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“~one of the problems limiting the application of the aluminum/
graphite composites to structural applications is the poor trans-
verse properties. This research program has as a primary purpose
the understanding of the contributing factors that govern the
transverse strength and methods to improve it.

In order to develop a better understanding of the character

of the aluminum/graphite interface, a series of experimental
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approaches have been used. The key approaches taken are:

(1) Scanning Auger Electron Spectroscopy (SAM) of the fractured
surface; (2) Auger Spectrum deconvolution techniques to evaluate
bonding state; (3) X-ray Residual Stress Measurements; (4) TEM -
Interface Phase Identification; and (5) Electronic characterizatig
of the interface. The combined approaches are being used to separ-
ate out the many factors that may influence the interface strength

The SAM results have shown that in most cases the fracture
takes place in a region associated with the presence of an oxide.
When a deliberate oxide is put onto the fiber an increase in
transverse strenagth had been reported, but only the Al03 oxide
is present on the fracture surface. The role the deliberate
oxide coating on the fiber plays in increasing the bond strength
is still not defined. The TEM results show that the oxide is
U-A1303 and that TiB, is always present at the interface. The
AES results combined with the TEM results indicate that the
interface is a complex diffusion zone where the Ti, B, O, Al and
other elements form the multilayer structure. What defines the
displacement variation and the resulting transverse strength
requires a great deal more effort.

Combined AES and CLS spectra using the CLS spectra both as
a point of information and to deconvolute the AES spectra has
given information about the nature of the bonding in graphite
single crystals, carbides, pyrolytic carbon and the surface of
high and medium modulus graphite fibers. This information gives
promise for characterizing incoming graphite fiber surfaces.

The residual stresses present in the aluminum were measured
for two different transverse strength aluminum/graphite compo-
sites. No direct correlation is found between the transverse
strength and the residual stress pattern. The average residual
stress in the aluminum was greater than the yield strength.

Several AES studies were made on the nature of oxide forma-
tion and how the inert ion sputtering of an interface can lead
to misleading conclusions. Preferential sputtering of weakly
bonded elements was noted to lead to different depth profiles.
Actual different depth profiles from a segrecated surface are
noted for oxides containing cations of different valence.
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Abstract

One of the problems limiting the application of the aluminum/
graphite composites to structural applications is the poor
transverse properties. This research program has as a primary
purpose the understanding of the contributing factoré that govern
the transverse strength and methods to improve it.

In order to develop a better understanding of the character
of the aluminum/graphite interface, a series of experimental
approaches have been used. The key approaches taken are:

1) Scanning Auger Electron Spectroscopy (SAM) of the fractured
surface; (2) Auger Spectrum deconvolution techniques to evaluate
bonding state; (3) X-ray Residual Stress Measurements; (4) TEM -
Interface Phase Identification; and (5) Electronic characteriza-
tion of the interface. The combined approaches are being used
tb separate out the many factors that may influence the inter-
face strength.

The SAM results have shown that in most cases the fracture
takes place in a region associated with the presence of an oxide.
when a deliberate oxide is put onto the fiber an increase in
transverse strength had been reported, but only the A1203 oxide
is present on the fracture surface. The role the deliberate
oxide coating on the fiber plays in increasing the bond strength
is still not defined. The TEM results show that the oxide is

a’-hlzo3 and that TiB_, is always present at the interface. The

2
AES results combined with the TEM results indicate that the




interface is a complex diffusion zone where the Ti, B, 0, Al
and other elements form the multilayer structure. What defines
the displacement variation and the resulting transverse strength
requires a great deal more effort.
Combined AES and CLS spectra using the CLS spectra both
as a point of information and to deconvolute the AES spectra
has given information about the nature of the bonding in graph-
ite single crystals, carbides, pyrolytic carbon and the surface
of high and medium modulus graphite fibers. This information
gives promise for characterizing incoming graphite fiber surfaces.
The residual stresses present in the aluminum were measured
for two different transverse strength aluminum/graphite compo-
sites. No direct correlation is found between the transverse
strength and the residual stress pattern. The average residual
stress in the aluminum was greater than the yield strength.
Several AES studies were made on the nature of ‘de forma-
tion and how the inert ion sputtering of an interface can lead
to misleading conclusions. Preferential sputtering of weakly
bonded elements was noted to lead to different depth profiles.
Actual different depth profiles from a segregated surface are

noted for oxides containing cations of different valance.




