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Abstract -

The results of the research described in this annual report
can be summarized in terms of the experimental approaches used to
probe the aluminum/graphite interface. The materials studied included
the commercial 6061/VSB 32 composites as well as layered model systems
on single crystal and polycrystalline graphite substrates and
glassy carbon substrates. The I/V characterization of the interface
demonstrated that the oxide within the interface plays a major role in
the interface strength. If the interface was in a low conductivity
state, fracture occurred at the interface weaving through the oxide.
When the interface was switched into an electrically conductive state,
fracture occurred within the single crystal graphite substrate. The
interface strength was directly correlatable with its conductivity
state. AES was used to icentify the fracture path and the chemistry
of the model laminate.

TEM of the commercial materials and the model laminates again
showed the presence of y-A1203, MgA1203 and Ti82 in the as-prepared
samples. No aluminum carbide was found. To make sure the carbide was
not dissolved during the thinning a non-aqueous methanol based etching
solution was used. When samples were aged within the solid state
region, A14C3 and A14C40 were found. Their growth was strongly depen-

dent on the heat treat environment, the temperature, and the crystallo-

graphy of the graphite relative to the interface.
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' In addition to the interface characterization some of the AES
' measurement problems are discussed including beam damage and angular
i dependence. The spectra of many carbides are also included in the
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I. Introduction

The research results in this report represent the continuing study
aimed at determining the nature of the interface between the aluminum
matrix and the graphite fibers in the aluminum graphite metal matrix
composites. A limited effort on the aluminum/silicon carbide discon-
tinuous fibers composites was also initiated. This report extends the

efforts previously r'epor'ted.]’2

The major emphasis will be on results
during the past year but includes some of the prior effort for con-
tinuity purposes. The results reported here are from experiments and
analysis performed by Duane Finello, James Lo, Li-Jiuan Fu, Horacio
Mendez and Dr. Michael Schmerliing. The wire and plate materials used
in the studies came from the Aerospace Corporation and the Silag

Division of Exxon. The model laminate systems were produced in our

laboratories.

II. Experimental Approaches and Results

During the past year the main emphasis in the interface studies
of the aluminum graphite metal matrix composites has been focused on
four areas. These are: 1) Studying the interface by determining the
characteristic I/V curves measured across the interface and relating
this to the fracture path; 2) Scanning Auger Microscopy (SAM) of the
fracture path to determine the chemistry of the fracture path; 3)
Transmission electron microscopy (TEM) of the phases present at the
interface of model and commercial composites; 4) Kinetics of A]4C3
formation as a function of graphite form and interface phases. The

above results will be discussed in the following sections and details
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are given in the appropriate appendices.

A. Current-Voltage (I/V) and AES Characterizaticn of the Interface
In the prior annual report2 the characterization of the single
crystal graphite/oxide/aiuminum laminate interface with I/V curves
was described. The observation was made that for a thin oxide
(4.0 - 8.0 nm) the material easily switched into a high conductive
state and the fracture path was through the graphite single crystal.
The thicker oxide materials (>12.0 nm) required larger voltages to
switch and were unstable in the high conduction state. They showed
a fracture path that weaved within the oxide interface layer. The
measurements were extended in several ways to further explore these
observations. The most significant set of experiments were defined
to see if the conductivity state correlated with the fracture path
for a thicker oxide material that normally would fracture within the
interface region. The details of the experiments and possible explana-
tions of the switching mechanisms are given in Appendix A. The
results of the experiments were the following. When a thick oxide
interface was peeled in the as-received low conductivity state, the
fracture occurred in the interface. When the sample was switched
into the high conductivity state the fracture path was totally within
the graphite substrate indicating the interface was strengthened.
When the composite was allowed to decay back to the low conductivity
ground state and then fractured the fracture path returned to the

interface region. This startling result of switching the fracture

path by electronic switching opens up a new approach to characterizing




R g RN VA

the interface. A great deal of additional effort in this area is

being pursued using a variety of substrate, oxide and metal conditions.

The electronic switching phenomenon is being theoretically modeled
based on analogous semiconductor observations and attempts are being
made to relate the switching behavior to changes in the cohesive
energy at the interface. I/V measurements have been made on poly-
crystalline graphite and glassy carbon substrates. The latter sub-
strate is relatable to some of the newer graphite fibers. In both
cases switching has been observed. Peel tests have not yet been com-
pleted due to the surface problems defined in Appendix C on carbide
formation. The conductive state of commercial wires has also been
investigated. The thin oxide materials seem to switch immediately
into the high conductive state. Further work is being carried out on

these materials.

B. TEM of the Aluminum Graphite Interface
Thin films of the aluminum graphite composites were formed by

thinning in a methanol base etching solution to avoid aqueous disso-
lution of the carbides. The aluminum matrix was 6061 and the fibers
were pitch VSB-32. The samples were thinned in the as-pressed condi-
tion and after several thermal treatments aimed at forming carbides.
The details of the experiments are given in Appendix B.

As reported previously the interfaces of the as-received material
had MgA1204 or y-A1204 oxides at the interface as well as TiBz. When
the samples were aged above 550°C A14C3 and A1404C were formed at the

interface. These we-e the only carbides and oxycarbides found.

e e . .
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Continued heat treatment promoted the carbide formation and degraded

the fibers and the longitudinal strenath. The fracture path shifted
from weaving within the oxide and propagated through the interface it-
self with large amounts of fiber pullout. It was not possible to
improve the transverse strength of the pitch fiber materials by heat
treatment without sumultaneously degrading the longitudinal proper-

ties.

C. Aluminum Carbide Formation in Aluminum/Graphite Composites

When samples are aged above the solvus temperature A14C3 is
formed relatively rapidly. The main emphasis of the work reported
here is for A14C3 formation at temperatures where the total composite
is in the solid state. Within the solid state the A14C3 formation
is strongly dependent on temperature, composition and thickness of
the composite interface and crystailographic orientation of the
graphite substrate. The details of the study are given in Appendix C.

1t was found that the heat treatment environment played a major
role in carbide formation. Diffusion down the interface seems to be
the controlling factor. If the vacuum level is poor an oxide is
formed that inhibits carbide formation. If the vacuum level is high
again the carbide formation is inhibited. At intermediate pressures
in an oil pumped system the carbide growth is maximized.

When the laminate samples were produced in polycrystalline
graphite substrates A14C3 formed but nucleated selectively leading

to a larger grain size as confirmed in TEM. In single crystal

graphite substrates (<0001> normal to the substrate), carbide would
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not form at all. It is suspected that this same crystalline orienta-
tion dependence influences the grain size and A]4C3 growth in the
commercial composite systems. The A14C40 did not show this prefer-
ential nucleation. Further studies are underway on glassy carbon

substrates.

D. Silicon Carbide/Aluminum Composites

A limited study of the Silag-Silicon carbide discontinuous
fiber/aluminum matrix composites was initiated. The mair approaches
to be used are AES and TEM to identify the interface and fracture
path constituents. A significant difficulty was the fact that the
fibers were about a micron in diameter making AES interface studies
difficult with our 0.5-1.0 um beam SAM. Metallographic and SEM evalu-

ation of the material has been initiated.

I11. Discussions and Conclusions

In the research on Aluminum/Graphite metal matrix composites,
the interface between the fiber and the matrix plays a major role in
determining the transverse strength. In the commercial materials the
interface has an oxide as the intermediate layer immediately adjacent
to the graphite. The thickness of the oxide plays a role in the
transverse strength. The model system results described in this
report indicate that the optimum oxide thickness would be one that
allows reasonable electrical conductivity to promote the bonding at
the interface. It also points in thé direction of an alternative

interface that is conductive. This should assist in strengthening




the interface. Some of the newer materials that are showing promise

are in fact increasing the interface conductivity. The details of
this bonding mechanism must still be studied in detail.

The identification of y—A1203 and MgA1203 at the interface
does offer the possibility of off stoichiometry oxides with intrin-
sically higher conductivity to strengthen the interface.

Another offshoot of the I/V studies described here is a poten-
tial test for the quality of the wire produced in these composites.
Samples could be quantitatively characterized for their I/V char-
acter and the results correlated with their transverse and longitu-
dinal strengths. This approach has the potential for defining the
relative bond strength, a measurement not ususally available in a
probe of this type.

In addition to the efforts described previously, severai aspects
of fracture studies in the SAM have been investigated. These include
topological effects and beam damage problems. These are described
in Appendices D and E. Appendix F has a summary of the AES carbide

peak shapes from standards used in this research.

IV.  Summary

The results of the research described in this annual report can
be summarized in terms of the experimental approaches used to probe
the aluminum/graphite interface. The materials studied included the
commercial 6061/VSB 32 composites as well as layered model systems on

single crystal and polycrystalline graphite substrates and glassy car-

bon substrates. The I/V characterization of the interface demonstrated
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that the oxide within the interface plays a major role in the inter-
face strength. If the interface was in a low conductivity state,
fracture occurred at the interface weaving through the oxide. When
the interface was switched into an electrically conductive state,

. fracture occurred within the single crystal graphite substrate. The
] interface strength was directly correlatable with its conductivity

3 ' state. AES was used to identify the fracture path and the chemistry
of the model laminate.

TEM of the commercial materials and the model laminates again

showed the presence of y-A1203, MgA]203 and T182 in the as-prepared
samples. No aluminum carbide was found. To make sure the carbide

was not dissolved during the thinning a non-aqueous methanol based

etching solution was used. When samples were aged within the solid
state region, A14C3 and A14C40 were found. Their growth was strongly
'L; f dependent on the heat treat environment, the temperature, and the
;i; crystallography of the graphite relative to the interface.
;JS In addition to the interface characterization some of the AES
’;5; measurement problems are discussed including beam damage and angular

7 o dependence. The spectra of many carbides are also included in the

report.
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Introduction

Threshold switching has been observed in many different semicon-
ductor systems. It is described as an abrupt change in resistivity of
the specimen when subjected to sufficiently high electric fie]ds1;
that is, when the voltage is increased above a certain threshold,
the resistivity abruptly decreases, and will remain in the low resis-

tivity state for some time, see Fig. 1.

