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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

* jshowed the presence of y-A1203 , MgAl203 and TiB 2 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 Al4C40 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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i1 In addition to the interface characterization some of the AES

I measurement problems are discussed including beam damage and angular

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

report.
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I. Introduction

The research result, 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 reported. '
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 Schmerling. 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 Al4 C3

formation as a function of graphite form and interface phases. The

above results will be discussed in the following sections and details

3



are given in the appropriate appendices.

A. Current-Voltage (I/V) and AES Characterization of the Interface

2In the prior annual report the characterization of the single

crystal graphite/oxide/aluminum 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

"I 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

4



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

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

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-

.4 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 MgAl204  or y-A1204 oxides at the interface as well as TiB 2 . When

the samples were aged above 550% A14C3 and A1404C were formed at the

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

*5



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 Al4C3 is

formed relatively rapidly. The main emphasis of the work reported

here is for Al4C3 formation at temperatures where the total composite

is in the solid state. Within the solid state the AI 4 C3 formation

is strongly dependent on temperature, composition and thickness of

the composite interface and crystallographic orientation of the

graphite substrate. The details of the study are given in Appendix C.

It 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 Al4C3 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



not form at all. It is suspected that this same crystalline orienta-

tion dependence influences the grain size and Al4C3 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 pm beam SAM. Metallographic and SEM evalu-

ation of the material has been initiated.

Ill. 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 the direction of an alternative

interface that is conductive. This should assist in strenqthening
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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-Al203 and MgAl203 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, several 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

8



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

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-Al203, MgAl203 and TiB 2 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 Al4C40 were found. Their growth was strongly

dependent on the heat treat environment, the temperature, and the

crystallography of the graphite relative to the interface.

In addition to the interface characterization some of the AES

measurement problems are discussed including beam damage and angular

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

report.

9
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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 fields
1;

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.

I

Low Resistivity Stte

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

12
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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
2

explain the process by which threshold switching occurs.

It has been observed 3 that the thickness of the oxide films between

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.

'1 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

*13'I 1.



A-3

2releases carriers into the conduction band 2 , producing the drop in

resistance.

The electronic models propose several mechanisms. In general

they are:

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

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
5

semiconductors.

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. 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 mechanism; nor

thermal mechanisms can safely be neglected in threshold switching.

14
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I
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. This is 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
7

voltage. 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

8a great deal of instability. However, as pointed out by C. Popescu

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 stability observed on threshold switches (more

than 1014 operations under pulse conditions).

15
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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 i,-i_4 -:ciently clean conditions.

Other important gti.,;-I -.-racteristics of threshold switching are:

1) The off-current depe',,, %ongly on temperature.

2) The off-current i;& non-oijriic.

3) The threshold voltaqv necessary for switching decreases with the

increase in temperature, but stays constant below -2000 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/A120/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.

Al* = Al-metal
Al' = Al-oxide

16
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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 samples 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, --2xlO - 4 torr

(3xlO-2 Pa) aluminum oxide deposition was performed at a slow deposition

rate. Following the oxide deposition a high vacuum deposition, -l06 torr

(lO 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

0 -lio-6 torr
300 to 500 A

Low Vacuum Deposition

Single Crystal Graphite 2xO - torr

Al* = Al-metal

Al' = Al-oxide

17
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Differential argon ion sputtering combined with AES showed that

the Al-oxide layer was approximately 300 - 500 A 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 low 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 lifting 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.

in All 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).

18 ~ ui1 1
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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

th hrs ivistt
Scale: Horizontal: 0.2 volts/div

Vertical: 0.2 mA/div
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Aluminum Metal

Aluminum Oxide

Stypicai
, fracture,

path
/ Graphite

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 Metal

Aluminum Oxide //S typical

fracture path

"///il k fract7",>uGrapnh t e <,.' < sapls .The;;. frctr

fauFigure 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 to the high resistivity state showed

a similar kind of fracture path to the unswitched samples. The fracture

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

Aluminum Metal

Al uminum Oxide -
- typical

--' --Jfracture path
\ /

Figure 8
Fracture path of samples switched to the low resis tivity state
fractured after returning to the high resistivity state

-- 21
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The corresponding Auger spectra are shown below:

dE
,,

$

C

Electron Energy eV

Figure 9

Auger spectrum of samples fractured in the low resistivity state

dN

-Aq C
Al

0

Electron Energy eV
Figure 10

Auger spectrum of samples fractured in the high resistivity state

22 .
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JN

Al

0

Electron Energy eV

Figure 11

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

I23
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Discussion

From the results presented in Figures 6, 7 and 8, it is evident that

the strength of the interface on the aluminum/Al-oxide/graphit_ system

can be varied by applying a voltage above the threshold voltage of the

sample. The major unanswered question originates from the results 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 layer. 1 The Aluminum-oxide layer has been shown

to be a y-oxide, which is a poor conductor. The phase change could

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 possible 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.

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.

2) The sandwiched aluminum-oxide layer seems to control the switching

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

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 problem is the poor transverse tensile strength n

contrast to the high longitudinal tensile strength. Recent studies I,?

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

where the aging temperature was raised above 5000C. 3 Meaiwhile, longi-

tudinal tensile strength decreased noticeably.
3'4

The specimens in this study include G4371 and G4411,k both of

which have Al-6061 as metal matrix and VSB-32 pitch fiber;;. They were

either encapsulated in various vacuum conditions 10- - It)-8 torr

(10- 1 - 10-6 Pa) and heated to 400C - 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.