Introduction

One of the problems limiting the application of the aluminum/
graphite composites to structural applications is the poor trans-
verse properties. Development programs of these materials are
in need of a basic understanding of the mechanism(s) by which
the transverse properties end up lower than that defined by the
rule of mixtures. This research program has as a primary pur-
pose the understandina of the contributing factors that govern
the transverse strength and methods to improve it.

Experimental Approach
In order to develop a better understanding of the character

of the aluminum/graphite interface, a series of experimental
approaches have been initiated. The key approaches taken are:
1) Scanning Auger Electron Spectroscopy (SAM) of the fractured
surface; (2) Auger Spec .um deconvolution techniques to evaluate
bonding state; (3) X-ray Residual Stress Mcasurements; (4) TEM -
Interface Phase Identification; and (5) Electronic characteriza-
tion of the interface. The combined approaches are being used
to separate out the many factors that may }nfluence the interface
strencth. In addition several other studies related to evaluating
the SAM results were performed. These results will be discussed
separately and the detailed information in many cases is given
in the appendices which are preprints of papers.

The materials investigated in these studies include the
following fibers:

T50 - Union Carbide (PAN), Hich Modulus 393GPa, 3000 or 6000
filaments/tow

T300 - Union Carbide (Rayon), Modulus 230GPa, 1000 or 6000
filaments/tow




HM3000 - Hercules (PAN), Modulus 366 GPa, 3000 filaments/tow

VSB-32, VSB-32-T, VSB-32-0 - Union Carbide (Pitch), 379 GPa
313-13F

Celion 6000 - Celanese (PAN), 241 GPa Modulus, 6000 filaments/
tow

VS0-054 - Union Carbide (Pitch), 500 CPa Modualus, 2000 filaments/
tow

The fibers are infiltrated with the 201 or 6061 aluminum
alloys. The materials investigated have a range of mechanical
properties depending on the methods of preparation and thermal
treatments. These will be discussed for each measurement
described. In addition to the fibers, studies have been made
on small natural single crystals of graphite obtained from
marble. These crystals were examined in the SAM to get the
characteristic AES spectrum. In addition they were used for
aluminum/graphite interface studies in the TEM and electronic
interface studies.

The combined experimental efforts are'being used in an
attempt to separate out the many factors that may influence the
interface strength. Since there seemed to be a strong indica-
tion that having an oxide at the interface improved the strength,
the thermodynamic properties of the oxide and carbide formers
were looked into and are shown in Figure 1. This type of plot
assists in defining what oxides could ke useful on the fiber.
Ideally, the composite transverse properties should obey the

rule-of mixtures provided that there is good adhesion between




fiber and matrix. The adherent oxide coating seems to inhibit

AI‘C3 formation and thus prevents undue fiber degradation (hence
enhancing the longitudinal properties of the composite) and
induces some bonding between fiber and matrix which manifests
itself in an increase in transverse strength of the composite.
The anticipated chemical nature of the bond, Figqure 1, is never
truly realized since atoms from the Al alloy melt act to reduce

% the original oxide coating and form an aluminum oxide layer. To

date the superior organometallic oxide coating from a transverse
| strength point of view is Sioz, with 'rio2 and Zro2 falling short
|

f of expectations (see table).

(Data from Aerospace Corporation)

I Organometallic Oxide Coating Transverse Strength of
on VSB-32 Fiber Composite Plate
SxO2 S ksi
7102 4 ksi
Zro2 2 ksi

Scanning Auger Microscopy

To establish the nature of the interface, Scanning Auger

Microscopy (SAM) is performed on the aluminum/graphite samples

fractured in situ in the 10-10 torr vacuum. Details of the

approach are given in Appendix B where fractures of composite
surfaces are shown. Fibers that were organometallic coated with

S$i0, result in a composite that has increased transverse strength

2
but no SiO

> is found at the interface. What is seen is the A1203
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and the displaced Ti and B as you inert ion sputter back to the
matrix, Figure 2. This can be explained by the thermodynamic
data of Figure 1 where it is easily seen that the reaction

4Al (L) +3S10 2A1.0,+3S1 where the S€i goes into solution in the

¥ ° 273
aluminum alloy. Why the use of the initial coating of SiO2
seems to lead to the increased transverse strength is not yet

known. The SAN studies have continued to demonstrate the signi-

ficance of an oxide layer along the fiber/matrix interface.

