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The chemical and physical interaction of liquid metal surfaces with various substrates is an
important, largely unexplored aspect of technology, with implications in composite science
and catalysis. In the present case, we have employed X-ray photoelectron spectroscopy
(XPS) and Auger electron spectroscopy (AES), in conjugation with sessile drop wettability
tests, to examine the interfacial properties and surface chemistry of the systems formed by
adding liquid drops of select Al—Ti alloys to graphite substrates. A variety of different
chemical states was revealed in the XPS results, suggesting the formation of separate
regions composed of elemental metals, alloys and carbides. Many of the specific features
detected appear to depend on the various treatment properties, e.g. the temperature, bulk
alloy composition, size and shape of the alloy drop and time of interaction. The surface
analyses were also supported by optical microscopy, scanning electron microscopy (SEM)
and X-ray diffraction (XRD) studies. The combined results suggest the induction of a strong
reaction between titanium and carbon, resulting in an improvement in the wettability of the
alloy with the graphite substrate and a corresponding structure transformation from the
(LAl—Ti]Al3Ti) state to the (LAl—Ti]TiC) semi-liquid state. Q 1998 Kluwer Academic Publishers
1. Introduction
The interaction of liquid metals with various substra-
tes, such as graphite, plays an important role in the
manufacture, treatment and application of numerous
materials because of their immediate effect on both the
surface and bulk properties of the resulting products
[1—4]. The wettability, morphology, and resulting
chemical reactions all play central roles in the ability
of these systems to achieve their desired physical and
chemical properties, and have been the subjects of
a number of investigations [5, 6]. The interfacial reac-
tivity, however, still remains an important, largely
unexplored question in composite technology.

Ternary Al—Ti—C systems provide various possibili-
ties for practical applications such as: (1) the produc-
tion of metal matrix composites (MMCs) based on
Al/C systems (e.g. when aluminium is metal reinforced
by carbon fibres or graphite particles, or when, in a
similar system, titanium is used as an active alloying
0022—2461 ( 1998 Kluwer Academic Publishers
element to obtain better wettability and compatibility
between the aluminum matrix and the reinforcing
phase) [7—9]; (2) the case of aluminium MMCs rein-
forced by dispersed TiC particles, particularly using
a procedure referred to by metallurgists as the in situ
technique [10—12]; (3) the production of in situ ce-
ramic composites produced by the reactive infiltration
technique [13]; (4) cast Al—Ti—C grain refiners of alu-
minium alloys [14]; and (5) when graphite/graphite or
graphite/aluminium are joined through the use of
titanium coatings [15]. In the present case, Al—Ti/
graphite systems have been formed during wettability
testing by the sessile drop method [16].

Because of the importance of the resulting interfa-
ces, it seems appropriate to employ surface analysis
techniques to investigate the properties in this evolv-
ing region. In the present case, Auger electron spectro-
scopy (AES) and X-ray photoelectron spectroscopy
(XPS) have been employed to examine the resulting
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surface and interfacial chemistry. These surfaces anal-
ysis techniques analyse the outer 1—8nm of a material.
Generally, in these regions, there will also be some
adsorption of and chemical involvement with air-
induced species. In this regard, metallic samples are
particularly reactive and generally exhibit a signifi-
cant, if very thin, concentration of native oxides and
hydroxides, as well as other adsorbed surfaces species.
For example, aluminium metal produce a 20 nm coat-
ing of Al

2
O

3
in a matter of minutes, even at 10~6 torr

(1 torr"133.322Pa). In addition, adsorbed carbon-
aceous species (particularly hydrocarbons), designated
as adventitious carbon, are always found [17]. On the
other hand, these adsorbed oxides and carbonaceous
species are relatively inert to more deleterious environ-
mental effects, thus providing a modest form of ‘‘natu-
ral’’ passivation. Whatever the case, the nature of these
environmental effects [18, 19] may usually be easily
recognized and separated from the detected properties
of the experimental interfaces of interest herein. Fur-
ther, the persistent adventitious hydrocarbons often
provide a basis for establishing the photoelectron bind-
ing energy scale needed for XPS chemical analysis.

