim e =
|

Spray deposited material

Figure 8 Schematic diagram showing the stages during impact of
droplets and SiC particulates at the deposition surface.

samples, 21.2 and 25.7 um, respectively, approach the
value of the d, 4 droplet diameter, where d; = 30 pm.
A more thorough discussion on particulate entrap-
ment during VCM can be found elsewhere [34, 35].

Regarding the interaction of SiC particulates with
the molten Al-Li matrix during VCM processing, the
preliminary results found in this investigation indicate
that the temperature during deposition was sufficient
to promote the formation of a stable bond, but re-
mained sufficiently low to avoid extensive interfacial
activity. The presence of a strong Al-Li/SiC bond is
supported by the SEM results which showed fracture
rather than pullout of SiC particulates during defor-
mation. Furthermore, the results shown in Fig. 6
suggest that the temperature during deposition pro-
moted some diffusion of Al into the SiC. Regarding the
diffusion of Al into the SiC, the present results are
apparently unexpected since previous studies have
shown that the calculated mean diffusion rate of Al in
SiC at 500 °C will be less than 0.1 nm/year [56]. It is
worthwhile noting, however, that the present results
are consistent with the findings of other investigators
who have also reported diffusion of matrix elements
into the reinforcing phases. Nourbakhsh et al. [57],
for example, observed extensive diffusion of Ti into
Al, O, reinforcing fibres. In that study, approximately
1 wt% Ti was added to a NizAl (Ni-Al-Cr—Zr-B)
matrix in order to enhance wetting of the reinforcing
fibres. In related studies, J. M. Yang et al. [58] also
reported diffusion of Ni into SiC fibres in a nickel
aluminide (Ni; Al) matrix. In view of these results, and
the fact that the atomic radius of Al is small, relative to
that of Ti, the diffusion of Al into the SiC observed in
the present study is not unexpected. Furthermore, the
presence of a dislocation network at the SiC/Al inter-
face (see Fig. 4) will most likely enhance the diffusion
of Al into the SiC.

The presence of small amounts of C detected near
the interface of the as-spray deposited material after
heating to 600 °C for two hours (Ht2 condition) sug-
gests the diffusion of free carbon (~0.60 wt%) from
the SiC particulates thus resulting in an increase in the
activity of carbon as also discussed in the related
studies by Kannikeswaran and Lin [59]. Although
interfacial reaction layers were not observed in the Ht1
specimens, the interfacial reaction layers were appreci-
ably large, with thicknesses of the order of 5 ym, in the
Ht3 specimen. This is consistent with the EDS results
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from Fig. 7, which indicate the presence of high levels
of C and O at the interface, relative to the matrix.
Furthermore, this is in agreement with earlier obser-
vations [19] which suggest that fast reactions occur
between SiC and molten aluminum to form carbide
phases such as Al,C; and Al,SiC, [18, 19, 47, 48]. In
the related studies, Iseki et al. [60] reported the
presence of a thin reaction layer about 10 um in
thickness for the sintered SiC and aluminium biock
heat treated at 1100°C in a vacuum of 10~ 2 Pa,

5. Dynamic wettability

The results discussed in the previous section suggest,
first, that a strong interfacial bond was established
between the Al matrix and the SiC particulates and
second, that prolonged thermal exposure of the as-
spray deposited material resulted in the formation of a
reaction layer consisting primarily of carbon-contain-
ing phases, such as Al,C;. The presence of a strong
interfacial bond and the ensuing interfacial reactions
during thermal treatment are indicative of wetting of
the SiC by the Al-Li matrix. In view of the fact that the
interaction of the Al-Li matrix with the SiC partic-
ulates during VCM will take place under extremely
non-equilibrium conditions, it is unlikely that Equa-
tions 5 and 6 may be used to predict wetting behavi-
our, since these equations were developed for highly
equilibrium conditions. One approach that may be
utilized to provide insight into the wetting behaviour
during VCM is to consider the solidification condi-
tions of the matrix droplets during co-injection, and
subsequently, during deposition.

In order to determine the effect of the thermal
conditions of the matrix droplets on the wetting beha-
viour of the SiC particulates, an enthalpy model de-
veloped elsewhere [34, 35] was used in the present
study to calculate the temperature and fraction solid
of the droplets, as a function of the flight distance. The
numerical results are summarized in Table V for three
droplet sizes: 25 pm, 62 pm and 156 um. These three
droplet sizes represent d, ¢, dso and dg, of the droplet

* SiC particulate

.‘élm 51

Vv =120-360m s~

{Penetration)

(a)

(Surface rupture)

Oxide film

size distribution used in the present study, and hence
can be used to gain some insight into the behaviour of
the entire population of droplet sizes. In addition, the
resuits shown in Table V were computed for two flight
distances: (a) the reinforcement injection point, and (b)
the deposition point.

The range of temperatures and fraction solids
shown in Table V do not suggest wetting of the SiC by
the Al-Li matrix, since a large proportion of the
droplet sizes will have developed substantial solid-
ification structures prior to being exposed to the SiC
particulates. Therefore, an alternate wetting mech-
anism is proposed in the present study in order to
account for the observed experimental results.

During VCM processing, as already mentioned, the
SiC particulates are injected at a previously selected
spatial point in the atomized melt stream. At the
reinforcement injection point, as shown in Table V,
the SiC particulates will encounter fully.solid, fully
liquid, or partially solidified Al-Li droplets. The inter-
action of atomized droplets with SiC particulates dur-
ing flight and after deposition is shown schematically
in Fig. 9. SEM analysis of the presolidified, overspray
powders provided experimental support to the results
shown in Table V. Fig. 10 for example shows the
presence of SiC particulates on the surface of pre-
solidified Al-Li powders, approximately 25 pm in dia-
meter. This droplet size corresponds to the d, ¢ droplet
diameter. Also evident from this figure is the dendritic
structure formed during solidification of the powders.

