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Al-V-graphite interface reactions: an XAFS study
of the reactions in a composite interface system
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The high temperature reaction properties of a metal matrix composite interface have been
observed in this research by X-ray reflectivity and X-ray absorption fine structure (XAFS) coupled
to Auger electron spectroscopy (AES). This study was taken from the vantage point of the
vanadium diffusion barrier interfacial layer in a model aluminum-graphite metal-matrix laminate
composite. The interfacial couple of aluminum and vanadium was analysed to ascertain the
reaction species at temperatures between 200 and 350 °C. X-ray reflectivity and glancing angle
XAFS showed that the initial Al-V reaction occurred at 325°C where the aluminum-rich
intermetallic Al;V formed. Small angle XAFS was used to analyse the higher temperature
interfacial changes in the temperature range of 300-500 °C. Further interactions occurred at
500 °C, where interdiffusion of Al, C and O occurred leading to phase formation of the vanadium,
dependent on the graphite basal plane orientation. AES, used to determine the initial
compositions and those resulting from the high temperature heat treatments, complemented the

XAFS results.

1. Introduction
A model laminate aluminum matrix—graphite rein-
forcement system with a high purity metal vanadium
diffusion barrier layer was designed to investigate the
reaction processes at the interfacial region as a func-
tion of increasing temperature. The objectives were to
observe the as-formed interfacial conditions and to
determine the effects of elevated temperature on this
region. An Al-graphite system was of interest here,
since many metal-matrix composites. involve these
materials in combination while requiring their interac-
tion in the form of aluminum carbide, Al,C;, to be
minimized. Vanadium was considered for the inter-
facial layer since it has a high melting temperature
(T, = 1890°C) compared to 660°C for aluminum,
and a density of 6.11 gcm ™3 compared to 2.70 gem ™3
for aluminum [1]. Its high melting temperature sug-
gests refractory properties. Of equal importance are
the possible reaction products that could form in situ
which would lead to a decrease in the interdiffusion of
aluminum and carbon. Likely phases that could form
include; the aluminum-rich intermetallic Al;V, with
a melting point of 1362°C and a density of
3.34 gcm 3, vanadium oxides of V,0s and VO,
which would form in the presence of oxygen, have
melting points of 690 and 1967 °C with densities of
3.36 and 4.34 gcm "3, respectively, and vanadium car-
bide, VC, which has a melting point of 2810°C and
a density of 5.77 gem 3.

Vanadium does not have the low density of TiB,
(4.5 gcm ™ 3), commonly found in numerous composite
systems as a reinforcement coating, yet was considered
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here as an alternative and studied because previous
investigations of the Al/V/graphite system did not
completely discern the reactiveness of the interface
(2, 3]. The maximum operating temperature of a com-
posite system of this type would be approximately half
T, of the aluminum matrix, a temperature at which
creep properties would have to be considered. Tem-
peratures of up to 500°C were considered here for
purposes of in situ interface processing.

In this research the chemical reactivity of a com-
posite interface region was analysed extensively by
means of X-ray absorption fine structure (XAFS) spec-
troscopy. The specific approaches included: X-ray re-
flectivity, glancing angle XAFS, small angle XAFS
and transmission XAFS. Auger electron spectroscopy
(AES) consisting of select point analysis and depth
profiling was coupled to the XAFS to further analyse
the interfacial region. XAFS probed the interface from
the standpoint of the vanadium layer and the changes
that occurred to it. In this manner the initial condi-
tions of the vanadium in the interface of the alumi-
num/graphite composite system could be compared
to the conditions after high temperature exposure. The
AES data would serve to verify the as-formed condi-
tions and the effects of the high temperature (500 °C)
heat treatments. X-ray reflectivity measurements
yielded a density profile with depth, providing
nanometre depth resolution and was sensitive to el-
emental concentrations as low as 1% [4]. From the
density profile, local interface roughness, layer thick-
nesses and elemental concentrations were determined.
XAFS experiments conducted at glancing angles to
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the sample surface provided X-ray penetration
through the aluminum overlayer but only into the
Al-V interface. Structural information, such as atomic
distances and the near neighbour atom type could be
determined. Extensive data interpretation could also
determine the number of near neighbours and atom
placement [5]. Glancing angle XAFS was useful to
determine the phases which were present at the inter-
face. Recent work by Heald and Barrera [6] showed
the utility of X-ray reflectivity combined with glancing
angle XAFS to investigate Al/Ni interfaces. In addi-
tion, with the incoming X-rays positioned at angles up
to 5° with the sample, small angle XAFS lead to phase
determination and could observe changes to the
vanadium interfacial layer. Transmission XAFS,
where a portion of the X-ray beam passed through the
specimen, was useful for powder and thin foil samples
and was used to characterize the standard materials
used in this research.