Low Resistivity State

High Resistivity State

Vth v

Figure 1. General characteristics of threshold switching

A great deal of research has been aimed at explaining the basic
characteristics of the switching phenomenon, especially in amorphous

semiconductors. This research is concerned mainly with the understanding
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of the initiation of the on-state (off-on transition) and the steady-
state on-state. In general, several mechanisms have been proposed to
explain the process by which threshold switching occurs.2

3 that the thickness of the oxide films between

It has been observed
aluminum and graphite has an important influence on the interface bonding
strength. When the oxide films are thin, the interface is more cohesive
and strongly bonded with the graphite. This produces a fracture path
through the graphite single crystal substrate. As the oxide thickness is
increased the interface bonding strength is decreased drastically and the
fracture path is through the interface.

The purpose of this paper is to report the threshold switching
characteristics of the aluminum/Al-oxide/graphite system, and to study
its interaction with the mechanical strength of the oxide-graphite inter-
face. With the aid of Auger electron spectroscopy (AES) it was determined
that the fracture path through the oxide sandwiched aluminum-graphite

interface can be altered from fracture within the interface to fracture

in the substrate by applying a voltage above the threshold voltage.

Background

The type of mechanism by which threshold switching occurs, has, for
a long time, been a topic of controversy. The debate has been whether
the mechanism for the phenomenon is thermally activated or electronically
activated. The basic argument proposed by the thermal models is that
when sufficient voltage is applied there is simple Joule-heating which

causes instability and a thermal avalanche, a cascading effect which




releases carriers into the conduction bandz, producing the drop in
resistance. |
The electronic models propose several mechanisms. In general

they are: i

1) Double-injection and trap-limited space charge saturation occur
& when carriers are injected at the electrodes and these carriers are
used to fill traps, shifting the Fermi level into the conduction or
valence band. Additional carriers move through without impedance :
producing the switching transition.4 l

2) Recombinative injection which is a minority-carrier, space charge

injection that produces an injected region of near-zero net local recom-

bination. This process is reported to cause switching in amorphous
semiconductors.5

6) Impact ionization, which is a mechanism where carriers which are

accelerated by the electric field cause ionization that in turn releases

more carriers for energy transport.2

Experimental evidence tends to indicate that the initiation of
switching in certain systems may be electronically activated.6 This is
based on the fact that switching has been observed by using subnanosecond
pulses, which does not allow enough time for heating. This, of course,
does not eliminate the possibility of thermally sustained on-state. In
fact the presence of a crystallized central filament in amorphous semi-
conductors, indicates that thermal processes are indeed occurring. Based
on these arguments we can say that neither electronic mechanisms nor

therma? mechanisms can safely be neglected in threshold switching.

14




One of the characteristics of threshold switching is that once the

device has been set into the low resistance state, it may become stable
and remain stable after the voltage has been removed for a relatively
long time. Thisis known as memory behavior. The memory state in general
is associated with structural rearrangement. The amount of time that the
sample stays in the low resistance state depends on the specific type of
system and it is strongly dependent on the temperature. As the tempera-
ture is decreased the memory time is increased.

In amorphous semiconductors the memory effects are attributed to the
formation of a filament. This filament consists of a path of molten and
recrystallized material formed a few seconds after the application of the
voltage.7 If the voltage across the device is turned off after the forma-
tion of the path, it can be seen that some of the path has melted and
returned to the glassy state and that some of the path shows devitrifica-
tion. This path can just as easily be produced through the bulk of the
sample rather than along the surface.

It should be pointed out that thermal theories predict filament
temperatures of several hundred degrees approximating the glass transi-
tion temperature in chalcogenide alloys used for threshold switching which
range from 150 - 300°C. These excessively high temperatures should cause
a great deal of instability. However, as pointed out by C. Popescu8,
the glass transition temperatures are experimentally determined for homo-
geneous bulk systems. Thermal models assume a filament with a large sur-
face to volume r-tio. This condition can act in such a way as to inhibit
the glass transition therefore suppressing the instability. This argu-
ment agrees with the good s*ability observed on threshold switches (more

than 1014

operations under pulse conditions).
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Another important feature of switching is the requirement of a
forming voltage. This forming effect consists of a dramatic reduction
of the threshold voltage (to a constant value) after the first switching
event has occurred. This phenomenon is generally not associated with
the switching process but rather with the contact at the probes,9 and
it can be minimized by vusiw . .s=.ciently clean conditions.

Other important geiw:-zi --aracteristics of threshold switching are:
1) The off-current depet -“-ongly on temperature.

2) The off-current i< non-omnic.

3) The threshold voltags necessary for switching decreases with the
increase in temperature, but stays constant below ~200°K.

4) The threshold voltage is proportional to the film thickness.

5) While the off-state characteristics depend on the electrodes area,

the on-state is independent of the threshold voltage.

Experiments with Layered Al/A1503/Graphite Composites

In the experiments reported in this paper the interaction between
threshold switching and the mechanical strength of the aluminum/Al-oxide/
graphite interface was studied. Using samples of a sandwiched aluminum
oxide between pure aluminum and graphite, a voltage was applied as described

in Fig. 2.

[ sl

Single Crystal Graphite

Al*
Al¢

Al-metal
Al-oxide

LU 1]
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The sample was made to switch from the high resistivity state to
the low resistivity state and as it became stable in each state it was
fractured using a peel geometry. Auger electron spectroscopy of the
fracture path was then performed to correlate the cohesive strength of
the interface with the resistivity state that the sample is in at the

moment of fracture.

Experimental Procedure

Natural graphite crystals dissolved from Ticonderoga marble were
selected to obtain single crystalline material. These crystals naturally
form a flake shape of graphite with the basal planes parallel to the sur-
face of the crystals. The aluminum/Al-oxide/graphite samplies were pre-
pared by vacuum evaporation in a two step process. In the first step #

the graphite crystals were properly masked and a low vacuum, ~2x10"4 torr

(3x10"2

Pa) aluminum oxide deposition was performed at a slow deposition
rate. Following the oxide deposition a high vacuum deposition, 1078 torr
(10'4 Pa) of commercially pure aluminum was done at a high deposition

rate, to produce the top aluminum layer as shown in Fig. 3.

High Vacuum Deposition

-6
o AT X ~10 torr
300t0500 A 755 T
Al A < Low Vacuum Deposition
Single Crystal Graphite 2x1o'4 torr
Al* = Al-metal
Al® = Al-oxide
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Differential argon ion sputtering combined with AES showed that
the Al-oxide layer was approximately 300 - 500 E thick.

A voltage was applied across the interface, in one of the dots, and
the I-V curve measurements were made with a curve tracer. A character-
istic curve is shown in Fig. 4. After this dot switched from a high
resistivity state to a Tow resistivity state it was fractured by peeling
while it was still in the low resistivity state. The graphite substrate
was held in place by a vacuum. Theh by placing a quick drying glue at
the tip of a probe, which was fully aligned with the aid of a microscope,
the center portion of the aluminum dot was peeled away from the crystal

by Tifting the probe after the glue dried.

The second dot was fractured under the same loading conditions, but
while still at the high resistivity state.

On a second set of samples, a voltage was applied and the samples
switched to the low resistivity state, but sufficient time was allowed
for the sample to return to the high resistivity state. The I-V charac-
teristics are shown in Fig. 5. Then the samples were fractured using
the same loading procedures.

A1l of the samples were analyzed using Auger electron spectroscopy
in order to determine the fracture path associated with the different
resistivity states of each sample. Both sides of the fracture surface

were chemically analyzed.

Experimental Results

In the samples in the low resistivity state, the Auger spectra

showed that the fracture path was clearly through the graphite (Fig. 6).
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Ficure 4(a)
High resistivity state in Al/Al-cxide/grapnite system
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Figure 4(b}
Low resistivity state in Al/Al-oxide/qraphite system

Scale: Horizontal: 0.2 volts/div
Vertical: 0.2 mA/div
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Figure 5(a)
Second set V/I characteristics, low resistivity state

Scale: Horizontal: 0.2 volts/div
Vertical: 0.2 mA/div

- Figure 5(b)
3 : Second set after sufficient time to allow the return to
the high resistivity state

Scale: Horizontal: 0.2 volts/div
Vertical: 0.2 mA/div
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Aluminum Oxide
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/ Graph1te

Figure 6
Fracture path of samples fracture in the low resistivity state

In the samples fractured at the high resistivity state, the fracture path
weaved through the Al-oxide layer near the graphite interface 'Fig. 7).

Aluminum Meta1

~N Vil N
N Aluminum Oxide
N //‘\—-t 1
— Y ypica
“\\ ~—— —7 fracture path
. 7
B . /' f/,/ /// '/'//,/,/’,’\
/// //////7/// ”/// iy ]
. Graph {i te Gk // v /44
Figure 7

Fracture path of samples fracture in the high resistivity state

The samples which were switched to the low resistivity state, but which
were given sufficient time to return io the high resistivity state showed
a similer kind of fracture path to the unswitched samples. The fracture

path weaved through the aluminum oxide near the graphite interface (Fig. 8).