II. 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. iders were washed by high purity

methanol and dried completely at about 600C. 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 ofily one that has

proved to be effective for preserving the Al 4 C3 and AI4 04 C 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 A and

13.7 ±0.2 mm A respectively.
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I
III. Results and Discussion

y-A12 03 or MgAl 204 spinel and TiB 2 were observed in the interface

* regions of non-heat-treated specimens 6 as well as in the aged specimens.

Smaller amounts of TiB 2 phase were found when the specimens were aged

above 5500C. This was partly caused by displacement of the Ti-B layer

I away from the fiber into the matrix 2 and partly by dissolution of TiB 2
into the metal matrix during carbide formation. The specimens aged

above 550 0C showed aluminum carbide (Al4C3) and aluminum oxycarbide

(AI404C) existing in the interface. Their diffraction patterns are

shown in Fig. 1 and 2. Carbide formation seems to occur preferentially

4on specific orientations of the basal plane of the graphite with
9

respect to the interface. Some orientations make nucleation of the

I carbide difficult and restrict their growth such that coarse grains

form. The spotty nature of the AI4C3 diffraction pattern is due to

the large grains. There seems to be no restriction on the AI404C

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) I
I reaction, and the greater the grain growth, Fig. 3. The interface

1 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

1 29
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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

Uinterface or in the degraded graphite fibers.

I
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

I Al4C3 . Very coarse grains of Al4C3 imply preferred orientations

of carbide formation due to the anisotropicity of graphite.

4. AI 4 04 C is the only aluminum oxycarbide phase observed at the

1interface of aluminum graphite fiber composites. It forms a fine

grain distribution at all aging temperatures.
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Pigure2

Selected area diffractiu!' AltE~ 4w G 4C from the ijiterface of

G4371 heat treated at~ov.,~



(a) (b)

(c)

Figure 3

Scanning electron micrographs of the interface regions of G4371 heat
I'treated a increasing temperatures. (a) Non-hegt treated. (b) 5500C

at -5x10' torr for 1 day. (c) 640*C at -5xlO- torr for 1 day.
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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 A]4C3 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 strengthiI
of commercial composite material. Within the solid state, at elevated

temperatures below the matrix solidus point, the Al4C3 reaction rate

* depends heavily upon the environment of the specimen during thermal

exposure, composition and thickness of the composite interface, and the

graphite crystal orientation.

For the model systems in this study single crystal graphite,

polycrystalline graphite, or glassy carbon substrate serve 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 6600 C.
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For proper temperature regulation, tnermocouples were put in

direct contact with the specimens being heat treated in Loth the rough

vacuum environment in a mechanically rough-pumped furnac- tut e and in

an insulated electric heater in a diffusion pumped bell ,ar vith a

vacuum of 2xlO -6 torr (2.66xlO - I mPa). A high vacuum ior-purped

system facilitated encapsulation of some specimens in an inert environ-

ment of 10- 7 torr (I.33x]0 - 2 mPa) pressure using either vycc 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 ion

sputtering were used in this investigation to gain inforivation regardinc

the extent of Al4C3 formation in the heat treated compos tes.

As mentioned before, the external environmental influenre upon

AI4C3 formation must not be overlooked. It certainly matter. whetner

specimens are heat treated in an inert, encapsulated environment, a

vacuum oil-pumpeid reducing environment, or an oxidizinq environment.

The bulk Al4 C3 chemical analysis shown in Table 1 demonstrates that

formation of A]4C3 is controlled by the mixture of gases .vhich the

Gr/A1 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 duringtheheat treatment. The kinetic of

formation is shown in Table 2. Extensive heat treatment at 550 0C

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

results in little or no Al4C 3 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 Al14 C3

Formation for G4371 Gr/Al Composite Material

5 500 2401 h r

As Received Rough Vacuum High Vacuum Air

2100 ppm 12,100 ppm 2300 ppm 3900 ppm

Table 2

Bulk Al14 C3 Content (ppm)

G4411 G4371

As Received: 500 2100

j520'-24 hr: 500 1100

550'-24 hr: 500 2700

I5?)'-240 hr: 4500 11,000

550'-240 hr: 16,600 12,100

-Aq
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high vacuum condition, and an excess of oxygen -ind water vapor which

makes the alternative oxidation reactions at the interface d(minate

in the air furnace condition. However, solid state heat treatment

in oil-pumped rough vacuum systems promotes AI4C3 formation at the

interface.

AES data reveals that internal AI4C3 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. l(a-e) represent a 5500 C, one hour

heat treatment of a polycrystalline Gr/Al thin layer composite with

no interfacial oxide deposited. The presence of Al4C3 is clearly

indicated by Fig. l(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, Al4C3,

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-

like or well-defined. This is attributed to the nonuniform metallo-

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 AI4C3 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 AI4C3 resulted from a

550C, 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 completely

during thermal treatment since no Al metal overlayer remained. It

would be incorrect to deduce that the Al4C3 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 ricleation

during deposition would be first to become exposed during sputter-

etching. Therefore, one might often expect to see carbid? and graphite

peaks superimposed [as in Fig. 2(c)] and sluggish transitions in depth

profiles, such as those apparent in Figs. l(a) and 2(a), d~ie 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 like a similar bell jar

type vacuum heat treatment does. Fig. l(d) with Fig. 3(d', s.)ectra
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taken when the C/Al signal ratio was 3:2 for each of the sputtering

profiles [Figs. l(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

550C 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

Al 4C3 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 0C temperature for a one hour period. The results

[see Fig. 4(a) through (d)] show that A14C3 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 AI4C3 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/Al composites

show that matrix sputtering profiles of in situ fractured material

indicate that Al4C3 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

Al4C3 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 Fi,. 7) and applica-

tion of a set of heat treatments which avoid complete conversion of

the Al metal overlayer to AI4C3. 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 550C heat treatment in the bell jar vacuum system

resulted in complete AI4C3 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, Al 4 C3 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

40
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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 AI4C3 which does not become dispErsed into

the bulk of the aluminum.

