Interface Interactions During Fabrication of
Aluminum Alloy-Alumina Fiber Composites

C. G. LEVI, G. J. ABBASCHIAN, AND R. MEHRABIAN

The feasibility of fabricating fiber-reinforced aluminum alloys by addition of discon-
tinuous fibers to vigorously agitated, partially solid metal slurries was investigated. In
the first phase of the program, reported herein, emphasis was placed on the study of
interface interactions between polycrystalline Al,Q; fibers and Al-2 to 8 pct Mg, Al-4.5
pet Cu and Al-4.5 pet Cu-1 to 2 pet Mg alloys. In general, it was observed that the in-
corporation of fibers could be readily achieved by this technique, and that fibers ap-
peared wetted after a few minutes of contact with the melt. The composites produced
exhibited an intimate, void free bond between the constituents. In addition, a region of
significantly altered microstructure resulted from accumulation of oxide and/or alumi-
nate particles which either formed within the melt and were attached to the moving fi-
bers, or used the fiber surface as a substrate to grow on. Microscopic examination of
this interaction zone and thermodynamic considerations indicate that it consists of fine
a-Al;O;, aluminates, oxides of the alloying elements, and probably some intermetallic
compounds. For example, it is shown that a stable MgAl,O, spinel forms at the interface
of ALO; fibers and Al-Mg alloys. Examination of composite specimens fractured under
tension indicated that the interfaces produced were strong enough to permit the transfer
of loads at strengths in the order of 250 to 350 MPa.

I. INTRODUCTION atomic level, and a chemical discontinuum, requiring

the absence of any interdiffusion between the constitu-

THROUGHOUT their history, composites have
evolved under the idea that a unique, tailored set of
properties in a material can be obtained from a com-
bination of constituents with (sometimes very) dissimi-
lar characteristics. One of the main areas of interest
has been the development of fiber-reinforced struc-
tural metals (e.g. Al, Ni, Ti), in which high strength
fibers (e.g. Al;Os, graphite, SiC) or whiskers are
coupled with a ductile matrix to produce a material
that exhibits both properties. In these composites the
prime function of the fibers is that of supporting most
of the applied load, while the role of the matrix is to
bind the fibers together and to transmit and distribute
the external loads to the individual filaments. How-
ever, since the transfer of loads requires the exist-~
ence of a bond and hence a certain degree of interac-
tion between the constituents, the interface becomes a
region whose nature and properties are critical to the
performance of the composite structure.

Normally, it is desirable to have a strong enough
interface which would permit transfer and distribution
of load from the matrix to the filaments. Strong inter-
faces are typical of systems that are fully compatible,
that is, the matrix and reinforcement form bonds but
are mutually unreactive and insoluble. In the ideal
case the perfect interface should be a mechanics
continuum, involving coherency of the bond on the
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ents.

Interaction of the parent phases may be undesirable
if it leads to the formation of weak interfaces, since
premature failure at the matrix-fiber interface will
limit the load carrying ability of the composite. Fur-
thermore, when a finite interaction zone is produced,
the properties of the material will decay after the
reaction exceeds a critical level, and their final value
will depend solely on the characteristics of the com-
pound present at the fiber boundary 2 Moreover, if the
interaction produces an uneven or rough surface on
the reinforcement, it may have a catastrophic effect
on the fiber strength and therefore the composite
properties.®

It is commonly agreed that alumina is an ideal re-
inforcing material for aluminum since the two are
physically and chemically compatible at the projected
service temperature of the resultant composites.4 How-
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Fig. 1—Summary of reported contact angle data between alu-
minum and Al,O, as a function of temperature.
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ever, the combination of these two constituents is com-
plicated by the nonwetting characteristics of the sys-
tem, and either coatings or alloying additions have

to be used to promote interactions between the matrix
and the filaments.

Interface interactions are then important not only in
the performance of the composite but also in the de-
sign of appropriate fabrication techniques to produce
the desired bond. This, in turn, involves the study of
surface phenomena like wetting and chemical reac-
tions, and their effect on interfacial bond strength.

Up to now, among the various processes attempted
for the production of Al,O;-fiber reinforced aluminum
liquid infiltration has been the most successful.”® An
important limitation of this technique is the necessity
for the liquid alloy to wet the fibers since for contact
angles 6 > 90 deg the capillarity effects require the
application of an external pressure to infiltrate the
fiber bundles.’ Unfortunately, the application of pres-
sure alone does not solve the problem, since shrink-
age occurring during solidification may be enough to
cause debonding or void formation in the small chan-
nels between the fibers. Wetting is then desired from
a fabrication viewpoint since it promotes maximum
contact under equilibrium conditions.

A number of studies on the wetting behavior of the
Al/AL,O; system have been reported.’>*® Results of
these investigations for contact angle as a function of
temperature are summarized in Fig, 1. These data,
despite some inconsistencies, indicate that tempera-
tures well above the melting point of aluminum would
be necessary to induce a wetting condition (6 < 90 deg).
On the other hand, roughening and dissolution of Al,O;
substrates in contact with aluminum drops have been
reported for contact angles larger than 90 deg.™

Other studies''»***® have shown that contact angle
instabilities at temperatures above 1400 K manifest
themselves in spreading and contraction of aluminum
sessile drops. Preferential attack of the Al,O5 sub-
strate occurs at the liquid-solid-vapor interface lead-

’

Fig. 2—8EM view of as-received Al,0; FP fiber.
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Fig. 3—Schematic of the apparatus for fabrication of alumi-
num matrix composites in the liquid-solid range.

ing to the formation of so-called ‘‘dissolution rings.”
Brennan and Pask'® have explained this phenomena
based on the formation of a AlO * ALLO; spinel-like
structure on the a * AlOs surface, and its further re-
action with aluminum to form the volatile species
ALOC.