In this paper, the data obtained from XAFS will be
explained as to its use in characterizing the conditions
of the vanadium layer in the aluminum/graphite
model composite system following various elevated
temperature heat treatments. The ability to analyse
the interface from a structural and nanometre vantage
point will be highlighted. The ability to observe and,
in effect, control in situ interfacial processes will also
be of primary interest. The reactive nature of this
model composite system will provide significant in-
sight into other composite systems where interface
reactivity is a concern.

2. Sample preparation and experimental
procedures

2.1. Sample preparation

X-ray techniques and synchrotron X-ray techniques
used to gain structural information are notably shal-
low probing techniques. XAFS, as well as X-ray dif-
fraction (XRD) probe micrometre to submicrometre
distances as compared to millimetre or less distances
probed by neutron techniques [7]. However, both
X-ray diffraction and XAFS have higher depth sensi-
tivity compared to neutron diffraction and since near
interface properties are of interest where specific prop-
erties associated with the interface layer are desired,
the XAFS approach supersedes both neutron and
X-ray diffraction since it is an atom specific technique.
To accomplish this research four types of samples
were used; Al on V on float glass, Al on V on a silicon
wafer, and composites of Al on V on graphite with the
carbon basal planes parallel and perpendicular to the
surface of the sample. The samples will be labelled as
follows: A/V/G, Al/V/glass; A/V/S, Al/V/silicon;
A/V/PA, composite with carbon basal planes parallel
to the sample surface; A/V/PP, composite with the
carbon basal planes perpendicular to the sample sur-
face.

Layering of Al and V were accomplished by thin
film deposition. The float glass substrates were pre-
pared by cleaning in boiling isopropyl alcohol fol-
lowed by air drying before loading in the ultra high

vacuum chamber. The surface of the Si wafers were
prepared by ultrasounic cleaning in acetone and meth-
anol and were allowed to dry in air. Pyrolytic graphite
was cut using a diamond wafering saw with methanol
rinsing. The surfaces were polished and adhesive tape
was used to pull off the top layer to expose a clean
surface before loading in the vacuum chamber. The
graphite was thought to have residual moisture at the
time of loading. The vacuum chamber was baked to
~ 150 °C for 24 h prior to deposition. The amount of
moisture removed from the graphite during baking
was not determined.

High purity aluminum (99.999%) and vanadium
(99.9%) were used in this research and were resistively
evaporated from tungsten boats. The sources were
thoroughly degassed prior to sample deposition. The
vacuum before deposition was 8.0-10.7 x 1078 Pa and
during deposition was 2.7-6.7 x 10”7 Pa. Deposition
rates were 6 nmmin~ *. The substrates were cooled to
a low temperature ( —40°C) using liquid nitrogen.
The sample temperature increased ~15° during de-
position. In this research the substrates were kept at
low temperatures to reduce the possibility of reaction
during deposition and to eliminate roughening of the
interfaces due to mixing. The sample processing was
conducted with the utmost care to prevent oxygen and
carbon contamination. Oxygen is recognized to alter
the interfacial reactions [6]. Deposition on graphite
was in the same manner as that for the float glass and
Si wafer substrates. Thicknesses were measured using
an oscillating quartz crystal monitor which had high
relative accuracy. The thicknesses of the aluminum
and vanadium layers were 50 nm each, in all cases.

