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Exposure of graphite fibre/aluminium composites to elevated temperatures, such as those 
used for processing, can lead to degradation of the mechanical properties. Analytical electron 
microscopy has been used to examine the phases formed during the heat treatment of the fol- 
lowing materials: (a) wire tows of AA6061 aluminium, reinforced with TiBx-coated fibres, and 
(b) bulk composites produced by hot pressing the tows within a cladding of AA6061. In the 
tow material, relatively little interaction between the fibres and matrix was observed. Precip- 
itation at the fibre/matrix interface was considerably more advanced in the as-processed bulk 
composite. Heat-treating both materials at temperatures in the range 580-700 ~ resulted in 
increasingly severe interfacial reactions. Generally, the microstructures at the fibre/matrix inter- 
faces were considerably more complex than reported in previous work. The following phases 
have been identified following processing or heat-treatment: AI4C 3, 0(FeSiAI, magnesium 
spinel, elemental silicon, TiAI 3, MgO, I3FeSiAI and a "'quarternary phase", MgSiAI(NiCu), to- 
gether with amorphous oxides and porosity. 

1. I n t r o d u c t i o n  
Most of the current techniques developed for the 
fabrication of graphite/aluminium (Gr/A1) composites, 
such as liquid infiltration of graphite fibres with alu- 
minium alloys [1] or hot pressing of graphite fibres 
with aluminium [2-4], involve processing at elevated 
temperatures (600-700~ Unfortunately, at these 
processing temperatures, it was found that degrada- 
tion of the mechanical properties of the composites 
was induced. In essence, at elevated temperatures, 
nuclei of interfacial products are formed which sub- 
sequently grow in the fabrication stage, causing losses 
of both strength and ductility. 

Many workers [4-17] have studied the effects of 
interracial reactions, induced by thermal treatments, 
on the mechanical properties of Gr/A1 composites. 
Their general conclusion is that carbon reacts with 
aluminium to form aluminium carbide (A14C3), which 
nucleates on the fibre surfaces and induces degrada- 
tion of the mechanical properties. Typically, a de- 
crease of 50% or more of the as-fabricated ultimate 
tensile strength (UTS) was measured when the com- 
posites were subjected to thermal treatments at 
around 600 ~ [9, 11]. 

In a diffusion study by Khan [9], it was concluded 
that carbon, because of its smaller atomic volume, 
diffused readily into aluminium to form A14C 3. Also, 
Shorshorov et al. [10] and Blankenburg [7] reported 
that aluminium carbide platelets on the graphite fibre 
surfaces appeared to grow into the aluminium matrix 
during the early stages of growth. Later, as the carbide 

platelets were about to coalesce, they penetrated the 
carbon fibres. The decrease in tensile strength was 
ascribed to stress concentrations at the notches in- 
duced by the growth of the carbide crystals into the 
fibres. A similar argument was presented by Khan [9], 
who studied the growth of the A14C 3 reaction zone as 
a function of heat treatment. He suggested that car- 
bide particles nucleated on the fibre surfaces, increas- 
ing in size and number with increasing time or temper- 
ature, until they formed a continuous layer at the 
interface. This layer could be extremely irregular due 
to the relatively large size and random orientation of 
the particles. The resulting random notching of the 
fibre surfaces, was thought to cause drastic degrada- 
tion of the fibre strength and hence of the composite 
strength. In contrast, Chen and Hu [18] considered 
that rod-like aluminium carbide nucleated from the 
carbon fibre and grew into the aluminium matrix, 
resulting in both mechanical and chemical strengthen- 
ing of the interfacial bonding. They concluded that 
cracks propagated more easily through the interface, 
thereby degrading the mechanical properties. In sum- 
mary, most of the authors of previous studies agreed 
that the tensile degradation of Gr/A1 composites fol- 
lowing thermal exposure, was caused by the formation 
of AI4C 3 at the Gr/A1 interfaces, although there is 
clearly some uncertainty regarding the precise mech- 
anism. 

In order to provide some protection against ex- 
cessive formation of interfacial products at elevated 
temperatures and to promote wetting between 
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graphite and aluminium, a t i tanium-boron coating 
(TiBx) is often applied to the graphite fibres [19]. This 
TiB x coating is applied by a chemical vapour depos- 
ition (CVD) process from TIC14 and BC13 with zinc va- 
pour used as reducing agent at a temperature of 700 ~ 

Most of the earlier work [4-17-] has focused primar- 
ily on the formation of A14C 3 as the interfacial reac- 
tion product. In many cases, the characterization of 
microstructure has clearly been impeded by the diffi- 
culty in preparing specimens for transmission electron 
microscopy. The purpose of the current work was to 
provide a detailed characterization of most second- 
phase particles present at the fibre interfaces and 
within the matrix phase for composites made up of 
TiBx-coated fibres in a matrix of AA6061 aluminium 
alloy. Some of the phases at the Gr/A1 interfaces 
described here have also been reported to some extent 
in the literature in previous studies on Gr/A1, specific- 
ally; the A14C 3 phase [-7, 8, 10, 20, 21], aluminium 
oxide [22, 23], undetermined FeSiA1 iritermetallics 
[29] and some undetermined A1/B/C compounds 
[25], not found here. 

The effects of thermal exposure on the microstruc- 
tures of these composites have also been investigated. 
This work supplements the results of a more general 
study [26] of the effects of heat treatment on the 
fracture behaviour and growth of interfacial reaction 
products on Gr/A1 composites, where only prelimin- 
ary details of the TEM work were available. Because 
of the complexity of the microstructures and the oc- 
currence of some second-phase particles under differ- 
ent heat-treatment conditions, details of their charac- 
terization have been summarized in the form of an 
appendix. 

Figure 1 Optical micrographs showing cross-sections of (a) tow 
wire, (b) bulk composite. 