Fabrication of A1/A1203 composites is then limited
by the nonwetting characteristics of this system, and
two different approaches to this problem have been in-
vestigated. The first one involves the use of sputtered
coatings like Ni(Ti), Ni(Cr), and 1020 carbon steel®’’
which physically attach to the fiber surface and are
wetted by the liquid metal. However, most coatings
readily dissolve in molten aluminum and may cause
debonding unless the fabrication time is short, on the
order of a few minutes. The second approach to en-
hance wetting calls for the use of alloying additions
that can interact chemically with the ceramic material
creating a desired new phase at the solid-liquid
boundary.? Several authors have proposed that ele-
ments with greater affinity for oxygen (as measured
by the free energy of oxide formation) than the solvent
will preferentially concentrate at the interface,'” re-
ducing the surface energy (¥sr ) as described by the
Gibbs adsorption equation. However, in the case of
Al/ALOs all the alloying additions that have higher
affinity for oxygen than the aluminum also tend to re-
duce Al:O; and modify the chemical nature of its sur-
face.

It is known that Al,O; readily reacts with many di-
valent transition metal oxides to form aluminates
which are isostructural with the mineral spinel of
composition MgAl,Os. Several investigators®®*
have indicated that spinels or similar oxides may be
used to promote interfacial bonding since they have
the potential to form strong bonds with both metals
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and ceramics. If one accepts this point of view, then
aluminum alloys containing Mg, Cu, Zn, or Fe become
particularly interesting since they could form alumi-
nate compounds under the appropriate conditions. Al-
though some of these reactions have been observed
with ALOs refractory bricks**?* only a few additions
have been reported to promote sufficient wetting of un-
coated ALOs fibers for successful liquid infiltration.?®
These additions normally involve the use of Li (which
forms Li,O « 5A1,0, at the interface) with the conse-
quent problems of preparation and handling of the al-
loy, and the control of the chemical interaction dur-
ing the fabrication process to avoid fiber degradation.
The work described herein is the first part of a
multi-phase program, the overall aim of which is to
study the feasibility of fabricating Al,O; fiber rein-
forced aluminum alloy composites by incorporation of
discontinuous filaments into a partially solidified,
vigorously agitated metal slurry. The first phase of
this program was mainly concerned with the study of
the formation of bonds and related interfacial phe-
nomena during the fabrication process. Two series
of experiments were conducted for this purpose. In
one series continuous fibers were immersed into
static pools of fully liquid alloys, while in the other
discontinuous fibers were incorporated into agitated
baths of partially solid metal slurries. The latter
approach was used to prepare composites containing
from 1 to approximately 15 vol pct of fibers with a
variety of alloys as matrices. The structure of the
composites, and especially the interaction zone, were
analyzed using different microscopy techniques. Some
composites with more than 10 vol pct fiber were ex-
truded and fractured under tension to examine the be-
havior of the matrix-reinforcement bond. Copper
and magnesium were selected as alloy additions be-
cause both have been reported to reduce the contact
angle between aluminum and Al,Os.*

II. APPARATUS AND
EXPERIMENTAL PROCEDURE

1. Materials

The alloys utilized in these experiments were pre-
pared in sifu from commercially pure aluminum
(99.7 pct), magnesium (99.8 pct) and copper (99.95
pet).

Table |. Summary of Compaosites Fabricated in the Liquid-Solid Range

Fibert Addition Total
Content Temp. Time Residence
Run Matrix Alloy* (Vol. pct) (K) (min)  Timet (min)
1 Al4.5 pet Cu i 910 2 50
2 Al4.5 pct Cu-0.8 pct Mg 2 900 60 75-135
3 Al-8 pct Mg 1 873 5 60
4 Al4 pct Mg 1 903 5 90
5 Al-2 pct Mg 1 913 5 145
6 Al4.5 pct Cu-2 pct Mg 1 890 3 90
7 Al-2 pct Mg 12 910 35 12-40
8 Ai4.5 pct Cu-2 pet Mg 14 900 28 20-55
9 Al4.5 pet Cu-2 pet Mg 14 900 20 10-30

*Degassed with N, except in run 1-3. Compositions given in wt pct.
+1Initial fiber length was 3 mm except for run 8 where 6 mm fibers were used.
fTotal time includes the remelting which took 15 to 20 min on the average.
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The incorporated material was Dupont’s Type I
Al;O; FP fiber in the form of 3 and 6 mm long chopped
filaments. This fiber is a continuous, multifilament
yarn consisting of essentially pure, polycrystalline
a-Al0;. Its reported tensile strength and elastic
modulus are 1.4 to 2.0 GPa and ~380 GPa, respec-
tively, and its density and melting temperature are
3.95 X 10° Kg/m® and 2318 K, respectively.®® The
filaments have a uniform cross section along their
lengths, although variations in diam (15 to 25 um) are
observed from fiber to fiber. SEM examination of the
fibers showed a microscopically rough surface, Fig.
2, which was not altered by heating at high tempera-
ture (15 min at 1270 K). TEM analysis indicated that
the fibers have a very fine grained structure (~0.5
Lm average grain size) and almost no internal pores.