Compositions and contamination levels were ana-
lysed using AES on the A/V/S sample. The A/V/S
sample was used rather than the A/V/G since the
glass substrate would charge when exposed to the
electron beam. Further AES analysis was conducted
on the A/V/PA and A/V/PP samples as-deposited
and after the high temperature heat treatments. AES
analysis consisted of select point analysis of the
sample surface followed by depth profiling during
inert gas (argon) sputtering using a Physical Elec-
tronics 590. Typical scan and profiling parameters
included: beam voltage, 3 kV; beam current, 150 nA;
modulation voltage, 3eV for a photon energy less
than 600 eV and 6 eV for a photon energy greater than
600 eV; multiplier voltage, 1050 V; a time constant of
0.3; and a scan rate of 5eVs™'. During the depth
profiles, the sputtering was stopped intermittently to
conduct further select point analysis at that depth. The
depth profiles were repeated to conform uniformity of
the layers.

Samples of 99.99% pure vanadium foil, and pow-
ders of V,05, VC and Al;Ti were used as structure
standards for comparison with the composite samples
for XAFS analysis. The Al;Ti was processed into
a powder by melt spinning followed by grinding by
mortar and pestle, the structure was confirmed by
XRD [8]. The Al;Ti served as a standard for Al;V on
the basis that elements with similar atomic number,
Z (for Ti Z = 22,for V Z = 23), produce similar XAFS
when the structure is the same (in this case tetragonal).
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It will be evident that the structural data of XAFS for
the samples of interest can easily be compared to the
structural information of standard samples [5]. The
vanadium foil was mounted on an aluminum holder
for transmission XAFS experiments. The powders
were applied on a low X-ray absorbing adhesive tape,
cut into pieces and layered to an appropriate thickness
to conduct transmission XAFS experiments.

2.2. XAFS measurements

XAFS experiments were conducted using Beamline
X-11A at the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory (BNL)
with a ring energy of 2.5GeV and currents of
100-200 mA. A double crystal Si (111) mono-
chromator was used with an energy resolution of
1.5eV at the V K-edge. The monochromator was
detuned 20-30% to reduce the harmonic content of
- the incident X-ray beam to less than 0.1%. Calibration
of the monochromator was initially set by running
a Cu K-edge (8989 eV) scan, followed by an XAFS
scan of the V K-edge (5464 ¢V). Table I shows the
experiments that were conducted and the samples
analysed. X-ray reflectivity and glancing angle XAFS
were conducted on the A/V/G samples using the
experimental set-up shown in Fig. 1. The slits were
used to size down the X-ray incident beam, I, identifi-
es the ion chamber which measures the intensity of the
incident X-rays, 9 is the sample angle made by tilting
the sample stage away from the horizontal plane.
Increasing 6 meant deeper penetration of the X-rays

TABLE I Experiments to ascertain the reactions in an Al/V/
graphite system

Sample Experimentation Temperature
°C)

A/V/G X-ray reflectivity, RT, 200, 250,

glancing angle XAFS 300, 325, 350

A/V/S AES RT

A/V/PA Small angle XAFS, RT, 300, 350,
AES at RT and 500°C 400, 450, 500°
A/V/PP Small angle XAFS, RT, 300, 350,
AES at RT and 500°C 400, 450, 500°
V,V,0s, VC, Al;Ti Transmission XAFS RT

2All heat treatments were for 10 min time periods in flowing argon.
The A/V/PA and A/V/PP samples were heat treated a second time
at 500 °C following the 10 min treatment, A/V/PA for 20 min and
A/V/PP for 30 min.

Figure 1 The XAFS experimental set up for X-ray reflectivity,
glancing and small angle XAFS.
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into the sample. I; identifies the fluorescence ion
chamber used to measure the fluorescence signal to
yield I/I, data. I, identifies the ion chamber used to
measure the intensity of reflected X-ray beam used to
generate I /I, data, or for transmission experiments
where In (I,/I) is obtained.

X-ray reflectivity experiments were conducted by
setting the X-rays at a single energy (wavelength) and
conducting a motor scan of the sample stage. Scans at

—300¢eV to the V K-edge energy and + 300¢V to
the same edge were run and made up one set of data
for a sample [9]. Following heat treatment each
sample was analysed in the same manner: Fig. 2 shows
the experimental reflectivity data for the room temper-
ature (RT) sample (Fig. 2a) and the 325°C sample
where the effects of the heat treatments are seen
(Fig. 2b). At small 0, the X-rays were almost totally
reflected from the surface and as the angle was in-
creased the X-rays were absorbed. The frequency and
amplitude of the oscillations seen after the first min-
imum contributed to the determination of the layer
thicknesses and roughness. The dotted lines represent
fitted curves which will be discussed later. Glancing
angle XAFS were run following the reflectivity scans
with the sample angle fixed close to the first minimum
on the reflectivity scans for interface analysis and at
small angles where bulk properties were observed. The
small angle scans also served as a method to check the
calibration of the edge energy. To run the XAFS scan,
the sample position was fixed and the monochromator
was scanned to yield a scan in energy.