Auger Spectrum Deconvolution Technigues

Using spectrum deconvolution computer programs obtained
originally from the Sandia and Oak Ridge lLaboratories, an effort
is in progress to see if any specific information can be
obtained from the Auger spectra specific to the nature of the
interface bonding. To accomplish this, you start with the Auger
spectra. The matrix effect on the Auger pecaks associated with
the electron escaping from the solid is obtained by measuring
the energy loss spectra associated with the primary electron beam
of the same energy as the Auger electrons. Téis matrix effect
as well as the instrumental effects can then be deconvoluted
from the Auger signal. Integration of the peaks represents the
true Auger electron density spectra from the element in question.
A series of standards for carbon, carbides, oxides, etc. are now
being studied to get a basis for interpreting the interface data.
Subtle differences have been noted in the carbide peak behavior

between high modulus fibers that do and do not form strong bonds.




This is discussed further in Appendix C.

X-Ray Residual Stress Measurements

Another potential source of a change in the transverse

strength of the composite would be the presence of different

residual stress patterns. The residual stresses arise due to

the large difference in thermal expansion between the oriented
fibers and the aluminum matrix. To measure the residual
stresses a joint effort was performed with Prof. J.B. Cohen of
Northwestern using his ONR developed approaches to measure
residual stresses. The results are described in detail in
Appendi x D. Very little difference was found in the residual
stress pattern in the aluminum for two composites where there
was a factor of two difference in transverse strength. These
initial results indicate that residual stresses may not play a
significant role in the transverse strength. Further measure-
ments are planned on an x-ray diffractometer being modified here

at the University of Texas.

TEM - Interface Phase Identification

In order to get a direct measure of the crystal structure
of the interface layers, the composites were thinned by etching
away the aluminum such that the interface layer was partially
loosened from the fiber. The detailed results are presented in
Appendix F. For a sample of a single craphite fiber/aluminum,

the diffraction pattern indexes asX—A1203. SAM studies confirm

NS .




the presence of the aluminum oxide. In other samples from the

regular composites where the oxide was not found the Ti-B region
was found to be made up of TiBz. The 'riB2 was found in all cases
where the Ti process was used. The TEM measurements give the

direct evidence for the interface crystallography ané the results

are being evaluated relative to the transverse fracture behavior.

Electronic Characterization of the Gr/Al Interface

The objective of this approach was to see if the interface
could be characterized by a change in electrical behavior such
that the interface is not destroyed. The approach taken is to
measure the I-V characteristics of the composites using a geo-
metry shown in Figure 3. An interesting result has been obtained.
The resistance of the material seems to decrease as you lengthen

the conducting path. This can only be explainable in terms of

the interface character. To pursue this in more depth a system
capable of studying the differentiated I~V curve is being built

and theory now available in the semiconductor literature will be

used to evaluate the interface character.

AES Technique Related Studies

In order to apply corbined AES and inert ion sputtering in
a quantitative manner to evaluate the interface, several aspects
of general sputtering behavior were investigated. The first was

related to getting a standard thickness oxide layer. Appendix A

describes the AES depth profile associated with a Ti-Mo alloy




and relates the profile to the electrochemical effects associated
with the oxide formation. The titanium was investigated to get

a known thickness of oxide to assist in determining sputtering
rates at the interface.

A second set of experiments were performed to evaluate the
possibility of preferential sputtering in a thin interface
giving distorted thin layer thickness determinations. The
study focused on the segrecation to grain boundaries in low
alloy stecls where elements like €n and Ni were segregated to
the interface. The results are reported in Appendix E. They
show that although the apparent Ni profiie shows a much thicker
layer than the $n at the grain boundary, the actual thicknesses
are most likely the same. The difference seems to be an arti-~
fact of the sputtering. This emphasizes the fact that even in
thin layer inert ion sputtering preferential sputtering can play
a major role if the local bonding for each element is signifi-
cantly different.