Aluminum Metal

AN Aluminum Oxide 4 -
\\__N\ /A‘\“‘typ1ca1
\ 7T fracture path
P

s //}’, /// /
S '/,'/"Z, ;/ /7////// ////////// ’/// / // // ///////////;/
l/f//’/"//.r{ // /// Graph]te // // ////é/ ///

Figure 8
Fracture path of samples switched to the low resis tivity state '
fractured after returning to the high resistivity state
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The corresponding Auger spectra are shown below:
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Figure 9

Auger spectrum of samples fractured in the low resistivity state
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Figure 10
Auger spectrum of samples fractured in the high resistivity state
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Figure 11

Auger spectrum of sampies switched to the low resistivity state fractured
after returning to the high resistivity state
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Discussion

From the results presented in Figures 6, 7 and 8, it is evident that
*he strength of the interface on the aluminum/Al-oxide/graphit2 system
can be varied by applying a voltage above the threshold voltage of the
sample. The major unanswered question originates from the resilts of
these experiments. What causes the strength of the interface on the
aluminum/Al-oxide/graphite function system to be higher when it is in
a high conductivity state?

A possible answer to this question could be based on a change in

phase of the Al-oxide 1ayer.]0 The Aluminum-oxide layer has been shown

1 which is a poor conductor. The phase change could

to be a y-oxide,
be directed towards a disordered structure, which may come from partial
melting and resolidifying of the oxide at a sufficiently high rate that
an amorphous phase is retained. This hypothesis is consistent with both
the increase in conductivity of the system and with the increase in
strength of the function.

It is likely that this change in phase would not extend through the
whole oxide layer, but it would have to cover enough volume, so that it
would make an appreciable difference in the cohesive strength of the
interface.

One possibie way of experimentally confirming this speculation, is
to maximize the memory time by optimizing the thickness of the oxide
layer, and then after the sample has been fractured, take a transmission

electron microscope diffraction pattern to obtain the structural arrange-

ment at the high conductivity state. The result would strongly depend
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on the volume fraction of the transformed phase and on long term

! stability.

i Summary
The following are the important points reported in this paper:

1) Two different conducting states are present in the aluminum/

aluminum oxide/graphite layered system.

—voy

2) The sandwiched aluminum-oxide layer seems to control the switching
4 phenomenon in the aluminum/graphite system.

3) The strength of the interface of this system can be increased by
applying a voltage above the threshold voltage of each sample.

4) The increase in the interface strength associated with the high

conductivity state could be explained on the basis of a structural rear-
rangement.

5) A more detailed study of the I-V characteristics associated with the

' 1 mechanical stability of the system is necessary to gain more understanding

} of their correlation.
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APPENDIX B

Interface Structure of Heat-Treated

Aluminum Graphite Fiber Composites

James Lo, Michael Schmerling and H.L. Marcus
Mechanical Engineering Department
Materials Science and Engineering

The University of Texas
Austin, Texas 78712

I. Introduction

Aluminum and aluminum alloy metal matrices in graphite fiber
reinforced composites are promising systems for structural applica-
tions. A major probiem is the poor transverse tensile strength in
contrast to the high Tongitudinal tensile strength. Recent studies]’?
indicate that there is a close relationship between interface composi-
tion and morphology and mechanical behavior. The transverse tensile
strength of the aluminum-graphite fiber composite was improved slightly

3

where the aging temperature was raised above 500°C.~ Meanwhile, longi-

tudinal tensile strength decreased noticeab]y.3’4
The specimens in this study include G4371 and G4411,% both of
which have A1-6061 as metal matrix and VSB-32 pitch fibers. They were
either encapsulated in various vacuum conditions 1073 - 078 torr
(1077 - 107® Pa) and heated to 400°C - 640°C or heated to the same
temperatures without encapsulation, then naturally aged. The heat-

treated specimens show the results of changes in the interface regions.

*Supplied by the Aerospace Corporation.
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Compounds at the interface that are crystalline were analyzed by using
the selected area diffraction (SAD) technique in the transmission elec-
tron microscope (TEM). Crystallographic information about the interface
reaction zone was obtained by examining the diffraction patterns from

sections of the interface.

I1. Experiments

The best way to get separate fibers from aluminum-graphite fiber
composites without loss of major interface compounds is by using an
etching solution which is prepared by dissolving 3 grams of NaOH or
KOH in 100 ml of high purity methanol (containing 0.03% water) with
frequent stirring. High purity methanol is used instead of water as
solvent for preparing the alkali etching solution to avoid dissolution
of aluminum carbide in water.5 As a test, pure aluminum carbide pow-
ders were immersed for five hours in the etching solution without
indication of dissolution. The p. 'ders were washed by high purity
methanol and dried completely at about 60°C. Only the spectrum of
aluminum carbide appeared when the powder was examined by x-ray dif-

fraction. At the present time, this solution is the oniy one that has

proved to be effective for preserving the A]4C3 and A1404C in the
aluminum-graphite fiber composites.

A JEOL 150 kV TEM was used in the SAD studies. Interface regions
still attached to separate fibers were examined with applied voltages

of 100 kV and 150 kV. The camera constants are 17.8 :0.3 mm K and

13.7 #0.2 mm R respectively.
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ITI. Results and Discussion

y-A1203 or MgA1204 spinel and T1’B2 were observed in the interface
regions of non-heat-treated specimens6 as well as in the aged specimens.
Smaller amounts of TiB2 phase were found when the specimens were aged
above 550°C. This was partly caused by displacement of the Ti-B layer
away from the fiber into the matrix2 and partly by dissolution of T1'B2
into the metal matrix during carbide formation.3 The specimens aged
above 550°C showed aluminum carbide (A14C3) and aluminum oxycarbide
(A]404C) existing in the interface. Their diffraction patterns are
shown in Fig. 1 and 2. Carbide formation seems to occur preferentially
on specific orientations of the basal plane of the graphite with
respect to the interface. Some orientations make nucleation of the
carbide difficult and restrict their growth such that coarse grains
form. The spotty nature of the A]4C3 diffraction pattern is due to

the large arains. There seems to be no restriction on the A1404C
nucleation and growth since it forms fine random oriented grains for
specimens aged as high as 640°C as indicated by the continuous diffrac-
tion pattern in Fig. 2.

The higher the aging temperature, the more severe the interface
reaction, and the greater the grain growth, Fig. 3. The interface
region serves as diffusion path for carbon resulting in carbide forma-
tion with fiber surface pitting evident. This pitting phenomena can
cause premature longitudinal failure in the fibers due to the local
stress concentration. In the aged specimen, fibers are often pulled

out of the fracture surface during the tensile testing. No interface

compounds were found attached to graphite fibers pulled out directly
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from the specimens aged at temperatures above 550°C. This lack of
interface material indicates that the fracture path was within the

interface or in the degraded graphite fibers.

IV. Conclusions

1. Heat treatment allows carbide formation and degradation of graphite

fibers to take place simultaneously.

2. The fracture path shifts from in the oxide layer to either the
fiber interface or within the fiber itself with increased heat
treatment.

3. Formation of aluminum carbide at aging temperatures above 550°C
was observed with the only aluminum carbide phase observed being
A14C3. Very coarse grains of A]4C3 imply preferred orientations
of carbide formation due to the anisotropicity of graphite.

4. A1404C is the only aluminum oxycarbide phase observed at the
interface of aluminum graphite fiber composites. It forms a fine

grain distribution at all aging temperatures.
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Selected area diffraction pattern cf’A14L3 from *he interface of
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Figure 3

. Scanning electron micrographs of the interface regions of G4371 heat
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APPENDIX C

Aluminum Carbide Formation In

The Graphite/Aluminum System

Duane Finello and H.L. Marcus
Materials Science and Engineering Program
The University of Texas
Austin, Texas 78712

This appendix deals primarily with the study of solid state
aluminum carbide (A14C3) formation in Gr/Al composites. For tempera-
tures above the solidus temperature of the aluminum alloy matrix,
the A14C3 reaction rate proceeds quickly in a manner which is severely
detrimental to the graphite fibers. This is one reason why diffusion
bonding parameters have a critical influence upon the maximum strength
of commercial composite material.] Within the solid state, at elevated
temperatures below the matrix solidus point, the A14C3 reaction rate
depends heavily upon the environment of the specimen during thermal
exposure, composition and thickness of the composite interface, and t;e
graphite crystal orientation.

For the model systems in this study single crystal gravhite,
polycrystalline graphite, or glassy carbon substrate serves as one of the
components of the Gr/Al system, while vacuum deposited thin films of
alumina and aluminum comprise the remainder of the thin layer composite.
For thermal treatment, accurate temperature control was used to avoid
reaching the melting temperatures. The solidus for the 6061 Al alloy

is 584°C and pure Al metal melts at 660°C.
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For proper temperature regulation, tnermocouples were put in
direct contact with the specimens being heat treated in both the rough
vacuum environment in a mechanically rough-pumped furnace tute and in
an insulated electric heater in a diffusion pumped bell _ar vith a
vacuum of 2x10°° torr (2.66x]0-] mPa). A high vacuum ior-pur ped
system facilitated encapsulation of some specimens in an inert environ-

ment of 1077

torr (1.33x]0—2 mPa) pressure using either vyccr or quartz
glass envelopes for an alternative form of heat treatment.

Commercial aluminum graphite composites and thin layer (omposites
were subjected to various kinds of heat treatment. Gas chroratography
and Auger electron spectroscopy (AES) in conjunction with inert icn
sputtering were used in this investigation to gain infori:ation regardinc
the extent of A14C3 formation in the heat treated compos: tes.

As mentioned before, the external environmental infiuence upon
A14C3 formation must not be overlooked. It certainly matter. whether
specimens are heat treated in an inert, encapsulated environment, a
vacuum oil-pumped reducing environment, or an oxidizing environment.
The bulk A]4C3 chemical analysis shown in Table 1 demonstrates that
formation of Alat3 is controlled by the mixture of gases w~hich the
Gr/Al composite m terial is exposed to during heat treatment within the
solid state. The primary cause of this effect is diffusion down the
fiber matrix interface duringthe heat treatment. The kineticc of
formation is shown in Table 2. Extensive heat treatment at 550°C

in either the encapsulated "high vacuum” condition or in an air furnace

results in 1ittle or no A14C3 formation. This is apparently due to a

lack of available hydrogen and active hydrocarbons in the encapsulated
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Table 1

Environmental Influence Upon Bulk A14C3

Formation for G4371 Gr/Al Composite Material

R D D

550° - 240 hr
‘ As Received Rough Vacuum High Vacuum Air
2100 ppm 12,100 ppm 2300 ppm 3900 ppm

Table 2

Bulk Al,C. Content (ppm) !