Transmission V K-edge XAFS was run on samples
of vanadium foil, V,0O5, VC and Al;Ti (Ti K-edge),
where I, was used to measure the transmitted signal
rather than reflected signal. Small angle XAFS were
run on the A/V/PA and A/V/PP specimens. Fig.
3 shows the small angle XAFS experimental data for
a Al/V/graphite specimen. The pre-edge, edge back-
ground and XAFS regions of the data are as labelled.
In these experiments the sample was positioned at a 5°
tilt with the incident X-ray beam and I;/I, data versus
photon energy was acquired. The angle was chosen
where the X-rays penetrated the Al and V layers and
a portion of the graphite substrate.

3. Results and discussion
3.1. The Al-V interface: local interfacial
properties
3.1.1. X-ray reflectivity
To obtain local interfacial properties, a density profile
was obtained from the reflectivity data. The deunsity
profile was extracted by using a least squares fitting
procedure [9, 10]. The fitting is shown on Fig. 2 by the
dotted curves which were obtained by modelling the
RT sample (Fig. 2a) and the 325 °C sample as a series
of layers of various thickness, composition and inter-
facial roughness (Fig. 2b). Generally, the number of
layers was kept to a minimum where there was usually
an Al oxide overlayer, a pure Al layer, a mixed Al-V
layer and a pure metal (V) layer. For cases where the
reactions were more extensive, more than one mixed
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Figure 3 XAFS experimental data of A/V/PA: RT taken with the
specimen positioned at a small angle (8 = 5°).

layer was included. From the experimental data the
RT specimen remained unchanged until it was heat
treated at 325 °C for 10 min. For the cases fitted in this
research 10-13 structural parameters were simulta-
neously fit to the reflectivity data above and below the
V K-edge. Having the data from below and above the
edge significantly increased the reliability of this anal-
ysis technique. The fits were of good quality and the

results indicated that an additional mixed layer was
needed to accomplish the fit for the 325 °C specimen.

Fig. 4 shows the V depth dependent concentration
profiles (density profiles) for the RT and 325 °C speci-
mens. These were obtained by plotting the V concen-
tration for the layers and smoothing the edges using
the derived roughness parameters. The profile from
the sample was an average composition over approx-
imately 1 cm? area of the sample [6]. The RT speci-
men density profile showed a relatively sharp interface
with interfacial mixing of Al and V over roughly
10 nm. Since high temperatures of the V source mater-
ial had to be reached to deposit the V on the float glass
(~1100°C at ~ 107> Pa) a relatively rough surface
was observed as compared to previous research [6, 9,
10]. Changes in the interface did not occur until a tem-
perature of 325°C was reached. The profile for the
325°C specimen changed in that a layer had to be
added to the previous two-layer model where the
intermediate layer composition did not exceed a value
associated with the aluminum-rich intermetallic com-
pound (Al; V). This provided some evidence of forma-
tion of the aluminum-rich intermetallic phase. (Note
that the glancing angle XAFS data in the next section
lent further insight.)
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Figure 4 V density profiles obtained for A/V/G: (a) RT and (b) following the 325 °C heat treatment.