2. Experimental procedure
2.1. Materials
Aluminium (99.99%) and its alloy with 10% Ti (desig-
nated as AlTi10) were employed in this study. The
latter was characterized by a homogeneous distribu-
tion of Al

3
Ti phases in the aluminium matrix [16].

Before the mixing experiments, K and E28 type graph-
ite substrates (produced by Polgraph Co., Poland, see
Table I), were polished to a 0.1lm finish, cleaned in
acetone and annealed in a moderate vacuum at
950 °C. The alloy specimens were also mechanically
cleaned on all faces immediately before involvement
with the carbon. Table I presents some of the physical
characteristics of the K and E28 graphite. The mech-
anical strength and hardness of the K type graphite is
comparatively higher than that of the E-28 type
graphite. Two different alloy/graphite systems having
the same chemical composition, but different times
and temperature treatments (designated herein as
Samples 1 and 2) were studied by XPS. In both cases,
the alloy was AlTi10 and the graphite substrate was
K type. Sample 1 was heated to 950 °C for 60min,
while Sample 2 was heated to 1050 °C for 30min. In
addition, we have studied and compared interfaces of
AlTi10 with two different graphite substrates (K and
E28 type) heated to 1050 °C for 30min. The interfaces
were diamond cut or laboratory fractured, opened,
and analyzed directly. Some additional samples were
also analysed by AES as polished cross-sections
following investigations with scanning electron mi-
croscopy. Additionally, the following reagent-grade
reference materials were analysed by the same
methods: Al°foil, Al

2
O

3
Ti°foil, TiC, TiO

2
graphite,

carbon black, and the base alloy AlTi10.

2.2. Spectroscopy
AES [21] analyses were conducted employing a Vari-
an Auger spectrometer. The method is ideal for
4148
TABLE I Physical properties of K and E28 type graphite manu-
factured under similar conditions

Sample Density Electrical Hardness Bend Compressive
(kgdm~3) resistivity (sh) strength strength

(l)m) (MPa) (MPa)

K 1.00 15.3 49 32.6 60.0
E28 1.69 30.0 42 22.6 32.6

surface elemental qualitative and relative quantitative
analysis. Some chemical identifications was also
achieved. The base pressure during our Auger study
was generally less than 3]10~8 torr. The primary
voltage of the electron gun was 3kV and the electron
beam current was 10mA. During depth profiling, a
2 keV Ar` beam was employed for etching purposes
using a source of high-purity argon at a pressure of
5]10~6 torr. The electron beam current during these
profiles was 25mA.

X-ray photoelectron spectroscopy (XPS or ESCA)
analyses were achieved using a Hewlett Packard (HP
5950A ESCA spectrometer [17, 21], at a base pressure
of 2]10~9 torr. The AlKa X-ray system was run at
600W. Any sample charging was removed with a low-
energy electron flood gun. The XPS spot size was 1]5
to 1]1 mm. This XPS system employs an X-ray
monochromator to improve energy resolution and
sensitivity. Additionally, depth information from these
samples was obtained with angular resolved XPS and
Ar` ion etching. The former technique utilized differ-
ent source/sample geometries, with grazing angle
incidence yielding extreme surface information, while
increasing the angle increased the depth of analysis. In
the present case, the interfaces of Samples 1 and 2 were
analysed at angles of 18, 38, and 68°, corresponding to
an approximate depth range from 1—8 nm.

3. Results and discussion
3.1. Microscopic analysis of the wettability

samples
Fig. 1a, b show the representative microstructure of an
Al—Ti10/C (K type) interface, taken after examination
of cross-sections of the samples by the sessile drop
tests at various temperatures. After testing at temper-
atures of 950 and 1050 °C, all samples exhibited con-
tinuous phases at the alloy/graphite interface. After
etching with Kellar’s reagent, complicated structures
of the interface were detected, revealing the presence of
two phases (see Fig. 1). Scanning electron micrographs
(Fig. 2a) and the corresponding EDS images (Fig. 2b,
c and d, interfacially distributed) of aluminium, tita-
nium and carbon exhibited continuous phases sugges-
ting TiC and TiAl

2
C [16, 22], as confirmed by the

X-ray studies [16]. The formation of this TiC would
appear to be due to the relatively strong reactivity
between titanium and carbon. The thickness of this
phase, as well as its microstructure, seems to be depen-
dent on the temperature and time of contact. The
presence of a TiC phase was also found in the form of
fine carbide particles above the interface inside a



Figure 1 Microstructure (after etching with Kellar’s reagent) of the
interface boundary between Al—Ti10 alloy and K graphite substrate
after wettability testing at (a) 950 °C, 60min contact, mag ]500
(1) Al, (2) Al

3
Ti, (3) TiC, (4) TiAl

2
C, (5) porous graphite substrate,

and (b) 1050 °C and 30min contact, mag]500, (1) L
AL

#TiC, (2)
TiC/TiAl

2
C, (3) porous graphite substrate, (4) Al

4
C

3
.

region dominated by the alloy (see Fig. 1a). The
amount of this phase also seemed to increase with
temperature and time of contact. The AlTi10 alloy
heated to 1050 °C for 30min (Fig. 1b) showed more
TiC than exhibited by the same alloy heated to 950 °C
for 60min (Fig. 1a). It is suggested that at the present
temperature of investigation, the process of interfacial
TiC formation simultaneously appears with the solu-
tion—reprecipitation process [10].