2. Experiments With Static Liquid Alloys

The apparatus used to study the interaction between
continuous fibers and static liquid alloys consisted of
two small resistance heated furnaces located in a
closed chamber. The lower furnace was used to hold
the molten metal (~100 ¢m?) in an alumina crucible.
The upper furnace was used to preheat the fibers (as
individual filaments or bundles), which were stretched
on a C-shaped alumina tube and firmly held in place
with a ceramic air setting cement. This assembly was
manipulated from outside the chamber in a manner that
that permitted controlled immersion of the fibers into
the constant temperature melts. Prior to each ex-
periment the system was flushed with argon gas. The
alloy was then melted and the fibers, previously pre-
heated to ~1270 K, were immersed in the metal bath
at predetermined rates. When the operation was com-
pleted, the metal was rapidly solidified; the result-
ing ingot was then taken out, sectioned according to
the immersion sequence, and polished for micro ex-
amination.

3. Experiments With Semisolid Alloys

The experiments for fabrication of composite mate-
rials were conducted using alloys in the semisolid
state. The process has been previously described®®
and is based on the utilization of a viscous metal
slurry prepared by partial solidification concurrent
with vigorous stirring.

A schematic illustration of the apparatus used is
shown in Fig. 3. It consisted of a mullite-graphite
crucible inside a resistance heated furnace with
maximum operating temperature of ~1270 K, and a
carbon double-blade stirrer driven by a variable
speed DC motor. The whole assembly was built on a
frame, which permitted the stirrer to be moved verti-
cally and be positioned properly inside the crucible.
The crucible had an opening at the bottom which was
used to pour out the material after processing.

The as-received Al,O3 consisted of large lumps of
tangled fibers, and could not be charged as such into
the melt. The problem was solved by using a vibrating
hopper with internal screens, which was situated above
the crucible and discharged the separated fibers di-
rectly on top of the melt.

The experiments carried out in this part of the pro-
gram are listed in Table I. For each one the charge
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alloy of the desired composition was melted in an in-
duction or resistance furnace under protective at-
mosphere. After degassing, the metal was poured into
the compositing apparatus where it was stirred and
slowly cooled under continuous flow of argon until its
temperature reached the desired value in the liquid-
solid range. When a slurry of approximately 0.5 vol-
ume fraction solid was obtained, the argon flow was
stopped and the fibers were fed as rapidly as possi-
ble; addition times for each experiment are listed in
Table I. Subsequently, the argon flow was resumed
while the metal was reheated to above its liquidus
temperature and cast through the bottom hole in pre-
heated graphite molds.

Some of the resulting ingots containing randomly
oriented fibers were hot extruded in order to align
the filaments in a particular direction.

4, Microstructural Examination

The general features of the microstructure, e.g.
fiber distribution, volume fraction and orientation,
matrix grain structure, second phase distribution and
fracture surfaces were studied using a metallograph
and a Scanning Electron Microscope. In most cases
the samples were polished with diamond compound on
napless paper after grinding with 600 grit SiC paper in
the normal fashion.

Samples at several stages in the process were quali-
tatively and semiquantitatively analyzed using micro-
probe X-ray methods. Element distribution maps,
step and continuous scanning patterns through the
fibers and their surroundings were obtained from this
apparatus. Energy Dispersion Spectroscopy (EDS) and
Back Scattered Electron Images (BSEI) were also used
with some success to examine the structure of the in-
teraction zone.

Microchemistry and Electron Diffraction Analysis
were attempted on thin films of the composites, using
a JSEM-200 microscope equipped for transmission
and scanning-transmission work. Phase identification
was complemented with X-ray diffractometry of pow-
ders obtained by chemical dissolution of the matrix
and grinding of the residual fiber material.

OI. RESULTS AND DISCUSSION

A. Processing

Attempts to incorporate the fibers into static liquid
alloys (Al-4 pct Mg and 8 pct Mg) were unsuccessful.
As shown in Fig. 4(a) the originally spaced fibers
were pushed together into a bundle. In addition to this,
the melt surface formed a nonwetting meniscus around
the fibers. Furthermore, the multifilament yarn was
not infiltrated by the alloys and only the fibers at its
periphery came into partial contact with the liquid
melt. These observations are consistent with the non-
wetting conditions reported for several aluminum al-
loys near their liquidus temperatures (<980 K).** This
phenomenon has been attributed to the presence of
oxide films on the melt surface or adsorbed contami-
nants on the ceramic substrate. Nevertheless, it
should be mentioned that the fibers located at the
periphery of a bundle, which were forced to have at
least partial contact with the melt, eventually de-
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Fig. 4—(a) SEM view of Al,04 fibers inserted into a com-
pletely liquid bath of Al-8 pct Mg alloy; the fibers originally
spaced were pushed together without appreciable infiltrati?n,
(b) optical photomicrograph showing discontinuous fibers in-
corporated and dispersed in the originally liquid portion of
the alloy slurry, (¢) appearance of the cast composite subse-
quent to reheating above the liquidus temperature.
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veloped some sort of interaction and appeared to be
joined to the metal,

Addition of discontinuous fibers to an agitated bath
of partially solid alloy proved to be much more ef-
fective in producing fairly homogeneous dispersions
of Al;O; fibers bonded to the matrix. To explain this
result it is postulated that the fibers are kept sub-
merged and dispersed by the agitation and the moving
primary solid particles of the slurry, Fig. 4(b), until
they develop an interaction and bond with the matrix.
Rubbing from the metal particles should aid in dis-
ruption of contaminant films that hinder interaction,
and expose ‘‘fresh’’ Al,O; surface to the liquid. Fur-
thermore, the fibers are expected to be brought into
close contact with the melt due to the strong convec-
tion induced by the stirring. Suction samples taken
from the bath indicate that after a relatively short
time (<10 min) most of the fibers had interacted with
the metal.

Metallographic examination of the as-cast ingots
showed a fairly uniform distribution of randomly ori-
ented fibers in the final composite, Fig. 4(c), leading
to the conclusion that the interaction was enough to
keep the fibers dispersed and wetted even after re-
melting of the solid particles in the slurry. Only slight
agitation of the completely liquid melt was necessary
to prevent settling of the incorporated material- due to
differences in density— before the casting operation.