43 g
441 641
As Received: 500 2100
520°-24 hr: 500 1100
550°-24 hr: 500 2700
521°-240 hr: 4500 11,000

550°-240 hr: 16,600 12,100
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high vacuum condition, and an excess of oxygen .ind water vapor which
makes the alternative oxidation reactions at the interface dcminate
in the air furnace condition. However, solid state heat treatment
in oil-pumped rough vacuum systems promotes A14C3 formation ¢t the
interface.

AES data reveals that internal A14C3 formation was induced in
many polycrystalline Gr/Al thin layer composites heat treated in the
solid state regime in a diffusion pumped bell jar vacuum system. For
example, results shown in Fig. 1(a-e) represent a 550°C, one hour
heat treatment of a polycrystalline Gr/Al thin layer composite with
no interfacial oxide deposited. The presence of A14C3 is clearly
indicated by Fig. 1(d). Fig. 1 includes the measured dep:h profile
following heat treatment (a), along with important corresponding
spectra (b-e) which show details of native oxide, Al metal, A14C3,
and the graphite substrate. However, interpretation of the data in
terms of layer thickness is not straightforward since the measured
profile transitions between metal, carbide and graphite are not step-
Tike or well-defined. This is attributed to the nonuniform metallio-
graphic polishing characteristics of polycrystalline graphite as a
substrate material and the resulting need to deposit thick overlayers
to prevent a large percentage of the total film surface from being
converted completely to A14C3 before heat treatment has been completed.

A non-uniform adsorption problem is characteristic of ordinary

polycrystalline graphite. Film quality becomes intolerably poor with

deposited film thicknesses within the submicron range. Practically
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complete conversion of a submicron Al film to A14C3 resulted from a

3 550°C, half-hour bell jar type vacuum heat treatment of a polycrystal-
line Gr/Al thin layer composite having no interfacial oxide deposited
[see Fig. 2(a-d)]. Notice that there is an obvious presence of the
carbide along the composite surface in the initial heat treated state

* judging from Fig. 2(b). The composite had evidently reacted compietely
during thermal treatment since no Al metal overlayer remained. It

3 would be incorrect to deduce that the A14C3 reaction zone extends as

a dispersion into the bulk substrate. The data actually suggest quite
the contrary.

Since polycrystalline graphite was used as the substrate, it is

doubtless that microscopic nucleation irregularities and non-uniform
layer growth occurred during deposition. Suppose, for simplicity,

that sputter removal of surface atoms followed a layer-by-layer mech-
anism. Then depth profiling would have some subtle complications.

Any microscopic defects which were once unfavorable for nuclieation
during deposition would be first to become exposed during sputter-
etching. Therefore, one might often expect to see carbid2 and graphite
peaks superimposed [as in Fig. 2(c)] and sluggish transitions in depth

profiles, such as those apparent inFigs. 1(a) and 2(a), due to unavoid-

able contributions obtained simultaneously from reaction layer and
polycrystalline graphite substrate.

Fig. 3(a-e) indicates that an encapsulated high vacuum heat
treatment does not promote A14C3 formation 1ike a similar bell jar

o type vacuum heat treatment does. Fig. 1(d) with Fig. 3(d‘, soectra
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taken when the C/Al signal ratio was 3:2 for each of the sputtering
profiles [Figs. 1(a) and 3(a)], each show carbon and aluminum peaks
with approximately the same peak-to-peak height. Yet the spectrum
representing the encapsulated high vacuum thermal exposure also of
550°C for a one-hour duration [Fig. 3(d)] shows that the carbon and
aluminum have not reacted to form aluminum carbide. Neither composite
specimen heat treated had an intermediate oxide layer present to
retard the reaction rate. Both specimens had polycrystalline graphite
substrates with pure aluminum overlayers. However, the extent of
A14C3 formation was clearly different for each, and the difference

was somehow related to the diffusion pumped vacuum environment of the
bell jar system.

A polycrystalline Gr/Al composite with a 100 nm thick interfacial
aluminum oxide layer was heat treated in the bell jar vacuum system,
again using 550°C temperature for a one hour period. The results
[see Fig. 4(a) through (d)] show that Al,Cq still forms despite the
presence of the oxide barrier, yet the complexities of the analysis
prevent one from readily understanding the kinetics of this experiment.
The spectra of Fig. 4 suggest that A14C3 is distributed throughout the
composite, even within the oxide itself, but this is quite misleading.
It is only an artificial effect introduced by use of polycrystalline
graphite substrates. Heat treatments with commercial Gr/A1 composites
show that matrix sputtering profiles of in situ fractured material

indicate that A14C3 forms between the magnesium aluminum oxide layer

and the 6061 aluminum alloy matrix (see Fig. 5).
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Use of carbon substrate material of better quality than ordinary
polycrystalline graphite would facilitate a simplified kinetic experi-
mental analysis. Natural single crystal graphite basal plane surfaces
are of high quality. But graphite basal plane surface reactivity
with aluminum appears to be very low. After the standard 550°C, one
hour heat treatment in the bell jar vacuum system, any amount of
A14C3 formed was undetectable [see Fig. 6 (a) through (f)].

Glassy carbon is by far the most promising substrate material for
Gr/Al kinetic analysis. Glassy carbon can be uniformly polished and
it has the ability to react with aluminum in the solid state at a con-
venient rate. Experiments still in progress are directed towards
optimization of the multilayer configuration (see Fij. 7) and applica-
tion of a set of heat treatments which avoid complete conversion of
the Al metal overlayer to A14C3. It has been found that with an
interfacial oxide thickness of 20 nm between a polished glassy carbon
substrate and a 50 nm thick Al overlayer, only about twenty minutes
elapsed before 550°C heat treatment in the bell jar vacuum system
resulted in complete A14C3 formation throughout the film. Further
experiments with glassy carbon/aluminum composites having a variety
of interfacial oxide thicknesses should lead to a better knowledge of
the kinetics of the Gr/Al system.

In summary, A14C3 formation in the Gr/Al composite system in the
solid state is greatly influenced by the gaseous environment during
heat treatment and by graphite crystalline orientation. Use of

glassy carbon substrates is required to gain more knowledge concerning
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the effect of interfacial oxide thickness upon A14C3 reaction rate
as well as to provide additional confirmation for the belief that

carbon atoms migrate through the interfacial oxide to conbine with
aluminum atoms and form A1403 which does not become dispersed into

the bulk of the aluminum.
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FIGURE 1(a)

Sputtering profile of polycrystalline graphite/aluminum thin layer
composite aged 1 hr at 550°C.
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(c)

Corresponding Auger spectra for aged polycrystalline Gr/Al at four
stages of sputtering, showing surface oxide (b), pure aluminum
metal (c), aluminum carbide (d) and graphite substrate (e).
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FIGURE 2(a)

Sputtering profile of polycrystalline Gr/Al thin
layer composite aged 1 hr at 550°C. The heat
treatment resulted in complete conversion of the
submicron aluminum metal film to aluminum carbide.
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FIGURE 3(a)

Sputtering profile of polycrystalline Gr/Al thin layer composite
subjected to encapsulated high vacuum aging for 1 hr at 550°C.
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Corresponding Auger spectra at four stages of sputtering,
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FIGURE 4(b-d)

Corresponding Auger spectra at three stages of sputtering,
with a' minum carbide signal contributing to the totai signal
before \t), during (c), and after (d) the intermeciate

oxide layer signal has reached its maximum.
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FIGURE 5

Schematic sputtering profile of aged commercial Gr/Al composite
material fractured in situ and sputtered inio the matrix.
Aluminum carbide was found between the interfacial oxide and
the bulk matrix, which suggests that carbon atoms diffuse from
the graphite fiber through the oxide layer in order tc react
with aluminum atoms and form A14C3.
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FIGURE 6(a)

Sputtering profiie of single crystal Gr/Al thin
layer composite with intermediate oxide. Heat
treatment was at 550°C for 1 hr.
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FIGURE 6(b-f)

(b)

(f)

Corresponding Auger spectra at various stages of sputtering,
showing surface oxide (b), aluminum metal (c), intermediate
oxide (d) and (e), and graphite substrate (f).
the carbon peak is predominantly graphitic in character, so
little or no carbide has formed.
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FIGURE 7

Sputtering profile of glassy carbon Gr/Al thin layer
composite with 30 nm thin intermediate oxide layer.
Layer definition is excellent with this type of sub-
strate.
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APPENDIX D

THE INFLUENCE OF SURFACE ROUGHNESS ON THE
ELECTRON SPECTROSCOPY OF FRACTURED MATERIALS

M. Schmerling and H.L. Marcus

Departments of Mechanical Engineering/
Materials Science and Engineering
The University of Texas
Austin, TX 78712
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In metallurgical applications one of the primary tses of Auger
eiectron spectroscopy (AES) has been the investigation of fracture
surfaces. The particular mode and path of fracture is often dic-
tated by local internal surface chemistry different from that of
the bulk material. This surface layer can have a thickness of only
a few monolayers so that detection by means other than electron
spectroscopy is very difficult or impossible. Since fracture sur-
faces give information with a much greater spatial resolution when
examined by an electron beam (which for AES can be on the order of
100 nm), a scanning Auger nicroscope is generally used for fracture
studies rather than an instrument capable of producing photoelectran
spectra with their added chemical bonding information.