2. Experimental procedure 
In the present work, unidirectional graphite/alumin- 
ium (Gr/A1) composites were produced from Gr/A1 
precursor tows (wires). The tows consisted of AA6061 
aluminium alloy reinforced with Arco pitch-based 
P100 graphite fibres. The nominal composition (wt %) 
for the AA6061 alloy is: AI-1 Mg-0.6Si~).28 Cu-  
0.2 Cr. 

The fabrication procedure for the Gr/A1 composite 
specimens in this study consisted of two stages. The 
first stage involved the preparation of laminates from 
unidirectional Gr/A1 precursor tows in which sheets of 
tows were aligned with the same orientation and held 
with a polymer binder. The second stage involved hot 
pressing of four-layer laminates prepared from these 
sheets of aligned precursor wires. The conditions for 
the pressing operation were chosen as 13.8 MPa and 
600~ for a period of 0.5 h. These conditions were 
chosen to optimize compaction while minimizing (a) 
pressure, to reduce fibre breakage, and (b) temper- 
ature, to minimize the formation of aluminium car- 
bide. Cross-sections of the tow and bulk materials are 
shown in the optical micrographs (Fig. 1). 

Thermal treatments were given to both tow and 
bulk materials. For  tow materials, the annealing tem- 
peratures of 580 and 600 ~ were chosen as the tem- 
peratures typically used for hot pressing Gr/A1 tows to 

form Gr/A1 composites. In the case of the bulk Gr/A1 
composite, annealing temperatures up to 700 ~ were 
used to develop more fully the reaction products at the 
Gr/A1 interfaces. 

Specimens of the tow material were prepared for 
TEM in two ways. Longitudinal specimens were made 
by embedding samples, 2 mm long, in a hole of slightly 
greater diameter in 3ram discs of aluminium, 

0.5 mm thick, using a conducting epoxy com- 
pound. For  cross-sections, seven segments of tow were 
embedded in an aluminium tube; 3 mm diameter, with 
conducting epoxy cement, and slices, ~ 0.5 mm thick, 
were cut using a diamond saw. Samples from the bulk 
composite were cut in the same manner and 3 mm 
discs were removed by means of a spark machine. The 
discs were ground to a thickness of ~ 120 gm and 
dimpled mechanically from both surfaces with dia- 
mond paste in a Gatan Dimpler Grinder to a central 
thickness of ~ 40 ~tm. Final perforation was carried 
out by argon-ion sputtering at 5 keV in an Ion Tech 
thinning apparatus at an incident angle of 12-15 ~ at 
room temperature. Although some heating of the 
specimens was expected during sputtering, the fact 
that widely different microstructures were observed in 
the aluminium alloy matrix from the different speci- 
mens is evidence that this effect and possible damage 
from dimpling, were of minor importance for the 
materials examined. 
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Figure 2 Scanning electron micrograph, showing graphite fibres 
that had been pushed out of the matrix during thin foil preparation 
as a result of the grinding operation: tow material, annealed 2 h at 
600 ~ 

Some difficulty was found in preparing cross- 
sectional specimens because the pressure during the 
grinding operation tended to push the graphite fibres 
down into the thermal-setting wax used to hold them 
on the grinding rig. An example of this is shown in Fig. 
2. This effect was particularly noticeable with speci- 
mens that had been annealed. This provides a clear 
indication that the fibres were often either weakly 
bonded or not bound at all to the matrix phase. The 
result of having fibres standing proud of the matrix in 
some specimens meant that it was not always possible 
to produce cross-sections where both the graphite and 
the matrix were transparent to electrons at the fibre/ 
matrix interfaces. The effect could be minimized by 
dimpling the specimen on one side only, so that only a 
very thin layer of wax was needed to hold the flat 
specimen surface in contact with the mounting surface 
of the dimpler. 

The specimens were examined in a Philips EM 400T 
TEM/STEM, operated at 120 kV and fitted with an 
Edax 9100/60 EDS system for X-ray (EDX) analysis 
and a Gatan (model 607) electron energy loss spec- 
trometer (EELS) for light element analysis. The EDX 
system was calibrated for quantitative elemental ana- 
lysis using various standards. However, it must be 
recognized that because of the presence of the mainly 
aluminium matrix, which will result in a low level, 
spurious signal from the entire specimen, as sum- 
marized by Williams [27], it is not possible to specify 
the aluminium concentration in the precipitate par- 
ticles in a fully quantitative manner. Some specimens 
were also examined at the National Research Council 
Laboratories, Ottawa, in a Philips EM 430T micro- 
scope, operated at 300 kV and in a Zeiss EM 902 
microscope for electron spectroscopic imaging. 

3. Results 
3.1. As-prepared composites 
3. I. 1. Tow mater ia l  
Typical micrographs of the tow material are shown in 
Fig. 3. The carbon fibres were mainly crystalline, with 
a strong texture along the longitudinal direction (Fig. 

3a), as expected for pitch-based fibres. The amorphous 
TiB~ coating could be readily distinguished, parti- 
cularly in cross-section, as a dark band, 25-50 nm 
thick (Fig. 3b), as a result of its higher atomic number 
contrast and amorphous structure. The coating fol- 
lowed the contours of the surface of the graphite fibres 
although there was a tendency for it to be detached 
from the fibres over large areas. A similar degree of 
TiB~ separation can also be seen in earlier work, where 
a 201-type aluminium alloy was used for the matrix 
material [28]. This phenomenon was confirmed by the 
examination of very thick (many micrometres) regions 
of foil, where possible differential sputtering could not 
have created imaging artefacts. It was clear in this case 
that a gap (typically 100-200nm wide) existed in 
many areas between the graphite fibres and the TiB x 
coating. It is thought that this arose from the grinding 
operation used during specimen preparation, as a 
result of the flexing of the exposed graphite fibres, 
which tend to stand proud of the specimen surface, as 
described in Section 2. It can readily be shown that 
such a large gap could not have arisen from differ- 
ential thermal contraction strains. Although this effect 
appears to be an artefact of the specimen preparation, 
it is clear that the bond between the fibres and the 
TiBx coating is relatively weak. This contrasts with the 
bond between the TiB x and the matrix, which was 
sufficiently strong that separation from the alumi- 
nium-alloy matrix was not normally observed. A sim- 
ilar conclusion was drawn from studies of the fracture 
characteristics of these composites [26], based on 
examination in a scanning electron microscope. 