Among the present shortcomings of the process is
the breakage of fibers into small segments (I/d < 15)
that occurs during the incorporation as well as the ex-
trusion step. Furthermore, it was observed that large
reductions in area (>30 :1) would be necessary to ob-
tain an acceptable alignment via hot extrusion. A

third problem associated with the apparatus is the
entrapment of gas through the vortex formed by stir-
ring, which causes oxidation and some porosity in the
material produced. However, it is believed that the
problems described above can be overcome by appro-
priate modifications of the system, such as changes in
the geometry of the mixing chamber, utilization of
Fig. S?T?‘)gcal a%pgtarance of (iir'ltera'ction Z(inisé (at) (SJ:EMI longer fibers, working under vacuum and extrusion in
view Ol a I1ber and its surroundings in an -4. C u al- s : 3 3 i -
loy, () SEM view of the fiber bou%ldary in an A1-§.5 pct Cu tl.le p‘artla.IIY solid state. This phgse of the mvgs.tlga
alloy, (c¢) ‘‘apparent interaction zones’ after long times in tion is presently underway and will be reported in a
contact with an Al-4 pct Mg alloy slurry. later paper.
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B. Interface Interactions

The major contribution of this work has been to show
that Al;Os fibers can be incorporated in aluminum al-
loy matrices that were previously thought to be in-
appropriate for composite fabrication. The nonwetting
conditions that normally limit the application of liquid
infiltration techniques were not a problem for fabrica-
tion in the liquid-solid range. Moreover, some degree
of interaction between the fibers and the matrices oc-
curred in all the alloys investigated. If interactions
are thermodynamically possible, even at temperatures
below the liquidus, then the difficulties for incorpora-
tion in the liquid state may be due to slow kinetics or
physical barriers that prevent direct contact between
the constituents. These barriers were somehow elimi-
nated during fabrication by the present method and the
kinetics was activated.

1. Appearance of the Interaction Zone. A common
feature observed in all the composites fabricated is
the existence of an intimate contact between the fibers
and their surroundings, Fig. 5(a) and (b). Another
characteristic usually found is the presence of a
significantly altered microstructure around the fibers,
which herein will be referred to as the ‘‘apparent in-
teraction zone.”” This zone is readily identified by
optical examination. It normally looks irregular in
cross section and large variations in its thickness are
common along the length of a given fiber as illustrated
in Fig. 5{c).* A satisfactory explanation for this

*The thick interaction zones shown in this and other micrographs were inten-
tionally produced by holding the composites in the liquid-solid range for long
times. Much smaller zones (~1 um) were obtained with reduced agitation and
shorter residence time during preparation of high fiber-volume-fraction compo-
sites.
phenomenon is not yet available, but it could be attri-
buted to several factors:

a) the interaction may start in localized areas and
then spread laterally with simultaneous radial growth

)
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b) the kinetics of the reactions may be anisotropic,
and

c¢) the grinding effect of the moving primary solid
particles could induce severe localized erosion.

Whatever the cause, the fact is that fibers that were
exposed to the same conditions show very large dif-
ferences in thickness of the ‘‘apparent interaction
zone.”’ Nevertheless, the average maximum thickness
in a specimen was found to depend on residence time
and alloy composition as shown in Fig. 6. It should be
noted that some fibers which did not show an appre-
ciable interaction zone (at ~1000 times) were still
bonded to the matrix, indicating that the surface reac-
tions responsible for wetting are not necessarily those
associated with the formation of the ‘‘apparent inter-
action zone.”’

2. Interactions Between ALO; Fibers and Al-Mg

Alloys. Matrix alloys of 2, 4 and 8 pct magnesium

were used to study the effect of this element on the
interface interactions between aluminum and Al,Os.
Since the experiments were done with alloys in the
partically solid state, the liquid in which the fibers
were incorporated and held was enriched in the al-
loying element. Liquid compositions of 4.3, 6.4, and
12.7 pet Mg corresponding to the nominal alloys 2, 4
and 8 pct Mg, respectively, were calculated from the
equilibrium phase diagram and the process tempera-
tures listed in Table I.

Typical ‘‘apparent interaction zones,’”’ for Al-Mg/
ALO; composites consist of a mixture of discrete
dark particles embedded in a lighter matrix, as shown
in Fig. 5(c). Further examination of these zones indi-
cated that:

a) the darker particles decrease in size and become
fewer as the magnesium content in the alloy increases,
and

b) the matrix in the interaction zone appears grayish
in color in the lower magnesium content alloys and
yellowish in the 8 pct Mg alloy.

Data for the average maximum thickness of the ap-
parent interaction zone (x), Fig. 6, seem to {it a re-
lationship of the type:

x = at®

where ¢t is the residence time and ¢ and n are positive
constants. Calculated values of n for the 2, 4 and 8 pct
Mg were 0.57, 0.59 and 0.38, respectively. Since the
irregular shape of the interaction zones makes it dif-
ficult to assign a unique value for the thickness in a
particular sample, the data in Fig. 6 represent only
general trends. Nevertheless, the relative positions
and slopes of the lines in this figure, and the optical
observations reported above, indicate the possibility
of differences in the interaction mechanism and pro-
ducts between the lower magnesium content alloys and
the 8 pct Mg alloy.