Due to physico-chemical interaction between alloy
and graphite substrate, the phase composition of the
drop changes. The formation of solid TiC results in
decreased titanium content in the liquid phase (see
Fig. 1). This results in the dissolution of some of the
Al

3
Ti phase in the liquid, which, in turn, makes the

total volume of the Al
3
Ti phase in the drop less than

suggested by the Al—Ti phase diagram [22]. Finally,
a structural transformation of the solidifying drop
from one semi-liquid state to another apparently is
produced, i.e. from (L

A-~T*
#Al

3
Ti), to (L

A-~T*
#

Al
3
Ti#TiC) (Fig. 1a), or (L

A-
#TiC) (Fig. 1b).
&&&&&&&&&&&&&&&&&&&&&&c
Figure 2 Scanning electron micrograph with elemental concentra-
tion profiles and the corresponding EDS images of (b) aluminium,
(c) titanium and (d) carbon of AlTi10/graphite. (1) contact bound-
ary, (2) Al—Ti drop, (3) porous graphite substrate.
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It had also been suggested that an improvement in
wettability initiates the in situ infiltration of Al—Ti
alloy into the porous graphite substrate (Fig. 1b). In
the case of the K type graphite used for the current
experiment, this wettability enhances the formation of
the graphite impregnation region [16]. On the other
hand, due to the lower strength of graphite E28,
(Table I), infiltration of the alloy helps in the local
separation of some regions of E28 substrate resulting
in erosion of this graphite material [16]. The Al

4
C

3
precipitates were apparently observed in the impreg-
nated or eroded regions of both graphites near the
drop/substrate contact boundary, with less carbide
detected in the case of K-type (Fig. 3a) than E28-type
(Fig. 3b) graphite. As described below, a similar result
was detected in the XPS results. This result may be
explained by the appearance in the interfacial region
(between the graphite material and the aluminium
alloy) of places where the TiC layer was discontinuous
and the titanium concentration in the melt was negli-
gible as a result of TiC formation.

3.2. AES results
Auger (AES) studies have been conducted of a number
of the materials of interest in this programme. This
includes several of the precursor systems, as well as
samples of the solidified AlTi10 alloys and liquid drop
implants of the latter on both K and E28 type graphite

Figure 3 Microstructure of (a) AlTi10/K graphite, mag]500, (1)
TiC, Ti

2
AlC layer, (2) Al

4
C

3
, (3) infiltrated region of graphite sub-

strate, (4) contact boundary between the drop and the substrate, and
(b) AlTi10/E28 graphite for 30 min treated at 1050 °C, mag]500,
showing the liquid metal infiltration into the graphite substrate, (1)
Al, (2) Al

3
Ti, (3) mixed carbide layer, (4) infiltration, (5) graphite

substrate.
4150
substrates. The results were somewhat disappointing,
but not uninformative. First, examinations of several
spots on a representative, pretreated AlTi10 alloy
revealed the anticipated adventitious carbon and
a substantial presence of surface-oriented aluminium,
obviously in the alumina state. No elemental alumi-
nium was detected. Sputtering of these samples re-
moved much of the adventitious carbon, but because
of the uncontrollably rapid regrowth of Al

2
O

3
did

little to alter the ‘‘proportions’’ of oxides detected. All
of this merely verified what was found in the ESCA
analysis, i.e. that air exposure of these alloys, parti-
cularly under the thermal conditions involved, results
in the growth (on the alloy) of a layering of oxides with
at least 2 nm alumina on top of a relatively thin layer
of titania.

Similar AES investigations of the AlTi10/graphite
systems revealed much of the same presences, with the
added proviso that the alumina overlayer was even
thicker and a thin, but persistent layer of graphite was
apparently drawn over the surface as a result of the
sample cleavage. As a result, for these samples the
sublayer titania disappeared entirely from (AES) view.

3.3. XPS results
In order to understand the surface chemical reactions
between AlTi10 alloy and the graphite (both K and
E28 type) substrates, it is necessary to study the sur-
face chemistry of the alloy and the graphites separately.