For it to be possible to obtain gquantitative results, inten-
sities of peaks in the energy spectrum of secondary electrons must
be measured as they come off the sample surface after being excited
by a beam of electrons. Peak intensities are functions of ionization
cross section, Auger yield, escape depth, incident beam intensity,
exposed area of the surface, and excitation by backscattered elec-
trons from the matrix. Sensitivity correction factors have been
calculated which allow quantitative results assuming a constant angu-
lar relationship between the sample surface and the incident beam
and analyzed beam take-off angles. Historically, variations in these
angles have been ignored when dealing with the variations of surface
chemistry on fracture surfaces. Semi-quantitative analysis is

usually done using sensitivity factors developed for one specific
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spectrometer geometry.] Harri52 has demonstrated that even for

polycrystalline or amorphous materials with a thin enough surface

layer so that Auger electrons from the layer and the matrix are
analyzed at the same time, there can be a large variation in rela-
: tive peak heights between the layer and the matrix elements with
emission angle (this variation can be greater than 100%). This
variation of relative heights between elements in a spectrum due to
emergence angle can lead directly to apparent concentration varia-
E tions between different fracture facets that is not a real one. For
i the higher energy incident beam electrons presently being used in-
most AES systems, little effect of incident beam angle i5 observed
on the relative peak intensities with the exception of .ome loss of
spatial resolution. The impact of the emergent beam anjular depen-
dence and a similar dependence during inert ion sputtering will be
the focal point of this paper.
Harris2 assumes isotropic Auger emission from the ions with no
subsequent crystal diffraction in his theoretical model which from
o a homogeneous single layer substrate would lead to a cosine type
emission, that is, the emitted intensity would vary as 1 sphere tan-
s gent to the point where the incident beam strikes the surface.
. § Emitted beams would have a direction parallel to a vector connecting
the tangent point to the surface of the sphere and the intensity
would be proportional to the length of the vector. A two-dimensional

schematic model of the influence of this angular orientation relative

to the spectrometer is shown in Fig. 1. The incident beam is colinear




with the detector beam for convenience in the analysis. The varia-
tion in the observed signal for an element in a thin layer on the
surface that is less than the escape depth compared to the signal
from the bulk below it is thus very large. If a 0.5 nm layer of a
segregated element with an Auger electron escape depth of 1.5 nm is
observed, the contribution of the surface layer approximately doubles
as the surface is tilted from 6=0 to 9=60°. This type of angular
change is readily observed on a fracture surface as the analysis
moves from one grain to the next, Fig. 2a. This is even more appar-
ent for the interface of metal matrix continuous fiber :omposites;
Fig. 2b. The influence of orientation is reduced in the cylindrical
mirror analyzer (CMA) due to the cylindrical geometry wiich will be
discussed later. The most significant aspect of this angular depen-
dence is that for all the results in the AES fracture literature,
the attempts at quantification have not measured the angular orienta-
tion to account for the large geometric influence. The fracture
stages used in fracture studies do not allow for easy orientation
changes. The net result is that only very large change; in concen-
trations as measured from grain to grain with varying o-ientations
can be considered experimentally significant uniess the angular
dependence is corrected for. As the layer thickness apjroaches the
sampling depth Z, the angular dependence increases. This could
explain the broad distribution of relative peak height ratios seen
on different grain facets when the segregation to the bcundaries is

increased compared to the narrow distribution for a small segrega-
3,4

tion.
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Many workers have shown that a simple emission cosine depen-

dence does not hold for single crystal regions because Auger elec-

trons are affected by diffraction as they leave the material.5 For
accurate results when analyzing single crystal facets of fracture
surfaces this variation should be accounted for. In fact, for an
adsorbed layer on a single crystal region information on the adsorp-
tion site structure can be obtained from this angular dependence.6

This is less important for a metal fracture due to the near surface

deformation of the grain facet.

For observations of fracture surfaces a consideration which
is primary is that of being certain that the analyzer sees the total
area irradiated by the incident beam. The CMA with a coaxial inci-
dent electron beam can see to the bottom of deep regions of the
fracture surface. The CMA also averages to a large degree the
angular dependence of emitted electrons since the analyzer accepts
Auger electrons at a constant angle to the incident beam and has
cylindrical symmetry around it resulting in an averaging of the
variation of sampling depth as a function of the angle 4 in Fig. 3.

Using the geometry of Fig. 3 for a CMA with acceptince angle
B measured to the cylindrical axis, (B is approximately 45° for a
typical CMA), the maximum depth Z from the surface for an analyzed
beam that has gone through a path length § equal to the escape depth
is Z = 6cosy. The incident beam, surface normal and analyzed beam {

form a spherical triangle with angle ¢ across from side y with o,

and B8 the other two sides. Thus,




Z =48 cos (0-8) - 28 sin B sin 8 sin2 (2) (1)

and the average escape depth from which information is coming as

determined by integrating over ¢ is

Z=238cos B cos B (2)

The extremes of depth Z are when ¢=0 and the deepest information
comes from the deepest layer & cos (6-8). When ¢=m, the deepest
layer contributing to the signal is only & cos (6+8).

The total Auger signal can be a function of the incident beam
angle because more surface atoms will be excited as the beam becomes
parallel to the surface.7 This presents a problem in Auger mapping
of a fracture where the intensity of a given element can vary from
facet to facet even though concentration is constant. Combining this
with the previously described reduced depth of sampling due to escape
depth means great care in evaluating the data must be taken.

Because Auger electrons which have not been inelastically scat-
tered only come from the first few atomic layers of the fracture sur-
face, it is often desirable to observe the change in chemical composi-
tion with depth into the bulk by sputtering with inert gas ions to
contiriually remove the surface while analyzing by AES. The angle
between the ion gun and the surface plays a major role n sputtering
rate. For a two-dimensional model as before, the sputtering rate

for the geometry shown in Fig. 4 is

R(68) = R(6=¢) cos (e-8) (3)




where R{(g) is the sputter removal rate for the surface normal at
angle 6. R{8=¢) is the rate for normal incidence. The cosine
term arises since the incident jon current 1 is proportional to

the eroded volume v and v = ZA which is the depth times the eroded

21
" An/cos(e-6) where An is the area when the beam

area. R = 2«%
is normal to the surface.

The large difference in facet orientation on the fracture sur-
face strongly influences the sputtering rate. If the analyzed
facet is not perfectly flat broadening occurs. This effect becomes
more severe for rougher facets and for large angles between the
average surface normal and the sputter beam.8

For fracture surfaces additional factors influencing the shape
of the depth profile are shadowing and redeposition.9 One facet may
be hidden from the inert ion sputtering beam by other parts of the
specimen but not from the analyzing Auger spectrometer. This facet
may even have sputtered material deposited on it from neighboring
regions. Thus, care must be taken in insuring that when a depth .
profile is being taken, an analysis spot is chosen that is exposed
to the incident electron and ion beams as well as the analyzer. A
more subtle effect on profiling is the apparent broadening of an
interface examined by sputtering. The escape depth of analyzed
Auger electrons though small can contribute to analyzing a layer
before the sputtering has brought the surface down to it. This effect
is greater for higher energy Auger electrons. Atomic¢ mixing under

the sputter beam can also cause broadening as can differences in

sputter yield for different elements.
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Summar

The angular dependence of the Auger signal from a thin
layer on a fracture surface strongly depends on several factors.
These include the orientation relative to the analyzer and the
orientation relative to the inert ion sputtering gun. The huge
differences that occur over the random orientation of various facets
on a fracture surface make quantitative measurements of thin layer

concentrations very difficult.
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analyzed and incident beams

surface normal

Figure 1

Maximum depth of signal as a function of surface orijent:tion

Z = §cosB. 6 is the angular rotation of surface normal to direction
of the detector. & is the escape depth for Auger electons. Z is
the depth normal to the surface that is sampled due to : finite §.




(b)

Figure 2

a) Low alloy steel with P seqreaation at fracture interface.

b) Al matrix - Graphite fiber composite fracture interface.
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incident beam

Figure 3

Three-dimensional geometry for a CMA.

5§ and Z are as defined in Figure 1.
symmetry.

analyzed
Leam

B is haif the CMA acceptance
angle. 9 is the angle between the CMA axis and the surface normal.
vy is the angle between the surface normal and the analyzed beam.

¢ is the angle of cylindrical

SR
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incident beam

surface norral

ion beam

Figure 4

Two dimensional model for inert ion sputtering. e is the angle
between the ion beam and analyzed beam and is generally fixed in
AES fracture studies. 6 is the angle between the incident beam
and the surface normal.
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Abstract

Auger Electron Spectroscopy {AES) is used in
a wide range of fracture problems. This paper
describes fracture studies of iron, aluminum
based alloys and metal matrix/ceranic rompos-
ites. The paper also describes how AES analy-
sis, when corbined with the SEM, inert ion sput-
tering, SIMS, £SCA and other surfac~ and near
surface techniques, is used in dete:rmining the
fracture behavior of materials previously sub-
jected to various environments.

*EY WORDS: Auger Electron Spectro:copy. ESCA,
inert jon Sputtering, Hydrogen Tra:rsport. SIMS,
fatique, Embrittlement, Environmental Effects.

rorrosion, Fracture.

Int-geuction

ne of the earliest apilications of l.aer
Electron Spectroscopy (~L5S) in neterials research
was the study of the grain toundary fracture of
steels (1-4). Research in fracture still foliows
the basic expeririental approaches defined then
but tne techniques have becn refinec. The najor
instrurental advance it it nas been the riprove:
spatial resclution dssr iated wity tne develaprer !
of the scanning Auger 1ioroscope ta-5;.  The ahii-
ity to vet Auacer data C-om areis €35 that the
arain diancter in pctal and cerariis allove!
chemical analysis assoc ated with the frast rve
process to be studied n detail. The trgnsition
trom a research laboratory instrumers tn ure use .
routinely in most laburatcories whicr occurios in
the last decade teo tne AES Microscepe has ailowes
breoadered applicatiors to studies ¢f frzcture ant
failure in a wide variety of materials.