A common feature revealed by microprobe X-ray
analysis was the existence of a Mg-enriched region
around the fibers as illustrated in Fig. 7. Step scan-
ning analysis across the fibers and their surroundings
showed a distinctive magnesium peak at the fiber
boundary. While significant variations of the relative
intensity I/Io (¢.e., normalized frdction of counts off
standard) were noted around a given fiber, as well as
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scanning pattern for a fiber in an Al-3.8 pet Mg alloy. Note
the Al depletion corresponding to the highest Mg peaks. The
line on the map denotes the approximate scanning path.

from fiber to fiber, maximum I/ Io values for all the
alloy compositions were consistently noted at the fiber
boundary. In some cases these maxima were associ-
ated with a depletion of aluminum below that of the
Al,Os composition, Fig. 7. Furthermore, it was found
that the Mg-rich zone around the fibers persisted
after heat treatment (24 h at 685 K) in the aluminum
solid solution region of the Al-Mg phase diagram,
Fig. 8. This led to the conclusion that a stable reac-
tion product was responsible for at least part of the
magnesium accumulation at the fiber-matrix interface.
The ‘‘apparent interaction zones’’ were examined at
progressively higher magnification via SEM and TEM.
General observations from this work revealed that:

a) there is intimate contact between the fibers and
the interaction zone,

b) the interaction zone is composed of material
much finer in grain size than the neighboring fiber
and matrix, and

c¢) large differences in magnesium composition exist
between the parent phases and the interaction zone,
as well as within the zone itself.

Energy Dispersion Spectroscopy (EDS) performed
on several locations right next to the Al,O; fiber sur-
face gave an A]/Mg count ratio of approximately 2:1.
This phenomenon was very localized at the fiber edge,
and although magnesium was detected throughout the
interaction zone, other locations in it produced
smaller peaks.

Electron diffraction from areas in the vicinity of the
fiber showed the presence of fine polycrystalline a-
Al;O; in the interaction zone, and indicated that the
material at the fiber edge (richest in magnesium) is
probably MgAl,O, spinel. This was further supported
by X-ray diffractometry of fibers extracted from the
composite after reaction.

Thermodynamic calculations, presented in Table II,
show that the formation of MgAl,O, at the processing

Table 1. Free Energy Changes for the Reactions of Interest*

Nominal Alloy Composition

4.5 pct Cu 4.5 pct Cu
Reaction 2 pct Mg 4 pct Mg 8 pct Mg 4.5 pct Cu 0.8 pct Mg 2 pct Mg

2(Al] +3(0,) = <AL, 05> ~1388 -1391 -1401 —1388 -1391 -1394
[Mg] + %(02) =<MgO> —508 -509 -512 —467 —478
[Cu] +3(02) = <CuO> -29 -32 -33
2[Cu] +5(0,) = <Cu,0> -13
<MgO> + <AL, 05> = <MgAl, 0,> -28 —28 -28 -28 -28
Mg] + %<Alz 03> =<MgAl, 0,> + 3 [Al] -39 —43 -52 31 ~41
[Mg] +2[Al] +2(0,) =<MgAL, 0,> -1888 -1915 -1962 -1886 -1900
3[Mg] + <Al 05> = 3<Mg0> + 2[Al} -33 —46 —73
(Cu] +3(02) + <AL, 03> = <CuAlL 05> -30 -3 -33
[Cu] +2[Al] +2(0,) = <CuAL 0,> -1467 -1423 -1427
[Cu] + [A]] +(0;) = <CuAlO,> -756
<CuAl0;> + 1 <AL 0,>+1(0,) = <CuaL 0,> ~16

*AG ¢ in KJ/mole, calculated from data in Refs. 24-26.
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Fig. 8—Elemental Mg X-ray map and corresponding line
scanning pattern for a fiber in an Al-2 pct Mg alloy after heat
treatment (24 h at 685 K). The line on the map denotes the
approximate scanning path.

temperatures is possible from any of the following
reactions:*

*Symbols: <solid>, (gas), {in solution] .

MgO) + (ALO3) = (MgALOa4) [1]
[Mg] + 4/3 (ALOs) = (MgALO.) + 2/3 [Al] [2]
[Mg] + 2[A1] + 2(0,) = (MgALO,). (3]

Although spinel can form by reaction of AL:O; and
MgO-—produced from direct oxidation of magnesium in
the melt—this process is thought to be kinetically
slow because it involves a solid state reaction. On the
other hand, MgAl,O; could form at the expense of
Al;O; in the fiber, following Reaction [2]. In this case
the reaction product is expected to form a continuous
layer on the fiber surface and grow by a diffusion
mechanism. This would change the nature of the sur-
face and may well be the phenomenon responsible for
the initial wetting of the fibers. However, it is be-
lieved that the production of spinel from this source
is somewhat limited, since the surface of the fibers
did not appear heavily reacted or degradated, even
after long residence times {~2 h). On the other hand,
Reaction [2] could preferentially take place with the
finer A1O; resulting from oxidation of the melt. This
process requires the presence of oxygen and is equi-
valent to Reaction [3], which may occur within the
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melt, where the fibers could provide a suitable sub-
strate for the growth of the aluminate. Availability of
oxygen is not considered a limitation since the equi-
librium partial pressure of oxygen (p 02) for Reaction
[3] is of the order of 107°. The vigorous agitation in-
troduces enough gas bubbles to keep the po, inside the
melt above this level. Whatever the mechanism, val-
ues of the standard free energies and activities at
equilibrium indicate the existence of a large driving
force for spinel formation, which increases with in-
creasing magnesium content.

It should be mentioned that the occurrence of
MgAl:O, (17 pet Mg) is not sufficient to explain some
of the measured high I/Io values like that shown in
Fig. 7. Therefore, it can be assumed that a significant
amount of some compound richer in Mg, such as MgO
(~61 pet Mg) or possibly nonequilibrium 3-AlsMg; (36
pct Mg) is also present in the interaction zone.