The aluminium-alloy matrix possessed a high dens- 
ity both of dislocations and of small "defect" clusters, 
10-50 nm diameter (Fig. 3a). No evidence for the 
precipitation of alloying elements within the grains 
was observed. EDX analysis failed to reveal the pre- 
sence of any segregated alloying elements associated 
with these clusters. A further check using energy- 
filtered imaging (which gives a higher spatial resolu- 
tion, ~ 2 nm) also failed to reveal solute segregation. 
It is most likely that the "black spot" defects were 
formed as a consequence of the ion-beam implanta- 
tion damage during sputtering. Similar features were 
not visible in any of the heat-treated specimens. It 
appears that the presence of alloying elements dis- 
solved in the aluminium matrix may be necessary to 
stabilize the damage clusters caused by ion sputtering. 
The high density of network dislocations probably 
arose from differential thermal contraction during 
solidification and cooling. 

No evidence for the presence of MgaSi precipitates 
was found in the tow material. Occasionally, coarse 
intermetallics (,-~ 1 ~tm diameter), containing mainly 
iron, silicon and aluminium with smaller amounts of 
chromium, manganese and copper, were observed at 
grain boundaries of the alloy matrix, including regions 
where a boundary intersected the TiB~/matrix inter- 
face (see also Fig. 5a). CBED analysis showed that 
these precipitates were not of the type ctFezSiAl 8, as 
tentatively suggested previously [26] on the basis of 
optical and scanning electron microscopy; the proper 
designation is the b c c  ~'FeSiAI phase, as described 
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Figure 3 Features of the microstructure of the tow material. (a) Longitudinal section, showing a typical fibre/matrix interface, at which 
precipitation had not taken place. (b) Cross-section, showing the TiB x layer. (c) EDX spectrum, taken with an electron beam, ~ 15 nm 
diameter, located on the TiB~ layer which was aligned parallel to the electron beam. (d) Longitudinal-section, showing a platelet of AI~C3, 
precipitated at the fibre/matrix interface; specimen oriented so that the dislocations were almost out of contrast. 

in the Appendix. EDX analysis of precipitates that 
passed right through the foil gave an approximate 
composition of (FeM)2SiA18, where M corresponds 
to (Cr + Mn + Cu) at a total concentration of ~ 3%. 

EDX analysis of the TiB~ interlayer, in addition to 
showing titanium, indicated the presence of chlorine, 
which probably arose from the chemical vapour  de- 
position process used to lay down the fibre coating. In 
addition, the principal alloying elements from the 
aluminium alloy had segregated to a limited extent 
into the TiB~ interlayer. Fig. 3c shows that magnesium 
and silicon were particularly prominent, with minor 
quantities of chromium and iron also being present. It 
was difficult to ascertain whether aluminium was pre- 
sent in the TiBx, because of interference from the 
aluminium-alloy matrix. Analyses from thin areas, 
using an electron probe size of ~ 15 nm, indicated 
that these elements were present throughout the thick- 
ness of the TiBx layer. Spectra obtained with the 
electron beam straddling the boride/matrix interface 
indicated a greater concentration of the segregated 
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elements in such regions, although further work with a 
finer probe size (such as that in a dedicated STEM) 
would be desirable to confirm this observation. Ana- 
lyses taken within the matrix showed no evidence for 
the presence of these segregated elements at distances 
as close as 50 nm to the TiBx. The only element 
present in the graphite phase that showed up using 
EDX analysis was argon, which had become incorpor- 
ated during ion-beam thinning. 

Although the fibre/matrix interfaces were mainly 
free from second phases, precipitates were occa- 
sionally visible, growing into the aluminium-alloy ma- 
trix from the TiBx interface (Fig. 3d). EDX analysis 
from these precipitates revealed only the presence of 
aluminium, indicative of the carbide phase A14C3, that 
results from the interaction between fibre and matrix 
[4-17]. This was confirmed using convergent beam 
electron diffraction (CBED). Tilting experiments 
showed that although these carbides sometimes had 
the appearance of rods [18] they actually took the 
form of platelets that were typically 50 nm thick by 



500 nm diameter. Occasionally, equiaxed intermetallic 
precipitates (50-300 nm diameter), shown by EDX 
and CBED analysis to be composed of the ~'FeSiA1 
phase, as described above, were present at the TiBx/ 
matrix interface. 

3. 1.2. Bulk compos i t e  
The additional heating cycle to which the tow material 
was subjected during its conversion to a bulk com- 
posite had resulted in significant changes to the micro- 
structure. Although the dislocation structure of the 
matrix was largely unchanged and the "black spot" 
defects were still present, many precipitates of the b c c 
phase, ~'FeSiAI (see Appendix), were observed in the 
matrix (Fig. 4a). These precipitates differed from the 
large ~' particles seen at the grain boundaries and 
TiBx interfaces in that they contained relatively high 
concentrations of chromium. EDX analysis gave an 
approximate composition of FeCrSi2Allo. As noted in 
Section 2, the principal uncertainty in this analysis is 
for the aluminium concentration. The r~articles were 
elongated, with an aspect ratio of approximately 2: 1, 
having sizes typically in the range 25 nm x 50 nm to 

50 nm x 100 nm and were present at a concentration 
estimated to be ~ 2 x 1019m -B. Comparison with a 
published EDX spectrum indicates that these pre- 
cipitates probably correspond to the "cuboidal" phase 
observed in a similar composite by Allard et al. 
[29]. Occasional observations of the high-chromium 
~'-phase were also made at grain boundaries in the 
matrix. 