A third study done jointly with Kingery of MIT was aimed
at evaluating the sputter profiles of mixed oxides. The pur-
pose was to measure the eclemental profile for oxides like MgO

2 1

i g : +
containing ions like Ca and Sc'' to evaluate the segregation

to the surface. An example of the inert ion sputter profile is

2

given in Figqure 4 showing the Ca’ to be much more localized

1

at the surface. The Li‘ is less localized at the surface

where the segregation takes place. The charge difference can




be used to explain this deeper profile since charge neutrality
must be maintained. In order to ensure that the profile was

not an artifact due to preferential sputtering, as discussed pre-
viously, a homogeneous sample was fractured and no change in

chemistry was observed during sputtering.

Conclusions

Although none of the research described is complete, we
have made progress in evaluating the graphite matrix interface
in the following ways.

1. The concept of the oxide at the interface playing a role in
the transverse strength has been reenforced and extended.

2. Chemical bonding information about the bonding in the inter-
face by careful analysis of the AES and CLS spectra has

been obtained.

3. The residual stress in the aluminum has been measured and
no correlation with transverse strength was found.

4. Interface phases of oxides and TiBz were identified using
TEM.

S. An electrical means of probing the interface character was
investigated.

6. Experiments relating quantitative aspects of sputter pro-

filing were reported.
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APPENDIX A

"AUGER ELECTRON SPECTROSCOPY DEPTH PROFILE
OF THIN OXIDE ON A Ti-Mo ALLOY"

Daniel Laser
Department of Chemistry

Tel-Aviv University

Ramat Aviv, Israel

(Visiting Scientist at the University of Texas)
and
Harris L. Marcus
Department of Mechanical Engineering/
Materials Science and Engineering
University of Texas at Austin

Austin, Texas 78712

(Accepted for publication in the Jolrnal of the Electro-
chemical Society.)

d (1] the growth and properties of

Recently we investigate
thin oxide films which were grown on a titanium electrode. It

is the aim of this communication to describe some properties of

an anodic oxide which were grown on a Ti-Mo alloy. .
To form a controlled oxide thickness on a bare substrate

for use as an ALS ion sputtering standard sample, the previously

described method was employed which consists of polishing the

electrode surface (3u diamond dust embedded in a polishing cloth)

while holding it at a cathodic bias (-0.95V vs. SCE) and then :

applying to it a positive linear potential scan.

The alloy studied was the £-III, a Ti based metastable 8

alloy (Ti - 11.5 Mo - 4.5 Sn - 6 2r) the stress-corrosion behavior




of which was studied by Hickman et al‘zl and which was used as

received without any heat treatment.

The current/potential curve during the anodic potential
scan of the alloy electrode in slightly acidic solution is shown
in Fig. 1, where it is compared to the voltammogram of pure Ti
and pure Mo under the same conditions. As in the case of pure
Ti the voltammogram is distinguished by an extended potential
interval (72V) in which the anodic current which is attributed
to oxide formation remains constant. Such a mode of oxide
growth results in the formation of a homogeneous film the thick-
ness of which varies linearly with the applied potential at full

(1) .

current efficiency. However, the "dissolution peak" which
is observed at pure Ti ( » -0.65V) is missing. This is in
agreement with the findings of Tomashov et alla] who find a
suppression in the dissolution rate of Ti at the prepassive
state when alloyed with Mo in the & phase and will be discussed
later. Little is nown about the composition of anodic oxides
of alloyed Ti. Recently Poleolog et allal assumed that the
anodic oxide of a Ti-Ni alloy consists mainly of TiO2 with Ni
doping at the metal/oxide interface.

We adopt a similar picture with regard to the distribution
of Mo within the oxide of the g-III1 and in order to probe it
the oxides were subjected to Auger Electron Spectroscopy (AES)
depth profiling immediately after their formation with the use

of a PHI Model 590A Scanning Auger system equipped with sput-

tering, multiplexing and in situ fracturing facilities. The




A3

difficulties in gquantitative AES application to very thin

o
(<100A) TiO, films and to Mo oxides have been described before

2
(S'Gl. However our aim was to locate the Mo distribution within
the oxide. The appearance of the Mo major peaks (186,221 ev in
the g% + mode) in the absence of the 27ev peak which is char-
acteristic of metallic Ti, proves the existence of Mo within

the oxide if the escape depth of the 27 and 221 (186)ev Auger
electrons are assumed to be equal. The escape depth of the