The fine polycrystalline Al,O; noted near the fiber
boundary could have formed by direct oxidation of the
melt, and clustered around the fibers in order to re-
duce the surface energy of the dispersion. This inter-
action seems very likely considering the high proba-
bility of collision between the different particles sus-
pended in the stirred melt.

Thermodynamic calculations indicate that the for-
mation of Al;O;, MgO and MgAl;O, are likely to be
competitive processes. However, in the low mag-
nesium alloys, formation of MgAl,O, is energetically
more favorable. On the other hand, at some mag-
nesium concentration between 4 and 8 pet (in the bulk
alloy) the MgO becomes more stable than the ALO; as
indicated by the equilibrium activity of magnesium*

*Values of equilibrium ay, are 0.135 and 0.040 for nominal alloy compositions
of 4 and 8 pct respectively. The calculated activities of magnesium in the enriched
liquid were 0.018 and 0.050 respectively.

for the reaction
3[Mg] + (ALOs) = 3(MgO) + 2[Al]. 4]

These calculations could explain the changes in ap-
pearance of the interaction zone with alloy composition
reported earlier in this section. The absence of the
dark Al,O; particles and the much favored formation
of MgAl;O4 and MgO in the 8 pct Mg alloy would ac~
count for the observed difference in the appearance
and thickness of the interaction zone.

3. Interactions Between Al,O; Fibers and Al-Cu
Alloys. An alloy containing 4.5 pct Cu was used to in-
vestigate interactions between AL,Q; fibers and the
Al-Cu binary system. The calculated composition of
the enriched liquid (for Experiment 1, Table I) cor-
responding to the process temperature of ~910 K was
approximately 8 pct Cu.

As in the case of the Al-Mg alloys the ‘‘apparent
interaction zone’’ is composed of a fine multiphase
material, Fig. 9(a), and varies in cross section along
the length of each fiber. However, the measured thick-
ness of the zone was larger than that of the Al-Mg al-
loys at equivalent times, see Fig. 6, and a wider dis-
tribution in the data was noted.

A Back Scattered Electron Image of the fiber in Fig.
9(a) is shown in Fig., 9(b), where it is evident that the

interaction zone contains a discrete Cu-rich ‘‘white
phase’’ embedded in a continuous Cu-depleted gray
phase. In addition, a large number of black particles,

METALLURGICAL TRANSACTIONS A



presumably Al,Os, are also noted around the fibers of
Fig. 9(a).

Differential etching techniques were used to deter-
mine the possibility of metallic phases occurring in
the interaction zone. While the existence of CuAl, and
small amounts of aniron rich phase, probably Cu.FeAl,,
was established in the matrix of the composite, only
minor amounts of both phases were noted in the inter-
action zone, but their size and shape were very differ-
ent from the morphology of the ‘‘white phase’’ shown
in Fig. 9(b). Furthermore, the bulk of the interaction

(b)

Fig. 9—Typical ‘‘apparent interaction zones’’ of Al,0; fibers
in an Al-4.5 pct Cu matrix. (@) Optical photomicrograph
showing the presence of a multiphase material around the
fiber, (b) back scattered electron image of the fiber in (a).
The white areas indicate copper-rich phases; note the differ-
ence in morphology between the white particles in the inter-
action zone and those in the matrix, (¢) interaction zone after
heat treatment.
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Fig. l0—Elemental Cu X-ray map and corresponding line-
scanning pattern for a fiber in an Al-4.5 pct Cu matrix com-
posite (as cast). The line on the map denotes the approximate
scanning path.
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zone either did not respond to the etchants used or
showed a different coloration than the second phases
in the matrix of the composite. Therefore, it was con-
cluded that the Cu-rich ‘“white phase’’ was different
from the intermetallic compounds noted above,
Microprobe X-ray analysis was performed on sam-
ples of this composite in the as-cast and heat treated
(24 h at 800 K) conditions. In the case of the former,
the elemental copper map shows a distinct accumula-
tion of this alloying element around the fiber, Fig. 10.
Unlike the case of the Al-Mg alloys, the distribution
is irregular due to the presence of fairly large Cu-
rich clusters in the interaction zone. Several copper
peaks ranging in I/Io values from 0.10 to 0.20 were
detected across the interaction zone of the as-cast
material; however, in contrast to the A1-Mg alloys
the largest peak does not necessarily occur at the
fiber boundary. Examination of the sample after heat
treatment revealed that the copper enrichment had
disappeared and only residual copper peaks (I/Io from
0.03 to 0.08) were obtained, Fig. 11. It was also noted
that although the copper content in the interaction zone
decreased to almost the matrix level, the aluminum
content increased only to an intermediate value, Since
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Fig. 11—Elemental Cu X~-ray map and corresponding line-
scanning pattern for a fiber in an Al-4.5 pct Cu matrix com-
posite after heat treatment (24 h at 800 K). The line on the
map denotes the approximate scanning path.

706—-VOLUME 9A, MAY 1978

no major impurity in the metal could account for this
phenomenon, the discrepancy was ascribed to the
presence of a large amount of oxygen in this region.

BSE Images taken from the samples before and
after heat treatment, Fig. 9(b) and (¢), show the dis-
appearance of most of the finer ‘‘white phase’’ from
the interaction zone. However, some second phase
particles are still observed within this region and the
matrix. This remaining second phase is probably com-
posed of undissolved CuAl; and stable iron-rich com-
pounds. In spite of the change in chemical composi-
tions of the interaction zone, its optical appearance
and size was not altered by the heat treatment, Fig.
12(a) and (b). The observations discussed above indi-
cate that compounds of the oxide type instead of inter-
metallics are most likely responsible for the ap-
pearance of the interaction zone.