It is the purpase of this review parcr tn
describe the recent ALt risearch teing pertgrr-er
to develop an understarair . of the fract.re neran-
ior of structural materiais. i

The paper wiii Zr.awm
heavily from the research efforts of the autior,
during the last tew years.

The results will be fresented in wd wavs.
The first will descripe, in generai., tne .cefy.
ness of AES in clarifyirg fracture mechanisi«c.
The second will indicate tne experiment:1 prooi -5
associated with interpreting the %75 dsta. 'n
addition data and results showing the advanteqe 7
conbining AES with SIMS, SEM and ESCA will be pre-
sentad.

Technical Approaches

There are two types of fracture prohlers
studied with AES. The first type is one in wnin
a thin layer, several ronglayers in extent. con-
trols the fracture process. This includes a1 larne
class of problems related to grain boundarvy ana
interface seqregation. ln this case if the tra -
ture surface is exposed to ambient conditions fcr
as short a period as @ few minutes {prior tn heina
put into & hard vacuum , the oxide forme¢ and
other atmaspheric cantamination will complicate
the aatherina of meaningful ALS results an the
interface chcanistry {1.3). For this reason the
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extertrental approacr must include fracturing in
S1Lu In @ nard vacuu Or dan irert 4as environ-
ment.  Tne hard vacuur is obtained by baking rhe
cystem prior to fracture to reduce the residual
concentration of water vapor which quickly con-
taninates fre<h active metallic fracture surfaces
sucn as *or aluminum and iron ailoys. The baking
is ngt as essential for fracture studies of veram-
ics and semiconductor materials because they nave
relatively simall sticking coefficients for oxy-
gen.

The sample in inhe vacuum charber can then be
fractured under impact leading (2}, torsion
loading (3) or tensile loading (6}. The sample
can be fractured over a range of terperatures oy
using either a cooling or heating stage. Hign
spatial resolution AES analysis of the surface is
then performed {for a review of AES and other sur-

face anaiysis techniques, see references 7 and 36).

To enhance crack forration or the specific weax
interface, fracture can be incduced unaer either
cyclic or sustained loading in a reactive environ-
ment such as hydrogen (8-10). This tecnnigue may
ailow tne exposure of interfaces for AES analy-
sis which would normally not fracturc. Other
techniques such as introducing embrittling ele-
ments by electrolytic charging foliowed by diffu-
sion down the grain boundary have been tried with
Timited success The objective is to diffuse suf-
ficient embrittling elements such as S or As down
the interface to inauce interface failure. The
nypothesis is that the original interface chem-
istry will not be modified and will be measured
during the in situ fracture and AES analysis.

The second type of fracture prcblem is one
in which the fracture is formecd external t¢ the
system and ALS analysis of the fracture surfaces
is then obtained. In this case the important
informaticn may be hidden by an atmospneric con-
tamination layer corposed of oxides, hydroxides,
and carponaceous material. An exampie of the
approaches used in these studies involves use of
AES ang ESCA to evaluate stress corrosion
cracking {11). The oxide chemistry associated
with the stress corrosion process gives clues to
the origin of the fracture. Similar studies in
progress are aimed at using AES and ESCA to dis-
tinquish between oxides such as FesUsand Fesl; to
help determine the origin of cr1t1caf pre-
existing flaws. In both these cases the oxides
are very thick compared to the atmospheric con-
tamination layers.

Another study of the second tvpe involves
the fracturing of a sample in an environment
bearing an isotope of the element of interest.

A combined ALS and SIMS analysis to examine the
environmental inf]uenfg on fatigue crack growth
using deuterium and 0'® isotones will be described
later.

A vital aspect of the experiments is the com-
bination of inert ion sputtering with the AES
SIMS and tSCA neasurements. This allows tre
determination of not only the chemistry of the
fracture interface hut also the relative position
of this interface to the rest of the structure of
the material. An exarmple of the applicability of
this approach is in the interface fracture asso-
ciated with metal-matrix composites. The frac-
ture path is very sensitive to the existing
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Tavered structure as Lorated wite ohoe oo ot
T Wil he d1scutsed tnoiore actail ot e
followini; section.

Fracture “tudies

During the past 12 sears ADS nias teor L4
fmany Tracture sturdies.  wWe will act it
to cetincste o)l of tre studies LLt

A LS

on the recent wOrr of tre autrors as ue - (2
sentativv of sume siarifioant 2075 fre Lo
u‘ic‘
- Studie of Grain boyndary LeDeItli st o
Jtoel(

Sinie early *his century it nas beor
obcerved that Tow alley stwe]s can beLone enbi -
tied if Lhey are keot in a weii de inec

575 (, temserature rance -ver extencdel

of tire This “'revercill. terper erb [
censiste of an increase it the cuctili-co-
brittie “ransition te

er-Lure for treosues”
i.e., ‘nteegranylare it faillren 0o
peragture- wrers tre stesl 'S L38C ra e
only at very cold temperatures. Tne Crfect car
be reversed by short arneals above €({7 (.
Typical cumpositicns for these steeis arw
0.4 wt” C, 3.5 NI, 1.7 Cranc = 0.C& n, F o

..

Sb (the talance Seine re! When e"cfi:t7v:
alloys are fractured at ~our terderat.. (N3
fracture path is gererzli, dat prior custent e
grain poundaries. “his 1 also true f”“‘lc'.
alloys of iron anad ore e amer ©s.  NEw . e Sl
grain boungary taret< hav. DCE™ kI ine T Lt
AES after the soecirers wore fract e o
Vacuuii (.o 7, 10-1% lorgentrattong oF

trace elverents S, 7,
the 'rain boundarirs
tude hicur than
tne bountiries in
cantly n aher gva1n RTo I 3
Ni. Si. wr and ctrier 2’ iging é “
found in these alioy syste™s. Iw FEEN
cases inert ion sputterinm srewed Tre e
the increased concentraticus to oe fre- L -
1 nm for tne trace elerments but apparars’ . *u
to three times as great ‘or the ai
ments suct as Wi. Based non tre e
ion sputtering data severs. theovwes n. LUC
proposed o account for how a ore or [hu e
layer region with high trace eizment con. orty -
tion occurs and how one can aceount tor o re-
scopic fracture aiong it. One orobles wt- tr.
data is now to explain tme observed di“ferencs
in depth of the trace and ailoying ele erte,
Plotting the corcer .ration of Sroar % o
a fractured grain {aralyzing szot "0 7 o+ o
an emprittled 3.5 Ni - .7 (r - 0.4 -
wt. Sn steel versus sputter time, showo it v
elements naving an aprro-imately exponsns
decrease. The character stic dedth was e "7
as large for Ni as for Sr. To determine whethor
the observed profile repr2sented an act.al (o, c-
ical difference in trnickross, on and 'vi were
deposited from a Sp wetted Ni filament estde oo
Auger svstem in a submorolaver film on top o€ 1
grain previously sputtered to the bulk corcentr -
tion (20). Resputtering rejroduced the sawe prr-
files observed on the original fracturca tpecivic .
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At as Applied to Fracture Benavior of Materigls,

Mo andedrs that NOots more stronsly bonded
sinantly fe mateya than Sa, ang o
15 pretereatially dpttered deadiig tooan aLpar-
ent Dot veerticial dowle thicbness ot rhe
enricnad regtan gt the grain roundar, when :
pared Lo the Sn o laver thackness, as 1liustrated
in Ficure 1. Feaferential stattesine an ledd
to siamificant errory in agdeling the diffusion
and fracture precess.
2y of Meral Matrix Composites
Ly Copy Ras becore an essential
tyoof ceramic fineriretal-ratrix
compaiite iate. In a fiber composite the
ma<imwr necnantii properties can usuaily oe
obtained by hizving all the fibers aligued in a
single direction 1n the matrix metericl. Unfor-
tunatet,, in directions normat to this unigue
axis tne material is often weaker than the homo-
cerecns ratrix material.  This ocLurs vecause
the nterface region between tne fiber ang the
ndtr o« 15 Tanerall; oweaker than cither one and
the fracture path includes the interface 21,.
In studies of Ti-9A1-3V matrix with B,C/8
or Sif fiper~s, fiber composites in the form of
consoiidated wires witn the fiber axis in the
plane of tre nlate were fractured insice of the
AES vacuusi system. Tne fracture paths, Figure
2, contain a large amount of interface and fol-
levwied the fiter sides of tne interface through
the carbices as deternined frow the characteris-
tic carocen Auger derivetive peavs. C(areful peak
shape stugies can help determine whicn carbice,
cuch 35 Ti or Si carbide in the SiC fiber com-
posite, is prevaient. Sputtering profiles
showeqd carbicdes and oxices near the S0 fibers,
borices near the 3:(/3 fibers, and S and O
impuritics at the interface. The brittle com-
pouncs es~oaciated with these elements and their
poor sunding to tre adjoining phases created a

Hu et
ton! in the

layer tnat resulted in the lowest energy fracture

/

path (22},
when es of the same Ti-€A1-4Y material
were trertail, cycled batweern 3506°C and 40°°C n

air for nite cays tre fracture patn was partially

throusn decraded intesfaces filled with oxides.
MHo sinnificant arownt of carbide wds found in
the fracture incerfaco.  Tpis Jegradetion ot the
intertace reluoga the iongitudinel fracture
strengun (22).
Similar tu
ite fiter Composites Rave indic
bides and TiB» pr
To identify frar Sujer data whicn comoount i
present in an minown Sampie, the sfectra trom a
standary sevple observed under idontical ccrdi-
tions should be conpared to tre unkncwn,  Botn
pear-to-pear neights and sedk shape rust be cor-
related,  [f the unknown was souttores, the same
peraretars anst Lo oused on the stan.tird to avord
any proterential sputtering irocifications. for
exa:pia, a Til, pewder standard resuited 'n a
direct corratabion wity the Aucer data from the
intortace of the aluminum graohite corposites.

ss with gloniewr natrix/orapn-
ted oxides, car-

Anoapsuiute chech an compountt at the nter-

face n ograpn te/AT fiber compnsites was made by
correlating rugar results with TEM data. Inter-
fac:e were 1saiated 2ither by fissolving the
matriz Tin KOV, HCl-retnanol mixture, or KOH) or
by electrenniistiing the matrix compietely away

ent At tne fralture interface.