In order to discuss the interaction of the SiC partic-
ulates with the partially solidified or fully liquid drop-
lets, it is necessary to consider the surface condition of
the atomized droplets. The large surface area of
the fine Al droplets, in combination with the high
thermodynamic stability of lithium and aluminium
based oxides [61] will result in the formation of
surface oxides immediately following atomization,
even under highly inert conditions, such as the one
used in the present study. The extent of oxidation, and
other reactions on the surface of the atomized droplets
will depend primarily on the temperature and chem-

: V=120-360m s-1

N

L

(b)

Figure 9 Types of interaction of the SiC particulates with atomized droplets during flight and after deposition. (a) Events during flight;

(b) events at the substrate.
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Figure 10 Presence of SiC particulates on the surface of pre-
solidified Al-Li overspray powder.

ical composition of the droplets and their surrounding
environments [61, 62]. On the basis of the work by
Couper et al. [61], and taking into account the tem-
perature of the droplets, it is possible to predict the
types of oxides that will be present on the surface of
the atomized droplets. The results are shown in Table
V, for the three droplet sizes representing the entire
distribution, and two flight distances representing the
SiC injection flight distance (0.14 m) and deposition
distance (0.41 m), respectively. The results shown in
Table V suggest that even after assuming that all the
oxygen (71 parts per million [63]) present in the
dropiets appears in the form of a surface oxide, the
thickness of oxide will not exceed 140 nm. For the case
of partially solidified, or fully liquid droplets (corres-
ponding to 62 um and 156 pm, in Table V), exposure
of the SiC to unoxidized, molten Al-Li is probable,
either during flight or after deposition. The brittle
character of the aluminium oxide (y-Al,O5) [61] form-
ed on the surface of the droplets enhances the prob-
ability of rupture during impact of the SiC particulates
with the atomized droplets. It is anticipated that the
type of oxide present on droplets 25 um in diameter
will consist of primarily brittle and crystalline oxides
(y-Al,O4/v-LiAlO, ) [61, 62], since the time associated
with the droplet flight is only a fraction of a second.
This minimizes the possibility of absorbing moisture
on the oxide layer and forming stable oxides
(Al,O;xH,0/Li,0) as shown in Table V, for equilib-
rium conditions. Furthermore, the large velocity dif-
ference between the SiC particulates (~ 1 m/sec) and
the atomized droplets (120-360 m/sec) and the impact
energy during deposition will also promote rupture of
any surface oxide films formed on the surfaces of the
matrix droplets. Once the surface of the SiC partic-
ulates has been exposed to unoxidized, molten-alumi-
nium, the relatively high thermodynamic stability of
the Al (AG°~ —921kJ at 660°C) and Li (AG°~
— 963 kJ at 660°C) oxides [64] will result in the
reduction of any SiO, present on the surface of the SiC
into Al,Oj, or Li,O. The formation of Al,O; and/or
Li,O at the Al/SiC interface will result from the

following reactions:
4APT +38Si0, - 2A1,0; + 3Si*" N
4Li'* +8i0, - 2Li,0 + Si** ®)

In view of the above discussion, one may anticipate
that the Al/SiC bond will consist of a series of layers
involving Al, Si, Al,O,;, Li,O and SiC. The afore-
mentioned sequence of reactions is supported by the
results of EDS analyses (see Fig. 7), which revealed the
presence of a high Si concentration at approximately
2 um from the interface while Si was not detected at
the matrix location, 10 um from the interface. In
related studies, Kannikeswaran and Lin [59] showed
through X-ray mapping the presence of a 2 um Si rich
interaction zone, slightly darker in appearance, near
the surface of SiC particulate. The absence of inter-
factal reaction products in the as-spray deposited
material, such as Al, C;, can be attributed to the fast
rate of heat extraction during atomization, and the
absence of an extensive liquid phase after impact with
the deposition substrate (see Table V). The formation
of a strong interfacial bond can thus be attributed to:
(a) the formation of a chemical bond between Si, O
and Al atoms at the surface of SiC particulates, and (b)
the ability of aluminium to form a strong bond with its
oxide (Al,0;) at the Al/SiC interface [14]. Both of
these factors effectively increase the work of adhesion,
W,4, and therefore contribute to the wetting behavi-
our observed in the present study.

The proposed mechanism accounts for the observed
wetting of SiC particulates by an Al-Li matrix during
VCM processing, by taking into consideration the
processing history. This type of wettability, where the
dynamic forces associated with the processing history
play an important role in determining the extent of
wetting and interfacial activity, and affect the resulting
bond strength, is designated as dynamic wettability.

6. Conclusions

1. The preliminary results presented in this study
suggest that the interfacial activity during VCM pro-
moted the formation of a strong Al-Li/SiC, bond.
This was confirmed by the fracture, rather than pull-
out, of the SiC particulates during deformation.

2. The results of EDS analyses conducted on
fractured SiC particulates indicate that thermal condi-
tions associated with VCM processing promotes dif-
fusion of Al into SiC particulates.

3. The absence of interfacial reaction products in
the as-spray deposited VCM material, as confirmed by
TEM and SEM/EDS analyses, suggests that the
temperature of the interface during deposition re-
mained relatively low.

4. The concept of dynamic wettability is introduced
to explain the wetting behaviour in Al-Li/SiC, ob-
served in the present study.
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