Precipitation at the matrix/TiB x interface was con- 
siderably more advanced than in the tow material 
(Fig. 4a). In some regions of foil, up to 50% of the 
interface contained precipitates. Because the A14C B 
particles were slightly larger and more numerous than 
in the tow, it was possible to confirm that they always 
took the form of platelets, in common with the mor- 
phology of the much larger particles observed using 
the SEM [26] and by TEM, in samples that had been 
annealed. The platelets had an aspect ratio of ~ 7:1 
and were typically in the size range 15 nm x 100 nm to 
45 nm x 300 rim. 

Intermetallics that were approximately equiaxed 
with diameters in the range 0.2-1 tam, were also pre- 
sent at the interface in approximately equal density to 
the carbides. These intermetallics were also shown by 

Figure 4 Transmission micrographs of specimens prepared from the bulk composite (a) showing the presence of ~'FeSiA1 intermetallic 
particles in the matrix and various precipitates at the fibre/matrix interface, M = Mg spinel, C = A14C3; (b) an interracial precipitates 
identified as magnesium spinel, (c) precipitates of elemental silicon at the fibre/matrix interface. 
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CBED analysis to be the ~'FeSiA1 phase and appear 
to correspond to the "large" or "lathe-shaped" precipi- 
tates reported by Allard et al. [29]. EDX analysis 
showed that they had a similar composition to the 
large, low-chromium ~' particles observed in the tow 
material. Similar precipitates were also observed at 
the grain boundaries. 

Angular precipitates, 50-300 nm diameter, that 
showed onN magnesium and aluminium in EDX spec- 
tra, were a prominent feature at the fibre/matrix inter- 
faces (Fig. 4b). They were shown to be the magnesium 
spinel (MgA1204), as described in the Appendix. Also, 
twinned precipitates, 100-500 nm diameter, composed 
of elemental silicon (Fig. 4c), were sometimes present 
at the interface (see Appendix). Occasional observa- 
tions were made of the "quaternary" MgSiA1 (NiCu) 
phase at the fibre/matrix interfaces. In some interfacial 
regions, clusters of these various precipitates were 
present, having nucleated in the same area. In regions 
of the interface that were free from precipitation, no 
evidence for gradients of solute concentration in the 
matrix phase could be discerned using EDX analysis. 
However, some segregation of the alloying elements to 
the TiB~ interlayer was apparent, as described for the 
tow material. 

3.2. Effects of annealing 
3.2. 1. Tow material 
In order to assess the effects of thermal treatments on 
the Gr/A1 composites, tensile testing of the as-received 
tow material was performed. Specimens were tested in 
the as-received condition and after being heat-treated 
at 600 ~ for 0.5 or 2 h. In addition, tests were carried 
out on samples of the as-processed bulk material. The 
results are shown in Table I. It can be seen that even 
after the 0.5 h treatment, which is a condition com- 
monly used for converting the tows into a bulk com- 
posite, a degradation in strength of 13% was meas- 
ured. The effect of the 2 h heat treatment was more 
severe, with the tow losing more than one-third of its 
strength. The hot-pressing operation used to create 
the bulk material also resulted in a reduced tensile 
strength, but in this case the interpretation is complic- 
ated by the overall reduction in volume fraction of the 
fibres, caused by the presence of additional matrix 
material. 

Specimens for TEM were prepared from samples of 
precursor tow, annealed for 2 h at 580 and 600~ 
Intermetallic particles, 100-500 nm diameter, com- 
posed of the ~'FeCrSiA1 phase, were present in the 
aluminium alloy matrix in the specimen annealed at 
580~ comparable with the as-prepared bulk com- 
posite, but were less commonly observed after the 
600 ~ anneal. Dislocations were present in all an- 
nealed samples, with some tendency towards the 
formation of cells, ~ 5 gm diameter. The black spot 
defect clusters, present in the tow and composite 
samples were not observed. 

The annealing treatments resulted in significant 
changes at the graphite/matrix interfaces. A typical 
montage from a cross-sectional specimen, annealed at 
580~ (Fig. 5), shows several features of the micro- 
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TABLE I Tensile strength of the Gr/A1 composites 

Specimen Condition UTS (GPa) 

Tow As.received 1.3 ___ 0.06 
Tow 1/2 h, 600~ 1.13 +_ 0.20 
Tow 2 h, 600 ~ 0.83 +_ 0.15 
Bulk Hot-pressed, 0.90 + 0.10 

1/2 h, 600 ~ 

structure, including (a) the a'FeCrSiA1 precipitates 
present in the matrix, (b) cz' and [3FeSiA1 intermetallics 
(~  1 lain diameter) nucleated at the fibre/matrix 
interfaces, (c) a precipitate ofTiAl 3 (~  1 ~tm diameter), 
in this case, formed in association with a particle of the 
~'FeSiA1 phase, (d) a large (~  2 gm diameter) ~'FeSiA1 
intermetallic, grown at an interface/matrix/grain 
boundary intersection, (e) a reaction zone (~  1 gm 
wide, shown at a higher magnification in Fig. 
5b) that consisted of MgO (periclase) crystals in a 
porous amorphous matrix, that appeared to be com- 
posed of an aluminium-rich oxide, and (f) fine-scale 
(~  100 nm diameter) precipitates of A14C 3, sometimes 
in the form of discontinuous layers at the fibre/matrix 
interface. The preferred nucleation of second phases 
(most commonly A14C 3 or FeSiA1 intermetallics) at 
the fibre/matrix/fibre junctions were also seen; Fig. 5a 
shows an example of a 13FeSiA1 particle formed in this 
manner. 

Two types of FeSiAI intermetallic phases were iden- 
tified at the fibre/matrix interfaces. One was the ~' 
phase, having a low chromium content (~  1%), as 
seen in the bulk composite. The other was the 13-phase, 
which was not detected in the bulk specimens; the 
crystal structure of this phase was reassessed as B- 
face centred orthorhombic, as described in the Ap- 
pendix. Because of the complexity of the microstruc- 
ture, a detailed survey of the relative proportions and 
distribution of these two intermetallic phases was not 
carried out, although it may be noted that the 13-phase 
was detected primarily at fibre/matrix/fibre junctions. 