3.1.2. Glancing angle and small angle
methods

XAFS is best explained by a single scattering expres-

sion [5]:

k) = Z%Aj(k)e‘z"z"lzsin[ZZRj+¢,~(k)] (1)

where y (k) is the normalized oscillations as a function
of the photoelectron wave vector, k. The atoms were
considered to be in shells where each shell
(=1,2,3...) had N; atoms at a distance R; and
a root mean square disorder in the distances, ;. 4;(k)
and ¢;(k) are scattering factors which depend on the
type of atoms in the shell and are usually calibrated
using standard compounds. For the glancing angle
XAFS I/ Iy was collected where I; is related to I, from
absorption data by [10]:

Ie - <&>[1_e-ut/x] @
Iy i

where p, = pa/sin 0, p, denotes the absorption of the
primary X-rays by only the species of interest, the
angle 0 is the angle shown in Fig. 1; p, is the absorp-
tion by all elements in the sample; x is the sample
thickness or probe depth. The experimental data is
obtained as a function of photon energy and is con-
verted to k-space using the relationship:

|:2me (E ;ZEK>:|1/2 5

where m, is the effective mass of an electron, E is the
energy away from the edge energy, Ex, and h is
Planck’s constant. Two to three scans were taken of
each specimen, including the standards and following
the various heat treatments seen in Table I. The data
was then analysed as a set by keeping the various edge
features, energy and k-ranges for analysis the same. To
analyse the XAFS the pre-edge and edge background
we fitted and subtracted, the XAFS was then multi-
plied by k to produce kX (k) prior to running the
Fourier transform, which yielded the magnitude of the
transform (M /T) or a distribution of the near neigh-
bours radially out from the central atom. Fig. 5 shows
the XAFS for the standard samples used in this re-

k:
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Figure 5 XAFS ky(k) for (a) V foil, (b) VC, (¢) V,0O5 and (d) Al;Ti
standard samples used in this research.

search. Fig. 6 shows V XAFS from the A/V/G speci-
men taken at a small angle and at a glancing angle
(interfacial data) following 200, 300 and 350 °C heat
treatments. Note that the RT and small angle data are
similar to that of V foil, indicating that there was not
an extensive reaction between Al and V during depos-
ition. Note also that the data for the 350 °C specimen
is significantly different, indicating a reaction had oc-
curred once heat treatments at 325 and 350 °C were
conducted. There is a favourable comparison between
the reacted samples and Al,;Ti indicating that an alu-
minum-rich V phase had formed.

3.2. Vanadium in the Al/V/graphite:

long range interfacial properties
3.2.1. Small angle XAFS
The Al/V/graphite samples were analysed by small
angle (0 = 5°) XAFS. Fig. 7 shows the result of the
XAFS analysis for the A/V/PA sample analysed in
a fingerprint mode. Shown are XAFS for A/V/PA:
RT, 450, 500 for 10 min, and 500 °C for 30 min. Fig
8 shows the XAFS spectra for the A/V/PP: 300, 450,
500 for 10 min, and 500°C for 40 min. The spectra



[T T T T T T T T T

3+
(a)

(b}
1;V\-/\/\,\/W

-

k% (k) (arb. units)

T BRI B

L (d} 1
O+ —

I T IR (P B I

25 50 75 100 125 150
k-space (nm’")

Figure 6 XAFS ky(k)for A/V/G: (a) RT specimen taken at a small
angle and for (b) 200, (c) 300 and (d) 350 °C for 10 min heat treated
cases.

]‘ T T T T l T T T T ' T T T T ] T T T l"l_l T T | T

(a)

k% (k) (arb. units)

O—Wf\/\,\/\J\/f»—\/\/‘wvw\/v\/q\/v\m —
oo b b by 1

25 50 75 100 125 150
k—space (nm”)

Figure 7 XAFS kx(k) for A/V/PA: {a) RT, {b) 450, (c) 500°C for
10 min, and (d) 500 °C for 30 min.

shown are for the specimens where changes were ob-
served due to heat treatment. These results can be
discussed considering the features of the various
curves. Consider both the k% (k) and the M/ T for the
V foil from a fingerprint standpoint where the kX (k)
curve is somewhat typical of that of transition metals
where the largest oscillations occur between 40 and
50 nm ™', The M /T shows a number of peaks (shells)
positioned beyond 0.1 nm from the central V atom
indicating shells of atoms. Each shell can have one or
more interatomic spacing associated with it
Vanadium is body centred cubic (bcc) where the first
two interatomic spacings are 0.262 and 0.303 nm and
are separated by 0.041 nm. Using XAFS, these two
interatomic spacings will show up in one shell. The
third interatomic spacing for V is at 0.428 nm and
therefore shows up as the second peak in the M/T.
Table II shows a comparison of the measured R dis-
tances to the interatomic spacings {d) for V foil.