Reference

1. W.C. Harrigan and D.M. Goddard, Journal of Metals 27(5), 20 (1975).
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FIGURE 1(a)

Sputtering profile of polycrystalline graphite/aluminum thin layer
composite aged 1 hr at 550C.
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FIGURE l(b-e)

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 2(b-d)

Corresponding Auger spectra at three stages of sputtering,
showing surface oxide and carbide (b), mixture of aluminum
carbide and graphite (c) and graphite substrate (d).
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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 55f0 C.
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FIGURE 3(b-e)

Corresponding Auger spectra at four stages of sputtering,
exhibiting the absence of aluminum carbide. Surface oxide (b),
aluminum metal (c), mixture of aluminum and graphite (d), and
graphite substrate (e) are illustrated.

,-47



/ CL

O0 E

0 Li0

00

CD

U(

4-)0

00

4- C

.cc

( L

.- rv

CL

00.1

448



I
I
I

dN| dE

C 0 Al1

I dN
dE,

I I, (c)

IdN
dE

SI - ] ~ '*

0 500 Electron Energy eV 1500

FIGURE 4(b-d)

Corresponding Auger spectra at three stages of sputtering,
with a1 'minum carbide signal contributing to the total signal
before L), during (c), and after (d) the intermeeiate
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 into 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 to react
with aluminum atoms and form A 4C3.
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I Sputtering profile of single crystal Gr/AI thin
layer composite with intermediate oxide. Heat
treatment was at 550C for 1 hr.
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FIGURE 6(b-f)

Corresponding Auger spectra at various stages of sputtering,
showing surface oxide (b), aluminum metal (c), intermedidte
oxide (d) and (e), and graphite substrate (f). In all cases,
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

electron 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 photoelectron

spectra with their added chemical bonding information.

For it to be possible to obtain quantitative 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. Harris 2 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-

tions between different fracture facets that is not a real one. For

the higher energy incident beam electrons presently being used in

most AES systems, little effect of incident beam angle i; 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.

Harris 2 assumes isotropic Auger emission from the ions with no

subsequent crystal diffraction in his theoretical model which from

a homogeneous single layer substrate would lead to a cosine type

emission, that is, the emitted intensity would vary as .i sphere tan-

gent to the point where the incident beam strikes the siirface.

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
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Iwith 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

I 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

I observed, the contribution of the surface layer approximately doubles

as the surface is tilted from 0=0 to 0=600. 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 composites,

Fig. 2b. The influence of orientation is reduced in the cylindrical

mirror analyzer (CMA) due to the cylindrical geometry wiich will be

I 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 unless the angular

dependence is corrected for. As the layer thickness ap roaches the

sampling depth Z, the angular dependence increases. This could

explain the broad distribution of relative peak height ratios seen

i on different grain facets when the segregation to the boundaries is

increased compared to the narrow distribution for a small segrega-

. tion.3 ,
4
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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-

I5trons are affected by diffraction as they leave the material. 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 (oaxial inci-

dent electron beam can see to the bottom of deep regions of the

fracture surface. The CMA also averages to a large decree 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 in Fig. 3.

Using the geometry of Fig. 3 for a CMA with acceptince angle

*a measured to the cylindrical axis, ( is approximately 450 for a

typical CMA), the maximum depth Z from the surface for an analyzed

beam that has gone through a path length 6 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 e,

and a the other two sides. Thus,
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I Z = 6 cos (0-a) - 26 sin sin e sin 2 () (1)

I and the average escape depth from which information is coming as

determined by integrating over p is

7= 6 cos e cos e (2)!
The extremes of depth Z are when 4=0 and the deep(st information

I comes from the deepest layer 6 cos (e-e). When 4=Tr, the deepest

layer contributing to the signal is only 6 cos (e+e).

IThe 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. This presents a problem in Auger mapping

of a fracture where eintensity of a given element can vary from

facet to facet even though concentration is constant. Combining this

I 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-

I 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-

I tion with depth into the bulk by sputtering with inert gas ions to

continually remove the surface while analyzing by AES. The angle

between the ion gun and the surface plays a major role n sputtering

AI rate. For a two-dimensional model as before, the sputtering rate

for the geometry shown in Fig. 4 is

R(O) : R(e=c) cos (c-e) (3)
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I

where R(O) is the sputter removal rate for the surface normal at

angle 0. R(O=c) is the rate for normal incidence. The cosine

I term arises since the incident ion current I is proportional to

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

Ie Iarea. R = rA = An/cos(c-8) where An is the area when the beam

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
8

average surface normal and the sputter beam.

For fracture surfaces additional factors influencing the shape

1 9
of the depth profile are shadowing and redeposition. One facet may

I be hidden from the inert ion sputtering beam by other parts of the

specimen but not from the analyzing Auger spectrometer. This facet

I 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

I 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

Iis greater for higher energy Auger electrons. Atomic mixing under

the sputter beam can also cause broadening as can differences in

jsputter yield for different elements.
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I
Summary

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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I

analyzed and incident beams

surface normal

Figure 1

Maximum depth of signal as a function of surface orientation
Z = 6cose. e is the angular rotation of surface normal to iirection
of the detector. 6 is the escape depth for Auger elect-ons. Z is
the depth normal to the surface that is sampled due to i finite 6.
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(a)

10 LIM

21""

(b)

Figure 2

4, a) Low alloy steel with P segregation at fracture inter-fac!.