Other phases present at the interface regions after 
this heat treatment, but not visible in Fig. 5a, were (a) 
large platelets of A14C 3 (~  1 gm diameter), (b) ele- 
mental silicon, typically ~ 0.5 gm thick by ~ 2 gm 
wide, (c) porous crystalline/amorphous zones that 
appeared to consist of TiA13 precipitates in an amor- 
phous matrix of an A1/Si oxide and, in a few cases, 
(d) an intermetallic containing mainly magnesium, 
silicon and iron, that was identified as "quarternary" 
phase (see Appendix), with approximate composition 
Mg3Si6A19 (Nio.6 5Cuo.  3 5 )- 

A rough survey of the relative numbers of the 
different constituents over a large area of specimen, 
indicated approximately equal numbers of the large 
A14C 3 particles and FeSiA1 intermetallics, and about 
half as many TiA13 and silicon precipitates, with the 
crystalline/amorphous reaction zones and quartern- 
ary phases being (in total) on the < 10% level. It 
should be noted that although Fig. 5a gives a clear 
indication of the general manner in which precipita- 
tion had taken place, the representation of the large 



Figure 5 Micrographs from tow material, following heat treatment. 
(a) Montage of a cross-section, after annealing for 2 h at 580 ~ (b) 
Enlarged region composed of MgO precipitates in an amorphous 
reaction zone ("Mg" from (a)). Gr, graphite fibre; AI, AA6061 
matrix; ~',[3, FeSiAI; TB, TiBx; TA, TiAI3; Mg, magnesium-rich 
zone; AC, AI,C 3. 

wide that sometimes extended up to many micro- 
metres around the fibres. Although the reaction zones 
were not all identical, most had certain common 
characteristics: (a) a high degree of porosity, (b) the 
presence of aluminium, silicon, oxygen, often carbon, 
and at low levels, the alloying elements chromium, 
iron and copper, and (c) being composed of mixed 
crystalline and amorphous phases. Remnants of the 
TiB x layer were frequently visible, straddled, in some 
cases, by the reaction zones, which often contained 
aluminium, silicon and magnesium or aluminium, sili- 
con and titanium. These regions appeared to be sim- 
ilar in character to those observed in the 580~ 
specimen, but much more extensive. 

A14C3 platelets at the interfaces was less than average 
in this field of the thin foil. 

The thickness of the TiBx layer was revealed by 
tilting the sample until the interlayer was in the "end- 
on" orientation, showing it to have thickened to 
50-70 nm as a result of the annealing treatment. 
Presumably this is caused by increased porosity in the 
layer, resulting from reactions during heat treatment. 

The 600~ treatment resulted in more extended 
reactions at the fibre/matrix interfaces of the tow 
specimens compared to the 580~ anneal. Cross- 
sections revealed porous reaction zones up to ~ 1 p~m 

3.2.2. Bulk composite 
Heat treating the bulk composite for 2 h at 600, 650 
and 700~ resulted in major changes in the micro- 
structure that increased in severity with temperature. 
The aluminium-alloy matrix phase typically contained 
dislocation cells or subgrains, 1-5 gm diameter. A low 
density of coarse FeSiA1 intermetallics (200-500 nm 
diameter) was present in the matrix after the 600 ~ 
anneal (Fig. 6a) and the density decreased with in- 
creasing temperature. These precipitates had been 
tentatively identified as the ~FeSiA1 phase in our 
earlier paper [26], based on EDX data. However, a 
definitive analysis using CBED has shown these par- 
ticles to be of the type ~'FeSiA1. EDX analysis showed 
that this intermetallic possessed a composition of 
approximately Fe2CrSi2AI18. These coarser particles 
contained a lower chromium concentration than the 
matrix precipitates in the as-processed bulk com- 
posite. 

The reactions at the fibre/matrix interfaces were 
essentially similar to those seen with the tow material, 
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increasing in extent with annealing temperature. Some 
interfacial regions were fairly uniform, with A14C 3 
precipitates and, less frequently, ~'FeSiA1 intermetal- 
lics, growing into the matrix phase. However, with 
increasing temperature, the size and concentration of 
carbide precipitates increased, together with the extent 
of the oxidized crystalline/amorphous reaction zones. 
Also, there was increasing evidence for the growth of 
both carbides and the reaction zones into the graphite 
fibres. 

In the samples annealed at 650 and 700 ~ large 
carbides (1-5 gm diameter, Fig. 6b) were a major 
feature of the microstructure and some were also 
observed within the aluminium matrix, distinct from 
the fibre-matrix interfaces. Whilst it is possible that a 
few of these observations may have been caused by 
the nucleation of particles on an interface that had 
been lost during the preparation of the thin foil sec- 
tion, it is unlikely that this would account for all the 
examples observed. It is therefore concluded that 
some of these platelets had either nucleated at a 
fibre-matrix interface and, being loosely bound, had 
separated into the molten aluminium, or (less likely) 
that they had nucleated as a result of the diffusion of 
carbon into the liquid phase. 

The extent of the reactions and oxidation at the 
fibre/matrix interfaces varied considerably in any 
given specimen (Fig. 6c-e). The most severe reaction 
regions were irregular, extended zones containing 
amorphous and crystalline regions, together with 
substantial porosity. These zones were sometimes ex- 
tremely complex, containing carbon, oxygen, magne- 
sium, aluminium, silicon, titanium and chlorine (deter- 
mined using EDX analysis and EELS). Fine TiA13 
crystals and various combinations of MgO, magne- 
sium spinel, amorphous oxides, etc., were observed in 
these zones at the interfaces following heat treatment. 
Whilst it is not possible to assess accurately the size of 

Figure 6 Microstructures from bulk composite material, after heat treatment for (a) 2 h at 600~ dislocation sub-grains and :z'FeSiA1 
intermetallics in the aluminium alloy matrix, (b) 2 h at 700 ~ showing precipitated AI4C 3 at a fibre/matrix interface, (c-e) 2 h at 700 ~ 
showing varying degrees of interaction at the fibre/matrix interfaces. 
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such regions from TEM, one such zone measured 
about 25 tam by 2 lam in a thin foil from a longitudinal 
sample, heat treated at 700 ~ Because of the limited 
volume sampled in a thin foil, it would be expected 
that very much larger zones would be present in 
practice. 