3.3.1. Surfaces of the graphite systems
(K and E28 type)

Table II summarizes the results of the ESCA charac-
terization of the K and E28 graphite before and after
temperature treatment at 950 °C for 15min. The C(1s)
binding energy for both types of graphite is in good
agreement (284.5$1 eV) with the published literature
[23]. Despite the apparent integrity and the generally
poor reactivity of graphite, it is well known to suffer
from versions of the aforementioned natural passiva-
tion [23]. Based on the shoulder on its C(1s) spectrum
(see Fig. 4), and O(1s) spectra (not shown), K type
graphite seems to have undergone more of this type of
oxidation than E28. The oxides formed on the K type
appear to represent the presence of a mixture of car-
bonyl, epoxide and hydroxide bonds, whereas E28 has
more air-generated carbonyl types and a lesser pres-
ence of epoxides and hydroxides. The C(1s) loss
spectra for K graphite also reveals a better resolution

TABLE II XPS results of K and E28 grapite

Graphite C(1s) 1st C(1s) loss O(1s)
(eV) (eV) (*F

-044
) (eV)

K 284.4 29 531.9
E28 284.5 \28—32 531.7
K (heated at 950 °C,
15min) 284.5 \31.7 532.7
E28 (heated at
950 °C, 15min) 284.5 \29—32 532.0



Figure 4 C(1s) spectrum for pre- and post-treated (950 °C, 30min) graphite substrates (K and E28).
of the p—p* transitions (discussed below), than are
present in the case of E28. The latter feature relates to
the continuous structural integrity of the graphitic
(benzene) ring structures [17].

3.3.2. C(1s) loss spectra
Recently, our research group [17] has determined that
the position of the relatively weak, broad (plasmon
dominated) loss peaks that arises between 20 and
30 eV upfield (the first broad loss splitting) from the
C(1s) line, can be used as a means to determine various
changes in chemistry for a carbonaceous systems [23].
Thus, we have determined that the loss splitting for
true graphite should essentially duplicate that of a free
p electron plasmon calculated at 31.0 eV. Variations
from this feature may be indications of a reduction in
graphitic character, e.g. a typical hydrocarbon loss
splitting is \22 eV [17]. For K graphite we observe
a relatively, sharp C(1s) loss peak at \29—31 eV (Fig.
5a and b) and a moderate second loss peak occurs at
\31—32 eV upfield from the former. From the E28
graphite loss spectra (see Fig. 5c and d), the first loss
peak at 28—32 eV is broad and the second peak is
practically imperceptible. This second loss line is im-
portant because a true (total) plasmon spectrum
should exhibit several equally spaced loss peaks, de-
creasing in size in a regular Poisson distribution.
Thus, in the case of a hypothetically perfect graphite,
this loss peak character would be a direct reflection of
the infinite nature of the conjugated p electron density.
Figure 5 C(1s) loss spectra for both pre- and post-treated graphite
substrates (K and E28).

In our case, properly positioned and sized loss peaks
are reflections of the presence of relatively good basal
plane structures and orientations with few, if any,
chemical anomalies. All of this suggests that the K
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system is more graphitic than E28. This contention is
also consistent with the physical properties listed in
Table I. In the case of the heat-treated graphites, the
trend in the loss spectra is similar (Fig. 5b and d) to the
cases of the unheated ones, except that the first loss
peak for both graphite systems occurs at slightly high-
er binding energy as shown in the Table I.

Thus, in summary, K graphite seems to have both
a better ring planar structure and more interconnect-
ing oxides (epoxide and hydroxide) compared to E28.
These features may address the relatively poor mech-
anical strength of E28 compared to K graphite as
listed in Table I [24]. On the other hand, it seems that
due to the poor mechanical strength of E28 graphite,
we observe more infiltration of the liquid alloy into the
graphite system for AlTi10/E28 (Fig. 3b), than for
AlTi10/K, see Section 3.1.

The binding energy of O(1s) for both the heat-
treated K and E28 graphites increases (see Table II)
compared to the peak positions for the unheated
graphites. There is also a decrease in oxygen content
when K and E28 graphites are heated at 950 °C. On
heating, the weak C—O—C should break and the cor-
responding carbonyl group should be removed, thus
producing a higher binding energy for the O(1s) lines.
Also, in the case of the heated K and E28 graphites,
the OH species disappear and the corresponding C(1s)
spectrum looks much cleaner (oxide free) than that of
the unheated graphites.

3.3.3. XPS results of AlTi10 alloys
The C(1s) peak of the adventitious carbon for an
unsputtered AlTi10 alloy is shifted about 1.5 eV up-
field (to 286.1 eV) due to charging. The appropriately
positioned Al(2P) and Ti(2p) (shifted to reestablish the
C(1s) for any C

x
H

y
at 284.6 eV [28]) are mostly at-

tributed to the presence of the oxides and elemental
forms of both metals on the surface (Table III). The
Al(2p) reveals the formation of bulk aluminium oxide
on the surface of the alloy, as is also evident from
the relative Al/O ratio (see Table IV). In the case of
sputtered AlTi10 alloy, using a flood gun for charge
correction (see Fig. 6), we observe a broad Al(2p)
spectrum consisting of several peaks near 74.8 eV and
others in the range of 72.8—73.4 eV. The peak struc-
tures in the range of 72.8—73.4 eV are apparently in-
dicative of elemental aluminium in either the alloy
(Al