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

I

II

• 6 beam .

II

- 1

I Figure 3

Three-dimensional geometry for a CMA. B is half the CMA acceptance

angle. a is the angle between the CMA axis and the surface normal.
y is the angle between the surface normal and the analyzed beam.

and Z are as defined in Figure 1. 4 is the angle of cylindrical
symmetry.
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I
I

incident beam

surface norpal

e

ion beam

Figure 4

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

SCANfINU Ei.ECTRON MICROSLOPY/l9'I
SEM, Inc., AME O'Har(! (Chicago), IL 6LU666. USA

AUGER ELECTRON SPECIROSCOPY AS APPLIED TO THE STU11Y Or TH ,RACTUFK Bl-iAVIOP OF IETLALS

M. Schnierling, D. Finello and H.L. Marcus

Mechanical Engineering/Materials Science and Lnqineerin i
The University of Texas
Austin, Texas 78112

Abstract Int t.rertion

Auger Electron Spectroscopy (AES) is used in One rf the earliest a ilications of -%,oer
a wide range of fracture problems. This paper Electron Spectroscopy L,^[S; in naterials ' eseatcn
describes fracture studies of iron, aluminum was the study of the gldin toundary fracture o"

based alloys and metal matrix/cerapic tompos- steels (1-41. Research in iracture still fli ows
ites. The paper also describes how AES analy- the siic experirental approaches defined tne,;

sis, whencorbined with the SEM, inert ion sput- but toe techniques hav, been refinec. The .2a-or
tering, SIMS, ESCA and other surfac, and near instrurental advance ir tS nas beer, the ,4rov,
surface techniques, is used in deteinining the spatial resolttion dssf irel wit,. to, devlnp",er
fracture behavior of materials prev:ously sub- of tht. scannin, Auger i .oscope ( .- :; . he .l-
jected to various environments. ity to et Auier data -om areas les3 tt.-

orain dia,7cter in rct, ' nd cera7i, s al.,,

chemical analysis asso a
t
ed with the fra

process to b,. studied , detail. The ;rat.iIur,
trom a research laboratory instrument to ., -s.
routinely in most lahititories wnicr, occL.r-t,; ir
the last decade to the ,ES J icrosccoe has allcae:
broadened applicatiors to ,tudies of fru.c-,.ro ir:

failure in a wide v'rit-tv of materidls.
it is the ourpose of his review oa-,c tn

describe the recent iE' rearch ei n eo-."
to develop an Unaersta~4,i. of the frac*re e,'a'-
ior of structural matetiaLs. The paper il-

heavily from the reseaich efforts cf the
during tie last tew years

The results will be prescnted in t ,,
The first will descriD,, r general. ti,' ,cpfu
ness of 'ES in clarifyirq fracture 'echnr

; The second will indicate tne exoeriment.l p!-:7 "s
associated with interpreting the f5-S mate. n
addition data and results showina the acvntoro
coalbining AES with SIMS, SEM and E-SCA will b,- !oe-
sented.

Technical Approaches

There are two types of fracture prohlu -
studied with AES. The first type is one in wnin
a thin layer, several tonolayers in extent. con
trols the fracture proces. This inclk,,ede. lae
class of problems related to grain boundarya eo

interface segregation. In this case if tie ra -

tEY WORDS: Auger Electron Spectro copy, ESCA. ture surface is exposed to ambient conditions fr
Inert ion Sputtering, Hydrogen Trar sport. SIMS, as short a period as a few minutes (prior to heini

latique, Entrittlement, Environmenial Effects, put into a hard vacuum , the oxide formed and
:.orrosion, Fracture. other at, .s ,heric nont.icination will complicate

the oatherino of meaninful AES results nn the
interface chc.,itry (1-3). For this reason the

V. 68
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e0.1 ri iita~ atp)roacF. mus t inc Iude tractriil n rri lot ',, tr ,(Tu-re rj% iiiatd wit,
Is I in a r~or J VdCUk, or a n ire rt ijas env i ron- II, I w I!; 'A. or n I. xire (I.in I

r: ent . Ine hard vacuum. is obtained by baking the fI I w, n, rec T i on.
cystei Prior to fractu.re to reduce tihe residual
conCeni.1ratilin of water vapor which quickly ccn-
taininatus fresh active metallic fracture surfaces Frdi.j.ure t jd I u
s,,cn i s for alurinum and iron alloys. The baking
I, no* as essential for fracture stud'es of er-a- Dutrq the past 14' /e ,sLE
ij:s and semiconductor matprials because they nave Iii rmany 'ract~.re stullat. 'xe 'ill nct
relatively SIdli sticning coefficients for oxy- to C, f,t jt d, Iof tronS 5..dic t
gen . on the rfnt. wOr, or *.re a jtr-crs as