Mo peaks should even be less than the Ti 27ev peaks. .The depth
profile of the oxide is shown in Fig. 2. The outer layer of

the oxide (oxide/solution interface) consists exclusively of
'rio2 and the Mo concentration increasés toward the metal oxide
interface. The increase in the carbon concentration in this
region is attributed to the polishing procedure prior to film
formation (polishing with diamond dust). It should be noted
that a similar apparent distribution of Mo can result if: (a)

(7] which leads

there is a preferential sputtering of Ti over Mo
to the surface accumulation of Mo during the sputtering, or

(b) Mo is gradually reduced by the ion beam; or continuously
changes its oxidation state while penetrating the film in such

a way that its Auger peak shape is changed and enhanced even
without any increase in its concentration. Possibility (a)
should also be manifested after the film is completely sputtered

through; however the Mo signal then reaches a steady state.

Also the Auger peak of Mo oxide grown at 1 V did not change

during the sputtering which eliminates the second possibility.




Ad

vle believe the chemical state of Mo within the oxide to be

that of Mo*?

which because of its size, does not fit the T102
phase and thus exhibits in it a much slower mobility than the
Ti ion. It probably does not reach the solution/oxide inter-
face except in the very early stages of film growth.

The absence of the Ti dissolution peaks (Fig. 1) may be
relevant to the superior behavior of this alloy in corrosive

(2]

media when the bare substrate might be exposed to solution.
Two explanations, which are supported by the AES findings, can

be provided to this observation. Firstly, in the AES or pure

Mo or of its oxide, the 22lev peaks is smaller than in the l86ev

peak but the 22lev Auger peak of Mo in the alloy is bigger than

the 186ev one (in the gg mode). This reflects some specific
interaction between Ti and Mo in the alloyed state which may
possibly stabilize the Ti atom in the solid compared to its

state in pure Ti. Secondly, at -0%V while polishing, Ti dis-

solves into solution{l], but this electrode potential is too

(8] and it seems therefore fea-

negative for the Mo dissolution
sible that the substrate surface prior to film formation is

enriched with Mo which provides a barrier for the Ti dissolu-
tion. Indeed, the concentration of Mo which if found by AES

after the oxide is removed by sputtering and which may be

representative of its guantity at the surface prior to anodiza-

tion, is much higher than its concentration at the surface

hich was obtained by the in situ fracturing of the alloy (Fig.4).

16
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Appendix B

Analytic Methods for Studying the Fiber/Matrix Interface

H.L. Marcus and Duane Finello
Materials Science Labhoratories
Department of Mechanical Engineering
The University of Texas at Austin
Austin, Texas 78712

In order to understand the mechanical behavior of metal
matrix-graphite composites, it is necessary that the fiber-
matrix interface be well characterized. This is of particular
importance for transverse loading of the composite. The
interfac~ around the graphite composite is shown schematically
in Fig. 1. The thickness of the pr;pcrty controlling
interface could range from several monolayers in the case
where impurities play a major role, to about 0.5 micrometers
in the case of a thick carbide reaction zone. The information

that an investicgator would like to obhtain about the interface

includes the chemistry across the interface, the nature of

the chemical bonding and its influence on fracture strength,
the homogeneity of the interface, and the residual stress
pattern. (Techniques appropriate for measuring residual stress
accurately are not readily available and will not be described
here.) In addition, the influence of process variables and
subsequent thermal and mechanical treatments on the interface
properties would be desired.

The most significant problem associated with characterizing
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the interface is directing the measuring probe to the
interface. This will be discussed in some detail in a later
section of the paper. In this paper we will describe some
of the more successful techniques (1] that have been used

to make some measurements concerning the nature of the
interface. The tools to be discussed are scanning electron
microscopy (SFM), Auger electron spectroscopy (AES), inert
ion sputtering (I11S), secondary ion mass spectroscopy (SIMS),
and ion microprobe mass analysis (IMMA). Other techniques
that are evolving, such as scanning transmission electron
microscopy and its associated spectroscopic probes as well
as lattice iraginag in the transmiss;on electron microscope,
may very well play a future role in unraveling the nature

of the interface. Forming any valid interpretations or
descriptive models which define the cohesive strength of the
interface will be difficult because of the large chemical
and stress gradients in the vicinity of the interface.