Examination of thinned specimens in transmission
electron mode again showed the existence of an in-
timate bond between the fibers and the surrounding
material. EDS spot analysis revealed that at least
two distinct phases were present at the fiber boundary.
First, a significant portion of each fiber surface was
in contact with a Cu-rich phase which was also ob-
served throughout the interaction zone. The second
phase, detected in limited amounts right next to some
of the fiber grains and extensively throughout the in-
teraction zone, was identified as very fine a-AlLOs
from an electron diffraction ring-pattern.

The main hypothesis examined to explain the pres-
ence of the Cu-rich ‘““white phase’’ in the interaction
zone was the possible formation of a copper aluminate
from any of the following reactions:

[Cul + 1/2(0,) + (AL,Os) = (CuALO,) [
[Cu] + 2[Al] + 2(02) = (CuALO4)
[Cu] + [Al] + (O.) = (CuAlO,)

—a
-3 o O

which have negative free energies at the processing
temperature of ~910 K, see Table II.

As in the case of the magnesium spinel, some
cupric aluminate could form at the expense of the
Al,O; in the fiber according to Reaction [5], or form
directly in the melt and grow on the fiber surface ac-
cording to Reaction [6]. In either case, this would ac-
count for the different morphology of the finer Cu-
rich phase in the interaction zone and the presence of
aluminum in this phase detected by EDS. Furthermore,
it was calculated that CuAl,0, is unstable at the heat
treating temperature (AGgoo K > 0) and should decom-
pose into Al;O3 and CuO. The CuO in turn may be re-
duced by the aluminum to metallic copper which would
then diffuse into the matrix, leaving more Al,O3 be-
hind. This is consistent with the observed migration
of copper away from the fiber during the heat treat-
ment, and the lack of change in the optical appear-
ance of the interaction zone. Formation of the cuprous
aluminate CuAlQ., according to Reaction (7] is also
thermodynamically possible, but this product is less
stable than the CuAl,04.*

The different hypotheses outlined above are not
mutually exclusive, and it is possible that both oxides
and metallic phases are present in the interaction
zone. Since the formation of copper aluminate at the
expense of Al,O; in the fiber is feasible in the oxygen-

METALLURGICAL TRANSACTIONS A



(b)
Fig. 12—Optical photomicrographs of ‘‘apparent interaction
zones’’ in (a) Al-4.5 pct Cu alloy as cast, (b) same after 24
h at 800 K, (c¢) Al-4.5 pct Cu-0.8 pct Mg as cast,

saturated melt, this may account for the surface
changes that induced wetting. However, no compre-
hensive explanation regarding the nature and kinetics
of this mechanism is available at this time.

4. Interactions in the Al-Cu-Mg/Al,O; System.
Additions of 0.8 and 2 pct Mg to an Al-4.5 pct Cu alloy
were used to study the combined effect of these two
elements on the interface interactions between Al,O;
fibers and aluminum melts.

The main effect of the magnesium was to signifi-
cantly reduce the extent of interaction observed in
the Al-Cu specimens. This is evident from the photo-
micrographs of Fig. 12(a) and (c¢), where the addition
of 0.8 pct Mg has suppressed most of the thick ‘‘ap-
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parent interaction zone’’ which was characteristic of
the Al1-4.5 pct Cu matrix composite. It should be men-
tioned that the residence time of the fibers in the
Al-Cu-Mg melt was much longer than that in the bi-
nary alloy (Runs No. 1 and No. 2 in Table I). Further-
more, the general trend for the development of the in-
teraction zone as a function of time in the Al-4.5 pct
Cu-2 pct Mg alloy was different from the equivalent
binary Al-4.5 pct Cu and Al-2 pct Mg matrices as il-
lustrated in Fig. 6.

Elemental X-ray maps for Mg and Cu again showed
preferential accumulation of these elements at the
fiber boundary, Fig. 13. Even though the specimen in
this figure contained 0.8 pct Mg, peaks with 1/To values
above 0.10 were detected in the immediate vicinity of
the fiber. As in the case of the individual additions,
the Mg-rich zone detected by X-ray appeared continu-
ous while the copper map revealed a more localized
concentration of this element. Examination of heat
treated (24 h at 800 K) specimens of the ternary al-
loy composite by microprobe X-ray analysis and
BSEI, Figs. 13 and 14, showed an important differ-
ence between this alloy and the binary Al-4.5 pct Cu
alloy. While most of the nonequilibrium second phases
(i.e., CuAl, and CuMgAl;) of the matrix dissolved dur-
ing the heat treatment, a thin Cu-rich ring was left
around the fiber. This observation was further veri-
fied by microprobe scan of this region. The remain-
ing second phases in the matrix of Fig. 14 are proba-
bly iron rich compounds or undissolved nonequilibrium
second phases.

Thermodynamic analysis of the possible interactions
in the ternary alloys was attempted by assuming that
the activities of copper and magnesium in aluminum
are not affected by the presence of each other. The
results indicate that the formation of CuAl;04 and/or
CuO will be hindered by the addition of Mg which
would preferentially react with O, to form MgAl.O4
and/or MgO. Furthermore, the lower processing
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(c}

temperature used in the case of the ternary alloys is
expected to have a pronounced effect on the driving
force for the formation of copper aluminate, which be-
comes nil at ~885 K, see Table II. The smaller
amount of copper rich phase observed around the fi-
bers in the Al-Cu-Mg alloys could thus be explained.