The sample in the vacjumi charzuer can tnier. be 5(?rtat1iL asOf SOMe 'A os !-I' nt . r:
fractired .nder impact loading LI torsion studic- .
loading 03) or tensile loading 6). The n ample A.St di ofGrain on r oit

can be fractured over a range of temperatures oy Sel
using eithe, a cooling or heating stage. Hign Sinrcz early 'his cen:trv it rast-
spatial resolution AES analysis of the surface is observned that low ailloy st-els can Oc'e:eon 1
then per-formreo for a review of AES and otiker sjr- tied if --hey are kIe~t ir. I, wel i aeirr-eu
face analysis techniques, see referen.ues 7 and 36). 57E C tuereture rais-e ,ur e'tCOnii yrrse
To enhance c'ack forration or. the specific weak of tire. ThisrersL: rp-e1.
interface, fracture can be ind~ced under either ccnsi ,t )f n i toeac; e _c*41l -
cyclic or sustained loading in a reactive environ- briItie asi ti on t. !cr, :,,re fo,
mnent such as hydrogen (8-10). This tecnnique may i., m-ri an,1 r'i-i a' .ri,,
allow the exposure of interfaces for AES analy- perat r. wa'. ,es e ' ,
sis whicn would normally not fracture. Other only at very cold teniperasres. Tne cte' .c
techniques such as introducing erizrittling ele- be reversed by short ironeals above 6,,- C
ments by electrolytic charging folliowed by diffu- Typical curpositicns for these steels r-
sion down the grain boundary have been tried with 0.4 wt' C, 3.5- Ni 1.7' Cr ar-c fOC
limited success. The objective is to diffuse suf- Sb (t. -ilance I~eiri -e Whe!n e-c:
ficient emrurittling elements such as S or As down alloys ari frzictureN at o<TEo'3
the interface to inouce interface failure. The fracture nath is qeerr- at cu0' a

hypothesis is that the original interface cr-er- grin oojndaries. -i also tr.e- -s i
istry will not be modified and will be measured alloys of ir-e r-e. ,.1;
during the in situ fracture and AES analysis. grair, bounoorI beeC~t a,'VtC- K r

The second type of fracture problem is orse AES aftc ' I refr! r

in which the fracture is for-med efternjl to the vacur 2, ,II I c i'rt re.* .
;ystom- and AES analysis of the fracture surfaces trace ein artl , , 'e.
is then obtained. In this case the irportant the 'tain hounta- r r- i I
information mray be hidden by an atniospneric con- tude tic(- tri ti *,..

tamination layer corposed of oxides, hydroxides, toie bon:riec r
and carbonaceous material . An exao-)ple of the cantI ri :hc n ain r: r.r.'"e
approaches used in these studies involves use of Ni ,Si,! and . 'vsg e "-g

AES ano ESCA to evaluate stress corrosion found 'r, these alloy syst Cu.
crac k ing (Ill) The oxide chemistry associated cas es i nert i on , p.o teri n sr-r.,eJ, to
with the stress corrosion process gives clues to the increased cocentratien!s to :ce fic
the origin of the fracture. Similar studies in 1 rim for toe trace ele-ents butapr
progress are aimed at uising AES and ESCA to dis- to three times as great for th.e j 0%
tinnuisi between oxides such as FenU mand Fe3G4 to ments sacr as Nii. Based 'xi thOe CS

-,help determine the origin of criticai pr-c- ion sputtrring o~ata sever,. theories
existing flaws. in both these cases the oxides proposed 'o account for how a or, or tvr!7
are very thick compared to the atmospheric con- layer re,-ion with high trace elamTent c
tamination layers. tier- occurs ano r~ow ofie :.an accountI,

Another study of the second type involves scopic fracture aloic it. One or-otle, , I
the fracturing of a samiple in an environment data is now to rexplain -e observed di ee"
bearing an isotope of the element of interest, in depth of the trace aio: alloving ele
A contiined AES and SIMlS analysis to examine the Plottinq the cor-ccr ration of Sr Vn'
envi ronmental1 ifluenq (in fatigue crack growth a fractured grain (anal v-ing s:,o
using deuterium and 0 isotorres will b,2 described an emorittled 3.5' Ni - .' Cr - 0.4
later. wt. Sn steel versus s-%u!ter t'"e, shr<v-

A vital aspect of the experiments is the corn- elements niavin:; an a-on imatelv extcrn-.,,1.bination of inert ion sputtering with thie AES, decrease. The char-artor stic Se-ith m'rs 'I'
SIMS and FSCA measurements. This allows t)-e as larqge for Ni as for- Sr . Te deter7,oir,,. - SQ
determination of not only the chemistry of the the oiise-vod protile repvosen'ed an. act .,'
fracture inter-face but also the relative position ical difterence in t,.,.c~r-ss, .,n and *Ii Iern
of this interface to the rest of the structure of depositeJ from a Sni wetteo: Ni filvorent i r's .e
the material. An exam-pl e of the appl icab iIi ty of Auqer system in a sutrmorolaver filmr or. So'

*this approach is in the inter-face fracture asso- grain proviously sputt.ereu to the bulk Cen:'
eiated with metal-matrix composites. The fr-ac- turn (2u',. Resp!,tterinr: re;)rodutei t"O sire p'--
ture path is very sensitive to the existing files observedi on the original fractura_,: 'e~"
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C'' ;'*s..;a:L, I ':a,j ;tai.I md a pr

1fI i It~T'l5 dl vi tter I ti I- . je - .t r car-4

ellir'I C)!e~ ,,IT t it hie tri'in r oun.Jr ''CT w N>-
part',! *,, L'L',i lacver thirt ne .,a I unL, r-i te N.