3
Ti phase as detected by X-ray diffraction) or ‘‘de-

tached’’ Al0 forms. Following sputtering, the adventi-
tious carbon layer disappears while the most of the
4152
TABLE IV Relative XPS quantification of AlTi10 alloy

Sputter (Al/Ti)
09*$%

AlE/Ti (Al/O)
09*$%

(Ti/O)
09*$%

time (min)

0 9.41 3.7 7.26 0.077
30 16.9 9.10 1.29 0.076

Figure 6 (a) Al(2p) spectra of AlTi10 alloy: (i) sputtered for 30min,
flood gun on, (ii) unsputtered, flood gun off.

oxides are retained. Also the Al/O ratio decreases and
the Al/Ti ratio increases compared to the unsputtered
alloy (see Table IV). Although we observe a decrease
in the Al/O ratio during sputtering, the Ti/O remains
unchanged, suggesting that the surface of the alloy is
initially covered with an alumina on the top of the
titania layer. In the Al

3
Ti phase, the aluminium dom-

inates the oxidation process [13]. The titanium spec-
trum of the unsputtered AlTi10 alloy is dominated by
a Ti(2p

1@2
) peak at 459.5 eV, which is assigned to

Ti4`(TiO
2

and Ti(OH)
4
) on the AlTi system, based

on a reference titanium binding energy for TiO
2

at
\458.8 eV [21]). All of this suggests the formation of
a mixed (Al—Ti—O) oxide. The explanation of the de-
tected higher binding energy of titanium may be due
to the peculiarities of the alloy oxide. A small peak at
454.5 eV (Fig. 7) is due to the presence of titanium in
the AlTi10 alloy (possibly Al

3
Ti), as is evident from the
TABLE III Binding energy results of AlTi10 alloy

Sputter Flood C(1s) O(1s) (eV) Al(2p) (eV) Ti(2p) (eV)
(min) gun (eV)

Al
2
O

3
TiO

2
Al

2
O

3
Al

3
Ti#Al0 Ti in Ti in

AlTi oxide and
alloy hydroxide

0 Off 286.1 533.12 531.2 75.7 73.5—72.8 454.5 459.5
30 On 284.7 531.4 74.8 73.47—73 454.5 459.8



Figure 7 Ti(2p) spectra of sputtered AlTi10 alloy.
X-ray [16] and SEM analysis; pure Ti0, on the other
hand, produces a Ti(2p

3@2
), binding energy at

454.1 eV). Also, the O(1s) spectrum is broad and multi-
peaked revealing the presence of peaks related to
Al

2
O

3
(531.7 eV [21]) and TiO

2
(529.7 eV [21]), re-

spectively. Note that we have also included a few
‘‘flood gun off—flood gun on’’ results. Perhaps the most
significant feature of these is that the latter substan-
tially effects the position of the significant charging
Al

2
O

3
peaks (Fig. 6a and b), but not the slightly

charging TiO
2
.

3.3.4. XPS results for AlTi10 alloy/graphite
(K and E28) systems

The original C(1s) peaks for the interfaces of the
AlTi10 alloy interacted with K and E28 graphites
(heated to 1050 °C for 30min), appeared at 286.1 and
286.3 eV, respectively, thus suggesting a charging pro-
duced by the adventitious carbon and insulating ox-
ides formed at the outer surface of the investigated
alloy/graphite interface, i.e. the graphite substrate was
not detected. The outer surface oxidation of the AlTi
alloy component when mixed with the K graphite is
larger than that for the alloy interacted with E28
graphite as is evident from these C(1s) spectra (not
shown). This clearly indicates the differences in the
interfacial reactions of the alloy with the different
graphite substrates despite their similar treatments.
This result is supported by the behaviour of the
aforementioned carbon XPS results for the pre-
interacted K and E28 graphite systems described in
Section 3.1.
In the O(1s) binding energy region, the oxygen pro-
duces two charge-corrected peaks in the AlTi10 alloy/
graphite (K and E28) system. The peak with the lower
binding energy seems to suggest primarily O(1s) for
Al

2
O

3
with a typical value of 531.8$0.1 eV, whereas

the binding energy shoulder peak is that due to
Al(OH)

3
(533.4 eV). Based on the comparative peak

size analysis, we found that the intensity of the oxygen
peak is higher in the AlTi10/graphite(K) compared to
AlTi10/graphite(E28). The O(1s) peak structure ap-
parently results from the aluminium oxygen inter-
action.