As can be observed, the amplitude of the k¥ (k)
curves decreased as the specimens were heat treated
and small changes at low k started to occur for heat
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Figure 8 XAFS k)(k) for A/V/PP: (a) 300, (b) 450, (c) 500°C for
10 min, and (d) 500 °C for 40 min.

TABLE II The relationship of the shell distances, R, to that of the
interatomic spacings (d) for vanadium

Shells R (nm) Interatomic spacings: d (nm)
R1 0.234 dt 0.262
d2 0.303
R2 0.381 d3 0.428
R3 0475 d4 0.524
ds 0.605

treatments above 400 °C. The XAFS were similar up
to 400 °C when comparing the A/V/PA and A/V/PP
data under the same experimental conditions—changes
at low k occurred first for the A/V/PP specimen, but
the changes were not apparent until heat treatments
were conducted at 500°C, where A/V/PA and
A/V /PP were different. It is also evident from both the
k% (k)and M/T data that V had not fuily reacted even
when the final heat treatments were completed. Table
IIT shows the changes that occurred in the height of
the first peak(s) of the M/T. Note that with extended
heat treatment time for the A/V/PP specimen, the
height began to increase rather than decrease, indicat-
ing a re-ordering by phase formation.

3.2.2. AES analysis

The samples of A/V/S, A/V/PA and A/V/PA heat
treated for 30 min, and A/V/PP heat treated for
40 min were argon ion sputtered and analysed by
select: point analysis at increasing sputtering depths
and by depth profiling. The results of the AES analysis
can be seen in the select point analysis data where
representative layers of the sample are shown. Fig. 9
shows the select point analysis for the A/V/S and the
A/V /PP heat treated for 40 min. In all cases the speci-
mens had C and O surface contamination (not shown
in Fig. 9) which was not related to the specimen pro-
cessing. The appropriate AES parameters are shown
on the figure. Note that representative spectra are
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TABLE III Relative heights of the first shell(s) of the M/T’s for
the A/V/PA and A/V/PP samples (heights are in arbitrary units)

Temp. (°C) A/V/PA A/V/PP
RT 0225 -

300 0.12 0.128
350 0.11 0.095
400 0.09 0.08

450 0.07 0.07

500 005 0.05

500 + @ 0.045 0.055

#500 + indicates that the specimens were heat treated at 500 °C for
a second time to extend the time at this temperature.

shown for the regions pertaining to predominantly; Al
overlayer, V interfacial layer and Si or C substrate.
Sputtering times are given yet are only relative to the
total sputtering time for the particular specimen and
for each layer. The evaluation of the various layer
regions can only be accomplished by comparing the
depth profiles and select point analysis results.

The results for the A/V/G specimen showed that
the layers were of high purity (AES has an elemental
sensitivity of 0.1%). However, V and O Auger peaks
were in the scan electron energy range and would
overlap making it difficult to resolve whether or not
O was present in the V layer. The AES results showed
that the heat treatments (as seen for A/V/PP) induced
aluminum, carbon and oxygen diffusion. Oxygen was
in a higher concentration in the aluminum layer as

Al
(i)
Y
3 ﬂr"
P
o
\"
A\
(iii)
" v
\Y .
Si
Si
500 1000 1500
(a) Electron energy {eV)

opposed to the other regions, seen qualitatively in Fig.
9b, and from concentration calculations. This result
might suggest that oxygen was a product of the heat
treatment process, except that the heat treatments
were conducted in flowing argon which had an in-line
oxygen scrubber, in a similar manner to that reported
elsewhere [1, 5, 8]. Select point analysis showed a very
small Al AES peak to be present beyond the depth
profiling once the graphite substrate was reached.
Oxygen activity was observed in that the O and V pro-
files did not stay proportional in the profiles for the
heat treated specimens as they were for the deposited
cases. Oxygen was most likely to be from the graphite,
since the substrates contained an unknown amount of
residual oxygen. Carbon showed up in the vanadium
layer at a higher concentration for the A/V/PA speci-
men when compared to the A/V/PP one indicating
that it diffused more readily with this substrate ori-
entation.