I-in . e loen ti j I M" led

to s i n i ti ro er ro r ifl ;ode I irip thte d if f u io n
ad ,c t ore ceus C

AfIldh3 u'CO, e inT ''5',itiai
torT i n *h e S' 'f Lo ra I fI e, I "t lI-t1'.3atr1t4X
c otnpf),L t ;:7'LitrF 3i I n a f iLor nor]> fte the
maxit"j"' r-7**'ti' 1 ropertties c~an tS xiv DoU
obtained b 'rv ,t no all the fibers aliqTied in a TIME DISTANCE
sinpV direcCL 0 in) the, matrix mater 'iI . biteor-
tona te i , in ci i etti os normalI to thi s un i jue
axis t'io material 4s often weaker than tnt: home- Fi~uro 1. Scrn!'at-t of n~aie ocr"t

cener', "c-r rt ',ti i 't'> arecduse Of S qtQ~ Sn ino 'i &, aixtectec by ar-ncr

the ri
te, mac reqion between tre fiber and the spteC- no netite otI aic step]

t atr A swae ra ihrOe!c fractujre s..rface. ( a) Con :eotrat on vs. tr
is ~ ~ ~ ~ ~ ~ ~ ndctn diff' wae u cte Md~o'erert sputt-r rates for %. anrt

the a dtire p. th includ'es the interface 21). ()Cne rto sc tnei~'a~ ta
in st~dtes of Ti-6A41-4V mratrix wi to B43-,B and Sncenou' te s dept:prie r;coni thnt

or S i "toe.-s ,fiber compos ites in the form, o f rlatiSnnve ten aes.pi ro'I oni.r
c00501 dated wires withl the fiber axis in toe
plane of toe plate were fractured insic-e of the
AES vat-iLJ' system. Tne fracture paths, Figure
2, contain a lance amount Cf interface and to]- - P ~ K
iced tne ier sides of toe inter'face tnro~cen
the2 camices as detent, nec from the cnanictefls- mms
tic aj~ .c.U* ger derivsative pea'h:. Careful peak
sha; e st OicS can felo dxtermine vihion carbioc,
sooni as T

i "r Si carbide in teSiC fiber comt-
posite, is pr-aent. Spi.ttriny profiles
snowce car iL's arn oxtoes iteor tieI mi lbr ,

tortces near the 34('/ fibers, and S end Cl
i mpur-it Os at toe h., interface. The brittle con-

ondS astc41ted w i th tnese eleeets and thetir
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layer tnat resul1ted in the iciest onergy fracture
pat (22)
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- .- 'To ioenitily trr e ata wn',r co,!i~n':n

present it In mt~nei'n s p> the ''Ce trd mrom a w

S tardja,I,i . iscrved endenrt &ott oil cihi- V
tions v'ul e coor to t'e unkr itt. Sot' "''J4e , to-~' e gej rto and -cax ,hipo' ttst be "or-
relatri If the inkimianwas sir""- tie sam'e
para,'ci'''- te eion tnt sir 'to aitid

adty vc-c'i-crnt;l spiott'tri ni root fira toils. For
exa. p.e a TitSi, powder standard resul1ted 'na
dir" - cura,'.ion wit,' ti e Av:uor 'itto-, mc; te

n tr t- * ' f'c alI..rminu m c:ra n1 t(.o ,i th.s.
An . di 4,. oni cO"1"otih ", at the inter- f'a' ., - i n ' . "/71 fit' cototns i ten, was mace( by

cairre. ln vt rr rcr,lts with T[:. data. Inter-
fac. -- re tsr te-.d ',ither sy Jii'saving rhc-
matrix, 'ii H,^hl -ntiao mixture, or KOWl) or F igq o 2. (hI Ftrac C s ur ce of Tt6AI-4VI
by elIccrtrr') nI tr opn the ra trli x corpi etelIy away B4 ( P i Oislte
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k in percn 1 jriu ac d, !th~anol 310d JId~AL ace-tijc incljded .scicus H,, J > ~'
acid oluctrolyte). Svial pi ee it interfd(.e %2 , Ar an(, hard vacLuA, as t iE era;i roomer- fr
recjinie,: :tajched lor thne tiber- andl were a) urinut; alloys fdtif jed it art enririonie, r,.
obsera ringf tNe 71!' Dftit (t Iion (dttt~rvis conl- ctIarftlr. To ,epa ritt the .,ydrocieri and (;r ,. V
fi rrief tosr prerir;,e (if "ili wt'; l a"5 O ides Ot cortai;it jun. liutr i i atl Aoxvi'on- 1I i' 1,
31 uc ireo and Gtic;i~rr,om 'u tjntrnt f-Ltents of were usedn as the act .,- en , i roninents I
the nmdtri x . lL _c arid Tit were so ,.ete cted pies, were theni examnir d in the AEt/S IMS y,
from the oi ffraction patterns .The di ffi cul ty wi th 1-. e normialIized r sults shown in Fr, rv-
of indexing polycrystalline electron diffraction The GIP as deteririnec with TIMS is muco '-
patterns was lessened cof~siderauly by having tile into the surface than toe unavoidablp at 'aspre (
Auqer i.-,ta of) the thuin interface Material (22). oxygen as measured with AES and represents thre