The SEM has secn extensive use in composite studies
already and will be discussed only briefly here. Fig. 2
shows a SEM micrograph of a fractured aluminum-graphite
composite. A major point of interest is the apparent fracture
in the vicinity of the gqraphite-aluminum matrix interface.
This exposure of the interface helps alleviate the problem
of getting tc the interface. Coupled with the SEM in many
systems is an energy dispersive x-ray spectrometer. This

technique, which is very valuable in bulk analyses, has only
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limited value in studying interface chemistry since the
chemical analysis is for depths into the samples of 0.5 to
1.0 micrometers, which is most cases is much greater than
the interface thickness.

The approach that has shown the most promise in
investigating the interface is AES in the scanninag mode.
The details of AES can be obtained in one of the many review
articles [1-5]). The electron becam of a SEM is used as the
probing beam to excite the Auger electrons. The electron
beam diameter currently being effectively used for detailed
AES surface chemical analysis is about 0.2 to 0.5 micrometers.
The Auger electrons have the charac;eristic of originating
in the first 0.5 to 2.0 nanometers, devending on their energy.
This characteristic allows detailed chemical analysis on a
iocal basis to be made of a surface. The other point of
interest is the fact that the local chemical environment can
lead to changes in the AES peak shapes. This is particularly
true of the AES peak of carbon, where distinctive carbide
peaks can be easily separated from the graphite peaks [6)
as well as from each other. Similar behavior is shown for
many metals in the oxide vs. metal state. An example of this
is shown in Fig. 3 for the higher enerqgy Auger peaks of
aluminum. The diff2rences between the metal and the oxide
are immediately apparent. Much of the change in the AES
spectra of the metal comes about from plasmon energy losses.

This is shown more clearly in Fig. 4 for the energy loss

24




B-4

spectra of energy analyzed back scattered primary electrons
of similar energy interacting with the clean aluminum metal
surface. In Fig. 4(a) the characteristic loss spectrum of
Al metal displays the peaks associated with plasmon losses,
which represent electrons that have given up discrete guanta
of energy before leaving the solid. Fig. 4(b) sho;s the
characteristic loss spectrum of aluminum oxide, which exhibits
no plasmon losses because the electrons leaving the surface
do not undergo a significant amount of discrete energy losses.
A complementary method to AES is the II1S. Inert ions
in the 500 to 5000 electron volt range bombard the surface
and remove the surface layer by layer as AES of these layers
is simultaneously performed. In terms of the interface this
allows the chemical profile through the interface to be

determined. When fracture occurs in the vicinity of the

interface the chemical profiles through the fractured interface

can be obtained both into the matrix phase and into the
graphite fibers. An example of this type of result for the
aluminum-graphite composite sputtered back into the matrix

is shown in Fig. 5. This profile shows that the fracture was
predominantly in the oxide phase between the matrix and fiber
and that the titanium and boron wetting agents used in the
process were between the oxide and the matrix. These results
will be discussed in more detail in the Amateau paper in these
proceedings. One of the significant problems associated with

inert ion sputtering of fractured graphite-metal matrix
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composites is shadowing effects. Fig. 6 shows a SEM micrograph
of a fracture surface of an aluminum-graphite composite and a

two-dimensional AES mapping of the argon Auger peak for the

same area. The dark regions where no argon is found can be
explained by the obstruction of the line of flight of the
argon ions by the rough surface not allowing the argon ion
beam to reach those parts of the surface. This problem is
even more severe for longitudinal fractures where the surface
is extremely rough. A second type of problem is that
shadowing could also lead to redeposition of elements into
other areas, leading to artifacts in‘thc profiling analysis.

For this reason, extreme care must be taken in obtaining and

evaluating this data.

I1f the graphite-metal matrix composite does not fracture
in the vicinity of the interface, other methods must be
used to get at the interface. One method is to sputter
through a metalloaraphic cross-section through a fiber to get
the interface. 1If this is done then the relative beam diameter
of the probing beam and the fiber diameters play a major role.