The TiB~ interlayer was not readily discerned in 
many areas of these specimens. Even when this layer 
was still apparently intact, substantial precipitation 
had occurred at the interface with the matrix. In 
regions of the interface where the TiB~ layer was not 
readily defined, EDX analysis showed the presence of 
titanium in most cases. It is possible that mixed 
amorphous oxides containing titanium were present 
in addition to the TiA13 crystals that were often 
observed; however, it has not been possible to demon- 
strate this unambiguously because of overlap effects. 
In addition to the fine TiA13 crystals that were present 
in oxidized reaction zones, larger crystal (~ 0.5 gm 
diameter) were sometimes present at the interface, 
similar to those observed in the tow material after 
annealing. 

4. D i s c u s s i o n  
We have shown that the microstructures produced in 
Gr/TiBjA1 composites by high-temperature pro- 
cessing or heat treatment can be extremely complex. 

Because of this, it was considered useful to indicate the 
phases formed in the simplified sketches, as shown in 
Fig. 7. In referring to these, it must be recognized that 
they are highly schematic and that widely varying 
microstructures were in fact observed in different 
areas of the heat-treated specimens. Although A14C 3 
was observed to varying degrees at the fibre/matrix 
interfaces in all specimens, no evidence was obtained 
for the A1/B/C [25] or A1/C/O phases [28] reported 
elsewhere. 

Although a surprisingly large number of phases 
were observed in these composites, no evidence was 
obtained for the presence of MgzSi in the matrix or at 
the fibre/matrix interface, although it is normally the 
primary strengthening phase in AA6061 alloys. It 
appears that this is a consequence of the segregation of 
magnesium to the fibre/matrix interfaces, which upsets 
the balance of magnesium and silicon needed to cause 
precipitation of the binary phase. Instead, the excess 
silicon either remains in solution or precipitates 
mainly in the form of the ~'FeSiA1 phase that was a 
prominent feature of many of the specimens; less 
commonly, silicon may also precipitate as elemental 
silicon, [3FeSiAI or in the form of the quarternary 
phase. The simultaneous appearance of these various 
phases in the same specimen is probably a conse- 
quence of variations in chemistry that come from the 
heterogeneous nature of a composite material. 
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It is interesting to compare the effects of thermal 
treatment on the interfacial characteristics o f  Gr/ 
TiBx/A1 composites (i.e. graphite fibres with a TiB~ 
coating) and of Gr/A1 without a TiB~ coating [4-17]. 
In this study, the interfaces of the Gr/TiB~/A1 tow, in 
the as-received condition, were relatively free from 
second phases, containing only occasional particles of 
A14C 3 and ~'FeSiA1 on the matrix side of the AI/TiB~ 
interface. 

After heat-treating the composites, additional 
phases such as TiA13, MgA120 4, Si, quaternary 
MgSiAI(CuNi), MgO, amorphous oxides, and 
[3FeSiA1 were observed at the Gr/TiB~/A1 interfaces. 
The two major effects of increasing the heat-treatment 
temperature were to enhance both the formation of 
carbide platelets and the reactions at the interface 
involving oxidation. The carbide platelets were found 
to grow primarily into the aluminium matrix from the 
TiBx interface at the lower temperatures. However, 
with the higher temperature treatments (600-700 ~ 
the carbide platelets and oxidized zones were found on 
both sides of the TiBx interlayer. The carbides were 
also seen, to a limited extent, isolated in the alumi- 
nium matrix. 

The lack of an orientation relationship between the 
carbides at the TiBx/A1 interfaces (described in the 
Appendix) and the aluminium matrix was also re- 
ported by Chen and Hu [18]. It appears that the 
solidification front during cooling moves from the 
aluminium liquid towards the fibres, thus precluding 
the possibility of solid aluminium nucleating on the 
carbides with a preferred orientation. It is unlikely 
that the carbide precipitates form in any preferred 
orientation relative to the textured graphite fibres 
unless a breakdown of the amorphous TiB~ barrier 
layer is a pre-requisite for carbide nucleation. No 
evidence for this has been observed, so that it appears 
that carbide precipitation in the aluminium matrix 
occurs by the diffusion of carbon through the TiB~ 
barrier layer. This raises the question whether a 
crystalline TiB x interlayer would be more resistant to 
the diffusion of carbon than a vapour-deposited 
amorphous layer, which effectively contains a high 
potential for enhanced diffusion through the large 
(effective) concentration of defects present. The film of 
TiB~ clearly did not prevent the growth of carbides 
into both the graphite fibres and the matrix phase at 
high enough temperatures and the deleterious effects 
of carbides in Gr/A1 composites were also found in the 
Gr/TiB~/A1 composites. For example, the tensile tests 
have shown decreases in ultimate tensile strength of 
more than one-third in tows heat treated for 2 h at 
600 ~ 

It is clear that heat-treatment of these composites in 
air at elevated temperatures leads to substantial in- 
gress of oxygen and the formation of various oxide 
phases and, probably, to the presence of significant 
porosity. Atmospheric oxygen and moisture are the 
most likely sources of contamination. This may occur 
in two ways; through the graphite fibres themselves 
and down the fibre/matrix interfaces. Both may be 
important. It is likely that graphite fibres are readily 
permeated by various gases. In addition, this and 
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other studies have shown that the bond between the 
carbon fibre and the TiB~ coating is relatively poor, so 
that it is possible that this interface forms an easy 
diffusion path for the ingress of atmospheric gases. 