On the other hand, CuAl:O, is expected to become
unstable at the heat treating temperature and should
decompose into Al;O; and CuO. However, when mag-
nesium is present the more stable MgAl,O, product
could form around the existing CuAl,O, particles,
thereby creating a barrier for the outward diffusion
of copper. This hypothesis and the possible effect of
magnesium on the diffusion coefficient of copper, es-
pecially in the magnesium-enriched zone around the
fibers, could account for the slower homogenization
kinetics of copper observed in the ternary system.,

5. Mechanical Behavior of the Interfaces. The de-
sirability of an oxide or spinel bond in Al,Qs;-metal
matrix composites has been pointed out by several in-
vestigators, as discussed earlier. Microexamination
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(b)

(d}

Fig. 13—Elemental Cu and Mg X-ray maps showing the effect of heat treatment on the relative distribution of alloying elements
around fibers in an Al-4.5 pct Cu-0.8 pct Mg matrix composite; (a) and (¢) Cu and Mg respectively, before heat treatment, (b)
and (d) Cu and Mg respectively, after heat treatment.

of the interaction zones in aluminum alloy—Al,O;
fiber composites produced in the partially-solid state
indicated that compounds of the oxide type were pres-
ent at the fiber boundary. Examples of the fracture
surfaces of tensile specimens of an Al-2 pct Mg/12
vol pet fiber and an Al-4.5 pet Cu-2 pet Mg/14 vol pet
fiber composite are shown in Fig. 15. The general
findings from examination of the fractured surfaces
are summarized below:

a) no major differences were observed between the
heat treated and as-extruded specimens of the same
composite;

b) some fiber ‘‘pull-out’’ occurred in all the sam-
ples, but the failure appeared to be through the metal
and not the interface, as indicated by the conical
cavities with the rippled surfaces in Figs. 15(a) and
®);

c¢) apparently more ‘‘pull-out” occurred in the Al-
2 pct Mg matrix composite, as expected from the
lower strength of the matrix;

d) in some places, where the fiber ends were ex-
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(a) (b)
Fig. 14—B.5.E. images of fibers and their surroundings in an Al-4.5 pct Cu-0.8 pet Mg; (a) before heat treatment, (b) after
24 h at 800 K. Note the disappearance of the matrix second phase but the retention of a finer Cu rich phase around the
fibers after treatment.

posed at the surface, it appears that the matrix Iv. CONCLUSIONS
sheared away from the fiber ends, leaving metal ad-

herences; an example of this is shown in Fig. 15(d). 1) Homogeneous dispersions of ALQs fibers were

obtained by adding them to agitated, partially-solid
These composites had interaction zones in the range  slurries of Al-Mg, Al-Cu and Al-Cu-Mg alloys. The

of 1 um or less and not the thick layers discussed in fibers appeared wetted and bonded to the matrix in the
the previous sections. Since in most cases the failure final composite product. It is postulated that the
seems to occur through-the-matrix, it is concluded fibers added to the metal slurries were kept dis-

that under the present conditions (tensile strengths of persed by the agitation and the moving primary solid
200 to 380 MPa) the interfaces were strong enough to particles until they developed some sort of interac-
permit the transfer of loads. However, the effect of tion with the matrix. Incorporation and wetting were
the short length (l/ d ~ 15) and misalignment of the thus readily achieved even in alloy systems that nor-
fibers did not permit a true estimation of the bond mally exhibit a nonwetting behavior.

strength. 2) Attempts to incorporate the fibers into static

(a) (h)
Fig. 15—SEM views of fracture surfaces in Al-matrix composites. (a) Al-4.5 pct Cu-2 pct Mg/14 vol pet fiber, (b), (¢), and
(d) Al-2 pct Mg/12 vol pet fiber.
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Fig. 15—Continued.

baths of the alloys above their liquidus temperatures
were unsuccessful.

3) Microscopic examination of the composites pre-
pared revealed the existence of a significantly altered
microstructure around the ALO; fibers which consists
of a fine multiphase material. Features common to all
the structures were the existence of an intimate bond,
the absence of voids at the fiber boundary and the
presence of fine polycrystalline a-Al;QO; in the inter-
action zone. The average maximum thickness of this
‘‘apparent interaction zone’’ depends on residence

710-VOLUME 9A, MAY 1978

time and alloy composition. No changes in the dimen-
sions and optical appearance of the interaction zone
were observed after heat treatment of the composites.

4) Interactions between Al,O; fibers and Al-Mg al-
loys resulted in the formation of a Mg-rich region
around the fibers which was retained during heat
treatment. This is attributed to the presence of
MgAl,0, and MgO at the fiber boundary in addition to
a-Al,O;. Changes in appearance of the interaction
zone were observed for different magnesium contents
in the alloy.

5) Interactions in the A1-Cu system produced a dis-
tinetive accumulation of copper around the fibers. The
copper occurs in the form of discrete particles of a
Cu-rich phase which disappears with heat treatment.
It is suggested that CuAl,Os« may be present along with
a-AlQ; and possibly CuAl; in the interaction zone.

6) Addition of small amounts of magnesium to the
Al1-Cu alloy significantly reduced the extent of inter-
action observed. Both magnesium and copper enrich-
ments around the fiber were detected in this case, but
as opposed to the Al-Cu matrix, the Cu-rich phase
was still present at the fiber boundary after heat treat-
ment. Experimental observations indicate that
MgAl:04, a-Al:03 and possibly CuAlO4 coexist in the
interaction zone.

7) The results of this study suggest that a compound
of the aluminate type may form on the fiber surface
and provide the required bond with the surroundings.
This reaction will be enhanced in the presence of
oxygen which is introduced by the vigorous agitation
during the fabrication step.

8) Examination of fracture surfaces of the com-
posites revealed that in general the failure was not at
the interface but rather by plastic flow of the matrix
around the fibers.
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