in )rder' to exarno the basic structure of oxide fore d during fatigue. This oxidc is
the ;> .irap i te interface and factors touat influ- thicker tan one forrod after fatiguinq in
ence thI e interface strength, a code] system was vacuumi. he deuteriirm is transported tLL a '-it.
exaiirntd. Single crystil (iraphite fla~es greater d~pth (31-32 than the oxide. ' e s na:ce
obtained fromu Ticonderoca granite were used. of the do terium pro ile can be explain,:11 as
Since toe basal plane of graphite is parallel so resulting from diffuc ion after the fatir.- ;e cr'-'-
the plane of the flake, clean surfaces could be growth prs cess is co; plete. This was confir-u
expcae- by 'peel ing" off layers of graphite from with exam'nation of on implanted deuter tum-ro
th;e flake. In vacuums ranging from 4x]C-' torr files as a function ' f time (32).
to 2xC3torr aluminum was deposited on the Electron and Ion Sea';i Darlace 'influence on I
clearn flake from an Al coated hot filament. The Ana _ls n Fractured ,Carbon Conp-osites
resiuit 00 oxide layer at the graph 'te-alur-i,. In an attempt t.o determine toe loca; ",ordir-
interface ranr-ec from 3ob (determrined by sput- in the ca'-oon fiber-rietal matrix cor-posits.
ter profiling) for the high vacuum case to -20 nm detailed tAES fracturo surface analyses were '-
for the low vacuum. When segments of the alumi- formed. This section will describe the pros ss-
mun: were peeled away from the flake and both associated with detailed Auger peak analysis
newly exposed surfaces examined with AES, it was using graphite as 'n example.
apparent that toe fracture traveled through the Surfaces whic,, orsain carbcrn in ary 'Si
graphite for te thin oxides (a good 4nterfac.e variety of forms (i.,.,. nydrocarnons, fr.(n
bond] but went partly thrrough the oxides and oxycarbon groups and highly graphit ic ci,
par-tiv trhrough the graphite for the thicker are hignI, sssceptib;e to perturtationsi
oxides (presumably a weaker bond). In addition cal struc ure tinder lectron bearm , ox';o .
to the P25 peel studies, electrical /V charac-- These chaises in initial surface struct,* r
teristics were reasurod and interpreted using the directly -issociated with changos in the tc
AES results. Figure 3 shows the ixperimental Augjer pea, shiape, as in the case of -in;ec,
arranoierrent (23). The I/V curves show a higo ta) graphite (33). 'he change ,rdergor.i ne
interface resistance when fracture occurs in the permanent and ray proceed through stan ,
interface and low resistance whe; it occurs in surface atorms approach e, wrore disirder- tal
the substrate as shown by PET. Electron-induced decomposition and sein-.,
AES -of F racture in -C -as -t :rom desorptionr of other olecrentil species a .,-t

'me mo-pr.olog1y of tile ,ir:-phite particles in to occur in weakly bund c,.rbonacee.us.t r
cast iron olays a majo,- role in the fracture rendering surface an, lysis impractical .'c
behavior of toe iron (24). Ductile iron has tron bear techniques
spheroidized graphite ' particles. Fracture takes In order to mn- mize -.urface dziagc r

*- place along the graphite-ietal interface. 4ES by high energy electi ons ( 2-10 key). xr.,
has been performed to attempt to identify why the photoelectron spectr, scopy (XPS) is cdv
interface was the prefer-red path;. The chemistry in surface analysis f grapoite fibers
of the interface was found to be the controlling the spatial resolution lirrrtations of .

factor in determining the morphology of the unsuitable for many other applications 'r -,)at(
graphite, but the chemical composition appar- rials science (36). Like.-ise, ion-iindu.,I. sur-
ently played no role in the fracture process. face damage occurs upon iiiert ion sputt' niri, o-
The fracture strength was controlled by the graphite fibers, resulting in further P(ct rr
microstructure of the matrix (25-27) . In this tions in the carbon Auger peak shape (sr c- ;r gure
case the AES results did not lead to an improve- 6). It is notewor-thy thr t no electron- oiducuc,'
ment in fracture Properties but were of value in local chanqes in secondar / electron yie -ir(
determining the process by which the fracture visible following argon ni)uttering of a>
controlling -raphite mrphology was determined, fibers, whereas such charges are appartr - , r
Figure 4 is an example of the fracture surface of to sputtering.
ductile iron. Characteristic loss ;pectroscopy 'n .

AES /TS t yofati queCrack__ Growth_ in Aluni- be used to obtain mnatrix- sensitive informa, or,
m um rr concerning a surface (37- 40). This tecriinue is

-- The influence of gaseous environments on considerably rmore delica-e by virtue of the t.-ct
fatigue crac, ,rowth in structural alloys has that it requires only a iall fraction if tho
been extensively studied ovEr the years (28-30). primry electron current density and vo tas'o
The AES/S518c studies described here were aimed at required with AES. The LS process doe5 not
looking at the transport of the erinbittling spe- generate core holes; ratier, it is intended tt
cies into the metal in the vicinity of the crack probe energy loss mechan snts experience! bn birt

*tip durin,, the fatioque Process. The study scattered electrons whic have undergor,
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Figure 3. Geometry of Graphite/Al contacts forSPTEIGD TH(:
I/V measurements and peel tests. Figure 5. Sputter profile oi ceuteriur -

%V. ~as detervi ied jy S, itS and Oxygen -,s de'-,, n
AES.

(e)(y

Fir 4. SEM1 of fracture surface of ductile

interactions with the uPperrmost sG face layers of AUGER ELECTRON ENE--:'
the specimen matrix.

CLS is accomplished by using :n electron Figure 6. Carbon Auger features cl h4-: r.
N - - energy analyzer to measure the enc gy distribu- itic VSO->-4 fibers. (a) as recei',ed 3"

tion of electrons backscatterel ft ;m a surface sputterin.
subjected to a monoenergetic prima y bear., of
electrons. Typically, the primary electron beam
energy is set below 2000 eV becaus most Auger by more tin four orders of magnitide 2re
peak energies of interest lie belc ithis energy, required to obtain Auier data.) The C-5 scect,
Ideally, withi the primary beam hell at the energy in the in-.tial state is presented in F':. 01a
of an Auqer peak, the response fur :tion obtained somewhat ,ifferent fr'xi the final stat. rlspla -
througn CLS serves as a descriptii of the in Fig. 7(;-r). The difference is that ',e !at.,
changes in energy which analyzed electrons have exhibits a small plas-ion peak adjacent *o t'io
undergone due to kinetic events unrelated to elastic backscatter peak, visible oeco'.;e 'c
bonding. The response function is valid over an carbonyl ard lactone ciyqen surface gt-..Po ,
energy range of several hundred electron volts, 35) have been decomposed by the electrc~i )Ca,
so a single Auger peak can theoretically be decon- While perfoirming AES on graphite fibers. tnu
voluted with the CLS spectrum of t'e sarne rarge electron beam desorbs tne weakly bounc oxvnrn
of analyzed energies. almost comoietely.