In the case of titanium, the charge-corrected bind-
ing energies of Ti 2p

1@2
and Ti 2p

3@2
were observed to

be at 465 and 459.5#0.2 eV for all AlTi10 alloy/
graphite (K and E28) systems (Fig. 8). The peaks at
459$0.2, 458.4$0.2, 457 eV indicate the mixed pres-
ence of TiO

2
(Ti4`), Ti

2
O

3
(Ti3`) and TiO (Ti2`). The

small peaks in the range of 455.5—455 eV suggest the
formation of TiC, and possibly Ti

2
AlC, at the interface

of the AlTi alloy and the graphite substrate, which is
also suggested by the microscopic and X-ray analysis
of the interface [16]. The titanium concentration, as
observed from the relative intensity of the peaks, is
several times lower in the case of the AlTi10 alloy/E28
graphite system compared to the alloy interacting
with the K type graphite. This may be explained by
the interfacial reaction between the E28 graphite ma-
terial and the alloy, which may occur in places where
the titanium carbide layer is discontinuous and the
titanium concentration in the melt is negligible, due to
the process of TiC formation. The apparent peaks
between 454.5 and 454 eV seem to indicate the
4153



Figure 8 Ti(2p) spectra for (a) AlTi10/C(K), and (b) AlTi10/C(E28).
presence of non-oxidized titanium with the higher
binding energy state probably indicative of the tita-
nium in Al

3
Ti (see below). The indications of peak

structures above 455 eV should be due to TiC. The
formation of TiC was also evident from the micro-
scopic analysis discussed earlier suggesting the strong
chemical interaction between the titanium in the alloy
and the graphite substrate.

In the case of aluminium, the removal of charging
results in substantial overlapping of the oxidized and
elemental Al(2p) peaks. (The larger splitting in the case
of the non-charge-corrected result occurs because up-
field charge shifting only occurs for the insulating
Al

2
O

3
[17].) We are still able to identify Al(2p) for

Al
2
O

3
(or the hydroxylated form, Table V) at \75.6$

0.1 eV consistent with the aforementioned O(1s) peak
positions. Similarly, a shoulder peak at \73.3—72.6 eV
is no doubt indicative of non-oxidized aluminium, but
the X-ray and EDS results suggested that this broad
4154
peak should be due to some type of mixture of non-
oxidized aluminium in Al

3
Ti and Al0 with the higher

binding energy indicative of the latter. Electronic
structure considerations suggests that the alloy Al

3
Ti

should result in a moderate transfer of electron density
from the titanium to aluminium [25] i.e. producing
a negative binding energy shift. However, because the
total of this effect is reduced in the Al

3
Ti by 1/3 per

aluminium, one should not expect a substantial nega-
tive shift in Al(2p) for the transformations of Al0 to
Al

3
Ti, and this is consistent with the existing literature

data [26]. In order to eliminate the formation of any
Al

4
C

3
we have also examined the Al(2p) spectra

(Fig. 9) with flood gun off to ‘‘open up’’ the separation
between the spectra for the charging oxidized alumi-
nium and the non-charging elemental peak. The re-
sults here are somewhat ambiguous, but angle-
resolved XPS analysis was performed, and in the latter
evidence of Al

4
C

3
was detected (see below).



TABLE V Binding energy values as obtained from the XPS analysis of AlTi10/C (K and E28), heated at 1050 °C for 30 min

C(1s) O(1s) Al(2p) (eV) Ti(2p) (eV) Relative
(eV) (eV) Al/Ti

Al(OH)
3

Al
2
O

3
Al

3
Ti#Al0 Ti(OH)

4
TiO

2
TiC TiAl

3
#Ti0

AlTi10 C(K) 284.5 531.9 75.7 74.6 73.3—72.6 459.4 458.7 455.2 454.8—454.1 17
AlTi10 C(E28) 284.4 531.7 75.6 74.4 73.3—72.53 459.2 458.3 455.4 454.5—454 24
TiC 281.7 — — — 455.5 —

Note: Those who wish to see tabulation from independent sources with comparable peak identification (as shown in Tables I—V), consult [2].

Figure 9 Al(2p) spectra for (a) AlTi10/C(K), and (b) AlTi10/C(E28) (i) Al(OH)
3
, (ii) Al

2
O

3
, (iii) Al

4
C

3
, (iv) Al 0, and (v) Al

3
Ti.
3.3.5. Angle-resolved XPS results
XPS analyses were also conducted in the angular
resolution mode of several samples as outlined earlier.
Grazing incidence (18°) analysis of a polished cross-
section of the interfacial area of a sample, designated
Sample 1, revealed a broad, multipeaked C 1s peak
signal, suggesting the detection of macroscopic struc-
tural flaws on the surface indicative of several different
types of carbonaceous species, apparently repres-
entative of the carbon in each major flaw area. The
analysis spot mandates (in this case) that the carbon
photoelectrons were simultaneously detected from
a somewhat receded metallic surface and a slightly
raised graphite surface, as well as from the interface
[27]. This ensures that apart from the detected surface
is off the Rowland circle and therefore not in focus. In
the present case, this disparity causes both a slight
peak broadening and shifting [17]. Thus, the C1s peak
for the adventitious carbon adsorbed on the now out
of focus aluminium (Fig. 10a) is down-shifted about
1 eV (to 283.4 eV) from that for the focused graphite (at
284.4 eV, Fig. 10b) [28]. The resulting Al 2p-produced
linewidth for Al