In summary, despite the fact that TiB, forms a 
stronger bond with aluminium than with graphite, 
and that TiB x probably helps to inhibit the formation 
of A14C3, the deleterious effects of degradation in 
mechanical properties as a result of carbide formation 
are also found in Gr/TiBx/A1 composites. 
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Appendix: detailed analyses of second 
phases 

Aluminium carbide 
The aluminium carbide phase, A14C3, was completely 
analysed using CBED and EELS. All CBED patterns 
could be indexed according to the rhombohedral 
crystal structure, using hexagonal cell coordinates, 
a = 0.334 nm and c = 2.50 nm. An example of a dif- 
fraction pattern from a large precipitate that passed 
right through the foil is shown in Fig. Ala. The 
carbide phase always took the form of plates, as also 
observed for the large (1 5 ~tm diameter) particles 
seen in SEM studies [26]. The lattice image, shown in 
Fig. Alb, confirms that the basal planes are parallel to 
the habit planes of the carbides, not perpendicular to 
this plane as implied in earlier work, where the par- 
ticles were reported to be rod-shaped [18]. 

Using CBED patterns, an attempt was made to 
determine whether an orientation relationship existed 
between the aluminium matrix and the carbide phase. 
Three specimens were examined; a tow wire sample, a 
bulk composite in the as-processed condition and the 
same material after annealing for 2 h at 700 ~ The 
specimens were tilted through large angles using a 
calibrated double-axis tilt holder so as to reveal prom- 
inent zone axes of either matrix or carbide phases. The 
rotations of the image and the diffraction pattern 
caused by the microscope lenses were also calibrated 
so that it was possible to plot the zone axes, the 
diffracting planes and the carbide orientation on the 
stereographic projections. After obtaining data from 
two carbides from each type of specimen, it was 
concluded that in no case were any of the prominent 
planes or directions of the matrix and precipitate 
phases accurately parallel. A typical example is shown 
in Fig. Alc. Although the (00 1)A I and (1210)A14C3 
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axis; (b) lattice image, showing the (0003) planes, which are parallel to the plane of the carbide platelet; (c) typical stereogram, showing the 
orientation of a carbide precipitated at a fibre/matrix interface, superimposed upon that of the aluminium alloy matrix; (d) EELS spectrum. 

poles appear  to lie close together at the centre of the 
projection, they are in fact separated by 8 ~ , which is 
much greater than the errors of the projection (1~176 
Furthermore, a comparison between the results from 
different carbides indicated that the relative orienta- 
tions between carbide and matrix had no common 
elements and were therefore essentially random. Fur- 
ther confirmation of this conclusion was obtained by 
tilting several carbides so that the basal planes, 
{000 1} (close-packed {1 1 1}, in rhombohedral  co- 
ordinates) were oriented parallel to the electron beam. 
In an orientation relationship with such a phase, it is 
most likely that a prominent set of matrix planes 

would be parallel to the basal planes of the carbide. 
However, in no case was a prominent matrix reflection 
excited when this carbide orientation was selected. 
Chen and Hu [18] also asserted that no orientation 
relationship existed between the carbides and matrix 
material. 

Spectra obtained using EELS revealed only the 
presence of aluminium and carbon (Fig. Ald), in 
confirmation of the diffraction results. Quantitative 
analysis of a thin carbide that passed right through the 
foil using published k-factor data [31] yielded a com- 
position of A1-37 at % C, in reasonable agreement 
with that expected for A14C3 (A1-43 at % C), within 
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the accuracy of the data. EDX analysis did not reveal 
other elements segregated within the carbide phase. 
The carbon peak did not show up in spectra from the 
A14C3 using an ultra-thin window EDX detector, a Indices 
result of strong absorption of CK X-rays by the (hkl) 
aluminium. Once a number of carbides had been 
identified, it was possible to conclude that facetted, 
plate-like precipitates that showed only aluminium in 111 

002 
the EDX spectra (and sometimes contained twins) o22 
were always composed of the A14C 3 phase. 113/222 

133 

T A B L E  AI Comparison of interplanar spacings, d, from magne- 
sium-rich crystals, measured using selected-area diffraction, with 
calculated values for MgO (periclase) 

d(nm) 

Measured Calculated 

0.247 0.243 
0.211 0.210 
0.149 0.149 
0.122 0.121/0.127 
0.095 0.097 

Magnes ium spinel 
One of the magnesium-rich phases that was observed 
both in the as-prepared bulk composite and in the 
heat-treated tow material was identified as magnesium 
spinel. A typical example is given in Fig. 4b and a 
single-crystal CBED pattern is shown in Fig. A2. It 
was identified, along with many other patterns from 
similar regions, with the phase MgAI204, having the 
fc c structure with a = 0.808 nm. Confirmation of the 
presence of oxygen was obtained using EELS. 

MgO 
MgO (periclase), which is fc c with a = 0.421 nm, was 
observed in the form of small precipitates (~ 50 nm 
diameter) in an amorphous reaction zone in annealed 
specimens, as shown in Fig. 5b. The phase took the 
form of fine crystals, normally associated with an 
amorphous phase that contained oxygen. Such re- 
gions tended to exhibit irregular porosity. Crystal 
structure identification was carried out using selected- 
area diffraction, which gave ring patterns; a com- 
parison of the measured and calculated interplanar 
spacings is shown in Table AI. EDX analysis showed 
the crystals to contain more magnesium than the 
amorphous material, but an unambiguous analysis of 
each phase could not be carried out, owing to overlap. 

Figure A2 Bulk composite, heat treated 2 h at 650 ~ CBED pat- 
tern from an interfacial precipitate of magnesium spinel, [1 10] zone 
axis. 

EELS spectra from such areas always showed the 
presence of oxygen. It is concluded that these regions 
consisted of crystals of MgO in an amorphous matrix 
which may have consisted mainly of A120 3, although 
the presence of some dissolved magnesium cannot be 
ruled out. 