Before discussing deconvolution further, an Traditionally. ES data handling _ s bv 'r
illustration of CLS data for graphite fibers will facilitated by digital signal process',- (4,,:I be given. With an electron beam of only a few Routine, apnlication of deconvolution t~n:
picoamperes rastered over an area if a few hun- (43-47) would be impractical without or-line
dred thousand square microns, it iposs'ble to access to a nigh-sPeed computer. Raw -o'~

*delay the onset of surface damne for several is initially taken in analog form. Acc ,rate r

minutes. (For comparison. bean c: rrents greater itization of the signal is a recessit., in rr.
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to deterniine the existence of peak shifts and
preserve peak shape. The digital energy incre-
ments should oe discrete in terms of electron
volts. N(L)

Superimposed upon the raw AES data is the
large secondary electron background. It has
been determired (43) that adjustment of an ana-
lytical function can simulate the background
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 bacground from an Auger .,
peak in derivative form, integration is performed >"

in order to prepare the measured data for decon- ELECTRON LNI;CY t
volution.

Once the corresponding derivative CLS data
is digitized and integrated, it is desired to figure 7. Integral characteristic lcs- ,.rt

deconvolute matrix and instrumental effects from for hich modulus pitcn precursor type .F-I.,

the inte3ral Auger data using the integral char- graphite fiber. (a( Prior to extensue ,:.at,

acteristic loss data as a response function. The beam dan;ace to the surface. (b Afterv 1
iterative deconvolution scheme (49) is accurate damage to the surface. (ote: sm al 

provided that the data contains relatively little peak.)

fine structure so that the algorithm leads to
converqence. Figure 8 compared the original

integral Auger data from pyrolytic graphite with RECONVCLUTEZ
reconvolution of the final deconvoluted result ORIGINAL RESULT

to ensure that the two match one another. Due ,.-

to electron-induced surface damage caused by the
primary electron beam, the carbon Auger peak from
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
produce the sharp structural features in peak
shape that have been reported (33).

Carbides, however, do not possess the graph-
itic resonant bond character, and will tend to
retain their physical structure by resisting 1--- _
electron-induced surface damage somewhat. Well- 203.0 2SO.00 ZO.. 

resolved carbon Auger peaks for several general
carbide standards which exhibit noticeable dif- ELECTRON :NERGY (eV)
ferences have been reported (33). Deconvoluted
spectra of graphite and aluminum carbide are dif-
ferent (see Figure 9). The carbide peak has a Figure I.. Original anc r convoi.:cd -r 
sharper structure and this might be indicative from pyrolytic graphite.
of a more orderly surface structure.

The net result is that very little detailed GRAPHITE

information about 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

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
elements such as Cl, Br, I etc. can easily be
removed or greatly reduced in concentration by
the electron beam before an AES analysis of the

fracture surface is performed. I CARBIDE

Summaa 

C D

This review paper has tried to show, with a 0. 0

limited set of examples, how AES combined with 200.00 250.00 300-oo eV

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.

I
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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
incident electron beam.

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
investicators. 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.
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APPENDIX F

Carbon Auger Peak Standardization

1. 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 formsI

(i.e., hydrocarbons, functional oxycarbon groups, and highly

jgraphitic carbons) are highly susceptible to perturbations in
physical structure under electron beam exposure. These changes in

Iinitial surface structure are directly associated with changes in
the carbon Auger peak shape, as in the case of single crystal

graphite. IThe 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-resolved

carbon Auger peaks for several general carbide standards which

exhibit noticeable differences have been reported. 1  Carbide Auger

peaks for Al 4 C3 , 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 AI4C3 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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I

I 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 noc undergone any heat treatment which could superimpose

I a small carbide peak feature on the substrate Auger signal. The

graphite-like peak shape is not exactly graphitic like the glassy

I 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 Al4C3 carbide peaks to be different. Although

boron and aluminum are elements of the same column in the periodic

table, 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 Al4C3, but there is no

significance in this. All valence electrons are shared equally within

molecules of silicon carbide, whereas this is not the case for Al 4C3

which has a coordination number of three.

The carbide Auger peaks for TiC and ZrC 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 similarityI in peak shape between the twu carbides is not surprising. Both TiC

and ZrC have similar chemical and physical properties. All valenceI
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I
I electrons are shared equally in both compounds and of course Ti and

Zr are metals of the same column in the periodic table.

I The derivative characteristic loss spectra for B4C, TiC, and

ZrC are illustrated in Fig. 7 (a-c). They exhibit practically no

plasmon structure or other details besides basic elastic backscat-

Itering. 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.i
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FIGURE 1

Carbon Auger Features of Highly
Graphitic VSO-054 Fibers

(a) As Received and (b) After Sputtering

dN(E)
dE Ar

(a) (b)

225 285 225 285
Auger Electron Energy (eV)
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dN

(a)

c (b)

200 250 Electron Energy eV

Aq FIGURE 2

The KVV carbon valence Auger features for AI4C3 (a) and pitch
graphite fiber (b).
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I.

dN
dE

C 0 A

0 500 Electron Energy eV 1500

FIGURE 3

The graphitic character of a sputtered thin layer composite
-A4 interface 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 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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FIGURE 7

Characteristic loss spectra for B4C ()

TiC (b) and ZrC (c).
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