2
O

3
was 1.6 eV (see Fig. 10a). This is

indicative of a singular (Al
2
O

3
-only) peak devoid of

any of the mixed chemical (or morphological) species
that were found to be present in the carbon, but as in
the case of the (covering) adventitious carbon, this
Al(2p) peak was shifted down-field 1 eV (to 74.6 eV)
because of the recessed (non-XPS focussed) surface of
the metal side in our analysis. Additionally, there was
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Figure 10 Representative Al(2p) XPS spectra of the Al—Ti/C (graph-
ite) systems described in this study. (a) Near grazing incidence (18°)
result for Sample 1. Note that all peaks are offset shifted \1.0 eV
downfield from their conventional position. (i) Singular peak for
Al

2
O

3
, (ii) largely non-existent peak position for Al

4
C

3
, (iii) peak for

elemental aluminium, (iv) Al(2p) peak position for Al—Ti alloy; (b)
peak system for Sample 1 at deep incidence 68 ° (\8 nm), (i) note
line broadening of Al

2
O

3
peak due to reduced resolution, (ii) Al

4
C

3
,

(iii) Al0, (iv) note missing Al—Ti peak; (c) aluminium peak structures
for sample 2 at 38 ° (note the Fermi edge shift), (i) Al

2
O

3
, (ii) Al

4
C

3
,

(iii) Al0, (iv) lack of Al—Ti alloy; (d) aluminium peaks for sample 2 at
68° deep incidence; (i) Al

2
O

3
(note breadth — (lack of resolution?), (ii)

Al
4
C

3
, (iii) Al0, (iv) Al—Ti alloy, i.e. titanium beginning to ‘‘re-

appear’’.

a relatively deep valley between the oxidized alumi-
nium peak (74.6 eV, corrected to 75.6 eV [29]) and the
metallic peak (72.0 eV corrected to 73.0 eV), suggesting
that little or no outer surface Al

4
O

3
is being detected.

There was also a somewhat small, but reasonably
well-resolved shoulder peak at 71.4 eV. This peak,
when corrected to 72.4 eV, perhaps suggests the pres-
ence of the bimetallic alloy with aluminium as the
matrix (e.g. Al

3
Ti), which was also found in the micro-

structural investigations. This downfield binding en-
ergy shift is consistent with the presence of Al—Ti
alloys, where valence electron density is extracted
4156
from the ‘‘d’’ band of the titanium into the aluminium
‘‘p’’ band, thus making the binding energies of the
alloyed aluminium system more negative. The lack of
detection of aluminium formation was expected at
grazing incidence measurement, because such species
should be restricted to the interface region. This was
also consistent with the fact that little or no titanium
was detected in this region, as was also observed by
electron microscopy [16].

Deeper analysis of Sample 1 (at 38°) reproduced
many of the aforementioned features, with some im-
portant additional information about the interface
itself. Thus, the Al 2p peak was now found to exhibit
some Al

4
C

3
structure [30] and the corresponding

Ti(2p) indicated that some titanium, primarily TiO
2
,

was also detected. The formation of Al
4
C

3
occurs due

to the infiltration of the liquid aluminium into the
graphite substrate. Analysis at 68° proved consistent
with this apparent trend by exhibiting a definite
growth in Al

4
C

3
peak. No aluminium alloy peaks

were detected (see Fig. 10b), along with more TiO
2
,

plus some additional, hard to interpret features, ap-
parently due to reduced titanium species.

On the other hand, Sample 2 was prepared by
fracturing along the interface. It was cleaned and then
subsequently analysed along its newly exposed surfa-
ces. It was anticipated that the metals side would
fracture near materials induced at the interface imper-
fections (e.g. in the region of any carbides that may be
formed). In order to verify this assumption, the result-
ing surface was analysed with angle-resolved XPS at
38° and 68° angles of incidence.