Fe/Si/AI intermetallics 
The main intermetallics present in the aluminium 
matrix of all composites were shown by EDX analysis 
to contain aluminium, silicon, chromium and iron 
with low levels (~ 1%) of manganese and copper. 
Many CBED patterns (e.g. Fig. A3a) were obtained in 
low-order zone axis orientations and identified ac- 
cording to a b c c structure with a = 1.255 nm, corres- 
ponding to the ~' phase, nominally given in the literat- 
ure [24, 30] as (FeM)3Si2All5 , where M is Cr. 

Quantitative analysis using particles that passed 
right through the thin foils gave varying compositions, 
according to the location of the particles and the heat 
treatment. The main uncertainty in the quoted com- 
positions rests with the aluminium concentration, ow- 
ing to possible interference from spurious X-rays, 
originating from the entire TEM specimen [27]. Es- 
sentially, three kinds of particles were identified: 

1. a low (~ 0.5 at %) chromium phase (Fig. A3b) 
in the form of relatively large particles (~ 1 gm dia- 
meter), with approximate composition Fe2SiAls, 
which were present at the fibre/matrix interfaces and 
grain boundaries; 

2. a high chromium phase (Fig. A3c), present as 
small particles within the matrix of the as-processed 
bulk composite and certain heat-treated tow material, 
approximately FeCrSi2Allo; and 

3. an intermediate chromium phase, seen in the 
matrix of heat-treated bulk samples, with approximate 
composition FezCrSizA118. 

A comparison of these findings with either the nomi- 
nal composition or that of (approximately) FeESiAllo 
given by Skjerpe [32] from microprobe data indicates 
that this phase actually exists over a wide range of 
stoichiometry. It appears, in general, that the ~' phase 
may be a prominent component of aluminium alloys 
in the 6000 series. 

In addition to the c~' phase, occasional observations 
were also made of a phase designated in the literature 
[30] as [3FeSiA1. However, it proved impossible to 
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Figure AS Characterization of the c~'FeSiA1 phases in the 
as-processed bulk composite: (a) CBED pattern, [130] zone axis; 
(b) EDX spectrum, low-chromium phase at a fibre/matrix interface; 
(c) EDX spectrum, high-chromium matrix precipitates. 

describe the CBED patterns properly in terms of 
the designated monoclinic crystal structure [33J. This 
has resulted in a reassessment of the unit cell, 
which showed it to be B-face centred orthorhombic, 
with parameters a = 0.6185nm, b = 0.6251 and 
c = 2.069 nm. The composition of this phase, as given 
by EDX analysis, was approximately Fe3Si2Allo, with 
manganese and nickel as impurities at the ~ 1.5 at % 
level. Full details of this derivation will be published 
elsewhere [341. 

Si l icon 
Precipitates of elemental silicon were observed in the 
bulk composite material and in tow specimens, follow- 
ing heat-treatment at 580 and 600~ They were 
invariably twinned and exhibited a strong SiK peak in 
EDX spectra, with an additional aluminium contribu- 
tion that came either from excitation of the bulk 
sample or, in some cases, from matrix overlap. The 
identity of the phase was confirmed by CBED (Fig. 
A4) and also using EELS, from particles that passed 
right through the thin foil, where only a weak oxygen 
edge from the surface oxide film was present in addi- 
tion to the silicon signal. 

" Q u a t e r n a r y "  p h a s e  
Intermetallics containing magnesium, aluminium, sili- 

Figure A4 CBED pattern from elemental silicon in the as-processed 
bulk composite; [110] zone axis. 

con, nickel and copper, with traces of iron and man- 
ganese, were occasionally observed in specimens of the 
wire tow, heat-treated at 580~ and in the as-pro- 
cessed bulk material. They were typically ~ 1 gm 
diameter and were present in the aluminium matrix, 
nucleated at the fibre interfaces. EDX analysis (Fig. 
A5a) indicated a composition close to Mg3Si6A19- 
(Nil.3Cuo.7) with 1.5 at % Fe and 0.5 at % Mn as im- 
purities. Several CBED patterns (e.g. Fig. A5b) were 
indexed according to the "quarternary" phase, nomin- 
ally MgaSi6AlsFe, having a hexagonM cell with para- 
meters a = 0.663 nm, c = 0.794 nm [30]. The diffrac- 
tion patterns were similar to those expected from the 
~FeSiA1 phase, but with many reflections missing. 
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Figure A5 Identification of the "quaternary" intermetallic phase in a tow specimen, heat-treated 2 h at 580 ~ (a) EDX analysis; (b) CBED 
pattern, [0 1 i 2] zone axis. 

This is a result of the near integral ratios between the 
lattice parameters and suggests a simple relationship 
between the atom positions in these two hexagonal 
phases. The atomic ratios of the elements magnesium, 
silicon and aluminium correspond well within the 
experimental accuracy with those given in the literat- 
ure. However, the relative proportion of (Ni + Cu) is 
about twice that quoted for the quarternary contain- 
ing iron. 

TiAI 3 
Occasionally, precipitates containing titanium were 
observed in specimens from heat-treated material. 
They were typically ~ 0.5 lam diameter. CBED pat- 
terns (e.g. as shown in Fig. A6) could be indexed 
in accordance with the intermetallic TiA13, which 
is body centred tetragonal with a = 0.385 nm and 
c = 0.858 rim. Quantitative EDX analysis was com- 
plicated by overlap of the aluminium matrix and, in 
some cases, by the TiBx interlayer. Some particles 

Figure A6 CBED pattern from a large TiA1 a precipitate, formed at 
a fibre/matrix interface in a bulk composite, heat-treated 2 h at 
700 ~ [1 1 2] zone axis. 
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appeared to contain chromium, dissolved at a level of 
a few atomic per cent, although it is possible that this 
observation may be a result of segregation of 
chromium to the fibre/matrix interface region. 
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