TiME

Figure 1. Scnhematic of normelized concent-atic:

of segregated Sn anc N1 o2c getected by arcon e

sputtering into ar erbritt.ed low ailicy strel q
fracture surface. (a) Cor:entration vs. tire i
indicating c¢ifferent sputtor rates for & anaz !

(b) Concentrition vs aistance incicating that !

and 5Sn nave tre same depth profiie consicering

relative ciutter rates.

- ;}vr;~ ﬁ“ etV - .
» Rt “dne”

Figurn 2. {a) fracture surface of Ti-€A1-4./807
corpenine showlnl ottt tnrouh interface.

{h) Fracturc surface of Ti-6A1-4V/
Ba[/B corposite.

Figure 2.
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vin perebloric acid, ethanol ana glacial acetic
acid electrolyte).  Small pieces ot interface
reraines attached to tne fabers and were

ohser.=a n the TEM_ Mffraction patterns con-
firmed the preseme of TiHZ as wiell as oaides of
Aluminan and other minor component elesents of

the matrix. Alac, and Tic were also cetocted
from the diffraction patterns. The difficulty
of indexiny polycrystalline eicctron giffraction
patterns was lessened considerably by having the
Auger zita on the thin interface material (2:;.

in order to exam.ne the basic structure of
the Al-3raphite interface and factors tnat infiu-
ence the interface strength, a model <ystem was
examined. Single crystal araphite flares
obtained from Ticonderoga granite were used.
Since the pasal plane of graphite is parallel to
the plane of the flake, clean surfaces could be
exposed by “peeling” off layers of graphite from
the fiske. In vacuums ranging from 4x1C™7 torr
to 2x107 2 torr aluminum was deposited on the
clean flake from an Al coated hot filament. The
resuiting oxide layer it the graphite-aluminun
interface rancec from 3nm {determinec by sput-
ter profiling) for the high vacuum case to ~20 nm
for the low vacuum. When segments of the alumi-
num were peeled away from the flake and both
newly exposed surfaces examined with AES, it was
apparent that the fracture traveled through the
graphite for tre thin oxides {a qood interface
bond) but went partly through the oxides and
partiv through the graphite for the thicker
oxides (presumably a weaker bond}!. In addition
to the AZS peel studies, electrical [/V charac-
teristics were measured and interpreted using the
AES results. fFigure 3 shows the 2xperimental
arrangement (23). The [/V curves show a hign
interface resistance when fracture occurs in the
interface and low resistance when it occurs in
the substrate as shown by AES.
AES of Fracture in Cast iron

The mo-~pnoiogy of the araphite particles in
cast iron plays a major role in the fracture
behavior of the iron (24). Ductile iron has
spheroidized graphite particles. Fracture takes
place along the graphite-metal interface. AES
has been performed to attempt to identify why the
interface was the preferred path. The chemistry
of the interface was found to be the controlling
factor in determining the morphology of the
graphite, but the chemical composition appar-
ently played no role in the fracture process.
The fracture strength was controlled by the
microstructure of the matrix (25-27). In this
case the AES results did not lead to an improve-
ment in fracture properties but were of value in
determining the process by which the fracture
controlling qraphite morphology was determined.
Figure 4 is an exampie of the fracture surface of
ductiie iron.
AES/SIMS Stuuy of Fatigue Crack Growth in Alumi-

nur 21Ty

The influence of gaseous environments on
fatigue crace trowth in structural alloys has
been extensively studied over the years (28-20).
The AES/SIM, studies described nere were aimed at
looking at the transport of the embrittiing spe-
cies into the metal in the vicinity of the crack
tip during the fatigue process. The study

included caseous o, Up, Dra, Oz, Olb, " &1”,

No, Ar and hard vacun as tie environmeris for
aluninun ailloys faticued i1 an environmer Léi
charber.  To separate the Lydrogen and a./qen
contaminition, deuter tum ard oxvgen-1g 1ot .
were used a5 the octiue envirgnments. oo
ples were then examird in the ALS/SIMS yot
with the normalized r:sults shown in Fic.re &
The O'® as determinec with SIMS is much reeper
into the -urface than tne unavoidable atiosphe ¢
orygen as measured with AES and represerts the
oxide foriwed during fatigue. This oxidc is
thicker tran one forred after fatiquing in
vacuum, he deuterium is transported ti a muc
greater d¢edth {31-32 than the oride. “ne shaue
of the de.terium pro-ile can be explainud as
resulting from diffu: ion after the faticue crac
growth rprocess is corplete. This was confiried
with exam'nation of on implanted deuterium ;ro-
files as a function -.f time (32).

Electron and lon Bean Damace Infiuence on AiS

Analysis on Fractured Carbon Composites

In an attempt to determine the loca: Lordinz
in the carpon fiber-metal matrix corposites
detailed ALS fracture surface analyses were ;er-
formed. This section will describe the prouicrs
associated with detailed Auger peak analysis
using graphite as ~n example.

Surfaces whic., ontain carbcen in ary of
variety of forms {i.r., hydrocarbons, furction.,
oxycarbon groups and highly grapritic cariang)
are hignly susceptibie to perturtations in onrysi-
cal struc-ure under «lectran beam Cx9ys .o
These changes in initial surface struct. -
directiy associated with changes in the
Auger pealt shape. as in the case of <incie cry -
tal graphite (32). “he changes undergor are
permanent and nay proceed through Stages as the
surface atoms approach a more disorderc: “laiv.
Electron-induced decomposition and sele.t:.e
desorption of other rlemental species a:- '3.o.,
to occur in weakly b.ound corbonacecus ut - i
rendering surface an. lysis impractical .
tron beam techniques

In order to min-mize surface damagr I:i.s.
by high energy electrons { 2-10 keV}, x-ri;
photoeiectron spectr-scopy (XPS}) is edv nte v .-
in surface analysis f grapnite fibers, :itno.
the spatiai resolution limitations of > ~as
unsuitable for many other applications in ™ate-
rials science {36). Likewise, ion-induced sur-
face damage occurs upon inert ion sputt ring o-
graphite fibers, resulting in further perturba-
tions in the carbon Auger peak shape {st¢ Tigure
6). It is noteworthy thct no electron- nducec
local changes in seconda:y electron yic & are
visible following argon :outtering of g apnit
fibers, whereas such charges are appare' = »rior
to sputtering.

Characteristic loss spectroscopy { .S, .n
be used to obtain matrix-sensitive informat:on
concerning a surface (37-40). This tecrnigue s
considerably more delica'e by virtue of the t.ct
that it requires only a <mall fraction of the
primary electron current density and vo taqe
required with AES. The LS process doe, not
generate core holes; ratier, it is intendec t.
probe energy loss mechan sms experience! by bact-
scattered electrons whic: have undergon»
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Figure 3. Geometry of Graphite/Al contacts for
I/V measurements and peel tests.

rigure 4. SEM of fracture surface of ductile
iron.

interactions with the uppermost su-face layers of
the specimen matrix.

CLS is accomplished by using :n electron
energy analyzer to measure the ene 'gy distribu-
tion of electrons backscattered fr:m a surface
subjected to a monoenergetic prime-y beam of
electrons. Typically, the primary electron beam
energy is set below 2000 eV becaus: most Auger
peak energies of interest 1ie belc: this energy.
Ideally, with the primary beam helt at the enerqgy
of an Auger peak, the response fur :tion obtained
througn CLS serves as a descripticy of the
changes in energy which analyzed c¢iectrons have
undergone due to kinetic events unrelated to
bonding. The response function is valid over an
energy range of several hundred electron volts,
so a single Auger peak can theoretically be decon-
voluted with the CLS spectrum of the sane range
of analyzed energies.

Before discussing deconvolution further, an
illustration of CLS data for graphite fiters will
be given. With an electron beam of only a few
picoamperes rastered over an area f a few hun-
dred thousand square microns, it 3 possible to
delay the onset of surface damage for several
minutes. (For comparison, beam c¢:rrents greater
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Figure 5. Sputter profile o deuterium ir~

as determined by SIMS and Oxygen as detz-~incd -
AES.
an(:) =
(o3
i
(a) ()
228 28t 2re o e

AUGER ELECTRCN ENER%Y (.V)
Figure G. Carbon Auger features of hiz'; cre.
itic VSO0-C .4 fibers. ({al as received: =) ats¢

sputtering.

by more tran four orders of magnitude 2re
required to obtain Auzer data.} The (LS spectr -
in the in:tial state 1s presented in frz. "(a'.
somewhat cifferent frun the final state displa.--
in Fig. 7(n). The difference is that tie latt r
exhibits a small plasmon peak adjacent *o the
elastic backscatter peak, visible pece.se the
carbonyl and lactone oaygen surface griups (0

35) have been decompesed by the electren vear .
While performing AES on graphite fibers. tne
electron beam desorbs tne weakly bounc oxyaen
almost comnietely.