The initial feature to note in the 38° analysis of
Sample 2 was that light cleaning removed most of the
visible graphite, but the retained C(1s) spectrum was
still predominantly that for a relatively pure graphite
with a singular morphology, e.g. no significant adven-
titious carbon was formed. Lack of coupling of the
Fermi edge of this sample caused charging and float-
ing of the C(1s) binding energy downfield by 0.8 eV (to
283.8 eV). This feature was also ‘‘tracked’’ by following
the binding energies of the aluminium species, where
the oxide Al(2p) was found at 74.9 eV (Fig. 10c) (in-
stead of 75.7 eV) and the Al0 peak was detected at
72.2 eV (instead of 73.0 eV). There was also an obvious
peak structure near 72.8 eV (corrected to 73.6 eV)
where the Al(2p) of Al

4
C

3
forms, and several other

peaks that indicate other aluminium species sugges-
ting the possible formation of mixed alloy carbides.
The higher the temperature and time of contact, ap-
parently the higher the probability of Al

4
C

3
phase

formation. In this case, the probable Al—Ti alloy peak
(at 72.5 eV) was missing, perhaps suggesting that such
metallic (Al0—Ti0) alloys were uncommon at the inter-
face, or that (as mentioned above) a shift of this size is
not achieved. Attempts to detect the titanium in this
region proved futile, suggesting that titanium was con-
centrating away from this region of detection. This
suggests that the titanium is consumed totally at the
interface to form TiC.

The preceding analysis was followed by an attempt
to detect features below the outer surface of the metal-
lic interface of Sample 2. This was accomplished by



deeper angular resolution (68°). Interestingly, this re-
produced the previously described broadening of the
C(1s) line and although some broadening was anticip-
ated in operating the HP spectrometer at 68°, the
resulting features seemed to resemble very closely
those due to our previously described morphology
distortions. In this case, however, the aluminium
spectra seem to track the totality of the carbon behav-
iour, e.g. Fig. 10d. Thus, there is a peak above 75 eV
(the conventional Al

2
O

3
binding energy), plus an oxi-

dized shoulder shifted to \74.6 eV. Some carbide
structure was seen at 73.5 eV, plus the usual Al0 at
73 eV. The low binding energy shoulder near 72.5 eV
may be due to the alloy formation. In the case of
titanium, the possible Ti(3d) peak structure near
454 eV seems to indicate the slight presence of the
Ti(3d

5@2
), of Ti0, or TiC, or AlTi alloy. From these

peak positions and shapes one can therefore conclude
that the interface is very heterogeneous.

4. Conclusions
1. The sessile drop method and subsequent micro-

scopic analysis were found to be useful for studies of
the physico-chemical interaction in the Al—Ti—graph-
ite system, when the Al—Ti alloy is in a semi-liquid
state. As a result of strong reactivity between titanium
and carbon, an improvement in the wettability in the
Al—Ti/C system was suggested by the above results
and a structural transformation was found from one
semi-liquid state (L

A-—T*
#Al

3
Ti) to another; either

(L
A-—T*

#Al
3
Ti#TiC) or (L

A-
#TiC) was also in-

dicated.
2. The resulting wettability phenomena indicated

the in situ reactive infiltration of the alloy into the
porous graphite substrate, and the formation of differ-
ent structures (e.g. (Al—TiC—AlTi

2
C—C) or (Al—TiC—

Al
4
C

3
—C) depending on temperature and time of con-

tact.
3. AES and XPS were used to analyse several sam-

ples in a study of the interfaces and surfaces formed by
the precursor AlTi alloys and graphite system, with
particular emphasis on the detection of all chemical
species.

4. Auger analysis demonstrated the general lack of
cleanliness of the surfaces of these systems, thus re-
flecting the persistent presence of environmentally in-
duced effects in these types of systems, particularly
during the complex physical treatments described here.

5. XPS analysis suggested that K graphite had bet-
ter structural integrity than the E28 form.

6. Following the wetting experiments, XPS analysis
also demonstrated the presence of Al

3
Ti, TiC and

various oxides of aluminium and titanium at the inter-
face of the graphite and the alloy. The XPS results
suggested differences in the reaction kinetics of the
AlTi10 alloy with the various graphite substrates (K
and E28).

7. XPS analysis of the interfaces indicated that alu-
minium carbide was produced, along with the ex-
pected (air-induced) Al

2
O

3
and TiC [31]. Angular

resolution studies suggested that these carbides were
predominantly located at, or near, the interface. Evid-
ence was also presented for the variable presence of
Al—Ti alloys; however, due to the dominating outer
surface nature of the oxides, significant levels of tita-
nium, other than TiO

2
, were not detected in the (as-

prepared) interfaces. Angular-resolved XPS proved to
be a particularly valuable technique to analyse the
chemistry present as a function of distance from the
interface.

8. It was pointed out in both the AES and XPS that
proper reading of the adventitious carbon and native
oxides on the raw materials used in this type of study
must be included in any detailed interpretation of the
interfacial properties.

9. Another general feature indicated by this analy-
sis is that although both AES and XPS are generally
considered as ‘‘surface’’ analysis tools, in the case of
the two systems employed in the present study, they
are not equal in their depth of analysis into the subsur-
face, with the HP ESCA apparently capable of deeper
investigations than the AES.
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