3.3. Discussion

The complexity of the interfaces in composite mater-
ials is seen in this research, even though the model
interfacial system started out having a single inter-
facial layer of high purity. The ability to experi-
mentally separate the interfacial system into Al/V and
V with Al and C boundaries, where interface interac-
tions were observed from the vantage point of the V,
lead to results which were otherwise not obtainable. It
was observed that upon formation of the Al/V inter-
face couple, the interface started out with some in-
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Figure 9 Select point analysis for (a) the A/V/S showing the Allayer (i), V layer (ii), and V/Si interface (iii) and (b) the A/V/PP heat treated for
40 min showing the Al layer with oxygen (i), V diffusion layer (i), and V/C interface (iii). The repeat scan of Al was run to verify the presence of

Al
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herent roughness even though smooth substrates were
used as well as cooled. The intermixing was not exten-
sive and it was not until a temperature of 325°C was
reached and maintained for 10 min that extended re-
actions occurred. Other investigations of Al-transition
metal interface systems have shown that the Al-rich
phases form first and that the presence of other
Al/metal phases is dependent on the kinetics of the
reaction and the processing method, therefore Al,V
was expected to form [4, 5, 8-10]. The Al;V had
a tetragonal DO0,, structure similar to Al;Ti, used in
this research as a standard. Research on Al-Ti inter-
metallics by Maruyama et al. [11] showed that the
first phase to form in an Al-Ti couple is Al;Ti. In bulk
interdiffusion couples a number of phases can be pres-
ent, whereas in interface couples formed by deposition
methods, as in the semiconductor industry, single
phases can occur or more than one phase can be
formed dependent on the processing conditions. The
reactions that occurred in the Al/V interface were
significant in that the control of the growth of these
phases could lead to well-tailored interfaces [12].

A comprehensive XAFS study using small angle
XAFS and glancing angle XAFS showed that at low
temperatures Al-V interactions were by phase forma-
tion of Al;V, however, this phase formation did not
dominate at higher temperatures. Instead, interdiffu-
sion of Al, C and O occurred where the V never fully
reacted employing the processing parameters used in
this study. The decrease in amplitude of the k% (k) data
and the reduction in the height of the peaks on the
M/T indicated that intermixing with no extensive
reaction occurred at temperatures as low as 300°C.
Reactions were not observed until the specimens were
heat treated at 500 °C where the most likely interac-
tion which dominated was the V-O interaction. Com-
parisons with the standards beyond that of V foil were
not as casy but can be described as changes in ¥ (k) at
low k, associated with oxide formation which occurred
for both the A/V/PA and A/V/PP specimens—oxida-
tion of the V layer was more pronounced in the
A/V/PP specimen. Oxygen, like Al and C, diffused
extensively and reactions were not seen to occur until
high temperatures were reached.

The AES results (both select point analysis and
depth profiling) confirmed that oxygen diffused
throughout the A/V/PP specimen to a greater extent
than in the A/V/PA specimen. Carbon was found in
the Al region for both specimens, more pronounced
for the A/V/PA following the 500 °C heat treatment,
yet the XAFS still indicated the interaction of V with
an element which would produce a peak in the M/ T at
~0.15 nm. The AES data for the 500 °C heat treated
specimens also showed that Al diffused to the graphite
substrate, a result that could not be observed using
XAFS. Although Al diffusion to the graphite is not
desired it is not a true indication that this would occur
at a service temperature of 300 °C.

4. Conclusions
This research investigated the high temperature inter-
actions of a model Al/V/graphite composite inter-

facial system. It was observed that there was a temper-
ature below which no interactions in the interface
occurred (325 °C for this system) and that once that
temperature was exceeded the interactions in the in-
terface varied dependent on the temperature of the
system. These results suggest that XAFS is a very good
tool for composite interface studies of this type and
would provide useful data to control the interface
microstructure of composite materials. A better un-
derstanding was also obtained as to the formation of
Al-rich intermetallic phases in that even though they
formed at low temperatures, they would not necessar-
ily progress as the temperature of the composite pro-
cessing is raised. The high temperature interactions of
this interface couple seem to indicate that V would not
act as a useful diffusion barrier to replace titanium
diboride, since diffusion occurred and in situ phases of
interest (those of Al;Ti and VC) which might other-
wise slow down diffusion, were not extensively formed
without proper control.
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