Traditionally. FES data handling ~:s beer
facilitated by digital signal process:i: (41,17
Routine apnlication of deconvolution te-nnigue
(43-47) would be impractical without or-line
access to a nhigh-speec computer. Raw ~iS aat.
is initially taken in analog form. Accurate ¢ -
itization of the sigral is a necessity in orc
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to determine the existence of peak shifts and

preserve peak shape. The digital energy incre-
ments should be discrete in terms of electron
, volts. N(E) n(ts
i Superimposed upon the raw AES data is the
4 large secondary electron background. It has
5 been determired (43) that adjustment of an ana- 1
} Iytical function can simulate the background (as (+)
t adequately over an energy range of a few hundred
: electron volts. Hence, the background can be
[ synthesized and subtracted from an Auger peak.
: After subtracting the background from an Auger . — < ‘ v —_
. peak in derivative form, integration is pertormed <0 iul P B i .
| ;glzz?g: to prepare the measured data for decon- ELECTRON ENLAGY (V) i

Once the corresponding derivative CLS data
is digitized and integrated, it is desired to
deconvolute metrix and instrumental effects from

figure 7. Integral characteristic locse spertr:
for high modulus pitcn precursor type «5- .0

i

) the intejral Auger data using the integral char- graphite fiber. (a) Prior 1o estensive w.ect
' acteristic loss data as a response function. The beam danace to the surface. (b} After “uevy
iterative deconvolution scheme {49) is accurate damage to the surface. {fote: small ~T.cmor
provided that the data contains relatively little peak.,
fine structure so that the algorithm leads to
convergence. Figure 8 compared the original
integral Auger data from pyrolytic graphite with RECONVCLUTED
a reconvolution of the final deconvoluted result o ORIGINAL . RESULT
3 to ensure that the two match one another. Due « 3 =
4 to electron-induced surface damage caused by the TR o or
X primary electron beam, the carbon Auger peak from -
\ e - any type of graphite will not reproducibly char- <
acterize the form of carbon as anything different )
from pyrolytic graphite. Even graphite single = =
crystal basal plane surfaces do not regularly = F S
produce the sharp structural features in peak “ I
shape that have been reported {33).
Carbides, however, do not possess the graph- o -
itic resonant bond character, and will tend to ) 4
retain their physical structure by resisting o L ol - L.
electron-induced surface damage somewhat. Well- 200.09 253.00 200, .1 -5

resolved carbon Auger peaks for several general

carbide stardards which exhibit noticeable dif- ELECTRON INERGY (eV)
ferences have peen reported (33). Deconvoluted

spectra of graphite and aluminum carbide are dif-

ferent {see Figure 9). The carbide peak has a Figure o. Original anc r convoiuted A..ir e’
sharper structure and this might be indicative from pyrol stic graphite.
Tl of a more orderly surface structure.

20.00 30.00

N[E]

the electron beam before an AES analysis of the
fracture surface is performed. L

ARBIDE

10.00

Summary

- The net result is that very little detailed GRAPHITE

information abeut the nature of the bonding at
the fracture surface is obtainable with AES. In
reality the fractured bonds have already under-
gone a major modification from the bonding in {

vt domn the original unfractured solid during the frac-
ture process. The electron and ion beam damage
makes it even more difficult to do any analysis.

It also should be noted that weakly bound Y8
elements such as C1, Br, I etc. can easily be
removed or greatly reduced in concentration by
C

= i i
206.04 250.00 300.50 eV

This review paper has tried to show, with a
limited set of examples, how AES combined with

other surface sensitive tools can be used in Figure 9. Deconvoluted integral Auger spectra
studies of the fracture of materials. The of graphite and aluminum carbide.
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applicability is widespread and routine in many
laboratories. [t was also pointed out that untess
care is taken the observed data interpretation
could have large errors. With care AES is a pow-
erful tool for the study of fracture.
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Discussior with Reviewers

scattering 1SS, and iuthertord backscas -«
(RBS) spectroscopy in cnaracterizina friz.
faces.

Authors: To the auth-rs' knowledoe, ['5 »rd

G.B. Larrahee: Pleas. ccrment on the rc.o 27 ey

Rutherford backscatte-ing have not been (<o c.*ar-
sively in characteriz ng fracture surface<. n
principal, 1SS would ..ive intorrzation atc-ut e
fracture surface chemistry ard Rutherfore: b -

scattering about the near surface chemistr.

G.B. lLarrabee: ODoes surface roughness cau v anc-
lytical proolems in scanning Auger spectrc.ccpy

of microareas? How good is the guantitative na-
lytical data that is generated?

Authors: It is obvious that surface roucrnecs
influences the Auger vield since the angl: ¢
incidence of the electron beam is spatial’v coper-
dent. This would vary the contribution ~- the
elements near the surface when compared :. -ne
contribution of the subsurface elements. Ir gen-
eral that data is only semiquantitative 1+ nrature.

G.B. lLarrabee: Imaging of fractured surt.c:o =i
be particularly difficult. Please comme. ® the
best resoiution and image quality that coula ve
expected from a fractured surface of mocerate
roughness ior SEM (secondar. electrons de:~cted),
SAM (Auger electrons detect.d), EMP (x-ra.s
detected) and SIMS (seconda.y fons detectca}.
Authors: The authors cannct give a limiting res.-
Tution on the fracture surfaces relative ¢ the
instrument resolution. In the case of SiM wnere
resolution of about 5 nm is routinely obtaired,
this should be the resolution on a fracture piang
normal to the electron optics. This will vary
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geometrically for the other fracture surface
orientations. Similar geometric effects can be
expected in the SAM measurements, with submicron
resolution readily obtained. The EMP will have

, the usual broadening associated with the depth

& of penetration and scattering of the primary
electrons amplified by the orientation of the
specimen. The resolution again is submicron
in three dimensions. The SIMS results will
depend on the beam size used, which in the newer
machines is submicron. There may be an added
contribution by double sputtering by the back-

' scattered ions and by shadowing due to the angle
of incidence. This is also true for EMP and for
SAM when the analyzer is not coaxial with the

g incident electron beam.

e oo s b ke n

: G.B. Larrabee: What is the role of in situ

heating combined with Auger spectroscopy of a

fractured surface to monitor out diffusion of

species or the modification of the surface?

Authors: This approach has been tried by several

investivators. There are potential differences

between free surface segregation and grain bound-

ary segregation due to the constraints at the ;
grain boundary. For this reason direct compari- !
son of free surface and grain boundary segrega- ;
tion must be carefully evaluated. '

e

e
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APPENDIX F
Carbon Auger Peak Standardization

Duane Finello and H.L. Marcus
Materials Science and Engineering Program
The University of Texas
Austin, Texas 78712

Surfaces which contain carbon in any of a variety of forms
(i.e., hydrocarbons, functional oxycarbon groups, and highly
graphitic carbons) are highly susceptible to perturbations in
physical structure under electron beam exposure. These changes in
initial surface structure are directly associated with changes in
the carbon Auger peak shape, as in the case of single crystal
graphite.] The peak shape changes are shown in Fig. 1.

Carbides, however, do not possess the graphitic resonant bond
character, and will tend to retain their physical structure by
resisting electron-induced surface damage somewhat. Well-resoived
carbon Auger peaks for several general carbide standards which
exhibit noticeable differences have been reported.] Carbide Auger
peaks for A14C3, SiC, B4C, TiC and ZrC were measured at 0.6% energy
resolution for standardization purposes and are presented in this
report.

The KVV carbon Auger features for A14C3 and graphite are compared
in Fig. 2 (a,b). Both Auger peaks were obtained from analysis of
commercial Gr/Al composite fracture surfaces. A spectrum representing

an intermediate oxide layer in a glassy carbon/aluminum thin layer
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composite (see Fig. 3) shows that there is not always an exact com-
parison of a carbon peak with known standards. The thin layer com-
posite had not undergone any heat treatment which could superimpose
a small carbide peak feature on the substrate Auger signal. The
graphite-1ike peak shape is not exactly graphitic like the glassy
carbon substrate Auger peak shape. Perhaps there is an oxycarbide
signal contribution in addition to the basic graphite signal.

Fig. 4 shows the KVV carbon Auger peak for a B4C surface pre-
pared by in situ fracture. Basic chemistry dictates some major dif-
ferences between boron carbide and aluminum carbide, so one should

expect the B4C and A14C3 carbide peaks to be different. Although

boron and aluminum are elements of the same column in the periodic
tabie, aluminum is a metal and boron is practically an electrical
insulator.

The SiC KVV carbon Auger peak is shown in Fig. 5. It bears a
slight resemblance to the carbide peak for A14C3, but there is no
significance in this. A1l valence electrons are shared equally within
molecules of silicon carbide, whereas this is not the case for A14C3
which has a coordination number of three.

The carbide Auger peaks for TiC and Zr(C surfaces prepared by
in situ fracture are presented in Fig. 6 (a,b). The two peaks are
virtually identical, except for a small satellite peak in the TiC
signature on the high energy side of the main peak. The similarity
in peak shape between the twu carbides is not surprising. Both TiC

and ZrC have similar chemical and physical properties. A1l valence




electrons are shared equally in both compounds and of course Ti and
ILr are metals of the same column in the periodic table.

The derivative characteristic loss spectra for B4C, TiC, and
IrC are illustrated in Fig. 7 (a-c). They exhibit practically no
plasmon structure or other details besides basic elastic backscat-
tering. This adds further credibility to the idea that there is
direct chemical information offered by the KVV carbon Auger peak.
Summary :

A series of standard AES spectra of carbides are shown. The
carbides do not seem to be as susceptible to electron beam damage
as are the various forms of pure carbon. Some characteristic loss

spectra of the carbides are also presented.
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Carbon Auger Features of Highly
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(2) As Received and (b) After Sputtering
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FIGURE 2

{ The KVV carbon valence Auger features for Al
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FIGURE 3
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The graphitic character of a sputtered thin layer composite
jnterface with intermediate oxide. Note the slight perturba-
tion of the KVV carbon peak which is sensitive to the valence
band chemistry.
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FIGURE 4
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FIGURE 5

Silicon carbide KVV carbon Auger feature.
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FIGURE 6

The KVV carbon valence Auger features for TiC (a)
and ZrC (b).
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Characteristic loss spectra for 8,C (a),
TiC (b) and ZrC (c).
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