In the case of the IMMA the appropriate probing beam diameter

is the diameter of the focused sputtering ion beam. This

diameter is normally greater than two microns. In the case |
of AES the incident electron beam diameter is the appropriate 1
diameter. This is usually greater than 0.4 microns. Fig. 7

shows a significant problem with this approach. If the

H e T —

26

e——




I e e

appropriate beam is directed radially with the fiber, the
geometry of Fig. 7 occurs. As soon as the outer edge of the

beam contacts the interface, the guantity measured is a

combination of both matrix and fiber. A geometric evaluation
of the relative volume of the interface sputtered in the
total volume, shown by the dotted rectangle in Fig. 7, is

given by

interface volume

r VR sputtered volume

%%%IZRT + :2]
" WIR(] - cos #) + 1J

Tables I and II show how hoth the probing beam size (2R sin 8)
and the interface layer thickness, 1, for a fiber radius

of three microns, influence Voo They show that a small beam
or large interface is required to cet meaningful data. 1In
addition, 1if the interface has more than one layer, as was
shown in the sputtering profiles of Fig. 5 and schematically
in Fig. 1, sputtering through the plane of polish would
completely mask it since it would be going through all the
layers simultaneously, unless they were very thick. A
proper analysis of the relative volume would be a layer-by-
layer chemical analysis where more detail would be observable

in the probing data, but the general conclusion expressed

here would not be changed. To accurately determine the

27




B- 7

interface thickness using sputtering experiments requires
establishing standards for determining the sputter rate.
Accurate methods for making standards representative of
inhomogeneous material have not yet been developed.

Harrigan [7]) has recently reported the rcsults'of profiles
of the interface using IMMA. The averaging process generally
reduced the sharpness of the interface but did provide some
elemental information about the interface. 1In order to use
IMMA to determine an oxide, oxygen-18 can be used as the
sputtering ion. Oxygen ions are required to assist in
making the IMMA profiles somewhat quantitative.

In conclusion, the following observations can be made
about probing the graphite-metal matrix interface. If it
fractures in the vicinity of the interface, then selective
point AES analysis combined with inert ion sputtering allows

the interface to be chemically analyzed. If not, then

sputtering through the fiber must be done with either IMMA
or AES. 1In all cases the experimenter must be alert to

artifacts created by the measuring technique.
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3 um fiber radius

17 nm interface thickness

Beam Width 20
2 um 38.6°
0.8 um 15.0*
0.4 um 7.5*
TABLE 11
2 um beam

3 yum fiber radius

- Y

1.7 .01
17.0 .09
51.0 o
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Fig. 2

Scanning clectron micrograph of
Al-graphite composite fracture
sur face
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Fig. 4

Characteristic enerqy loss spectra for 1400 eV
primary electrons on (a) aluminum metal and
(b) aluminum oxide
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Appendix C

AUGER DECCNVOLUTION AND CHARACTERISTIC LOSS SPECTROSCOPIC

TECHNIQUES APPLIED TO STUDY CAREON IN VARIOUS BONDING STATES

Duane Finello and H.L. Marcus
ME/MSLF
The University of Texas
Austin, Texas 78712

Introduction

Aluminum/graphite composites have limited transverse
strength. This is related to the nature of the bonding
between the graphite, the interface layer, and the aluminunm
alloys. To attempt to understand thi} Schnvior,a detailed
investigation into the bending states of various forms of
carbon vas made.

(1-51 ¢o learn more

Use of deconvolution techniques
about the bonding orbitals of carbon in various bonding
states has been attempted through Auger electron spectroscopy

(9-121 (18 also has

(AES). Characteristic loss spectroscopy
been applied to facilitate an alterriative analysis which is

minimally destructive to the initial surface.

Experimental Procedure

Natural graphite single crystals from marble, graphite
fiber material, and pyrolytic carbon were of spectroscopic
purity. Graphite single crystal basal plane surfaces were
freshly prepared by peeling directly before loading into a

Physical Electronics Model 590 scanning Auger microprobe
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chamber with no intermediate cleaning step. Graphite fibers

were of the Union Carbide Thornel 300 rayon and VSB-32 pitch
precursor types. The PVA sizing was burned off them by a 300°C
heat treatment in argon. The pyrolytic carbon specimen was

a low porocity rod which was fractured in situ to cipose a

fracture surface for analysis,.

Results and Discussion

Results of the deconvolution of the AES spectra are pre-
sented (sce fig. 1 and 2) for a pyrolytic carbon fracture sur-
face and for a freshly peeled basal plane surface of a graphite
single crystal. Not all of the peakc; structures derived for
the density of states of carbon in the form of single crystal
graphite coincide in energy with those obtained for pyrolvtic
graphite. The peak energies for the pyrolytic graphite came
close to those calculated thooreticaily.[z'el

There is a significant difference between the experimen-
tal dencity of states for the pyrolytic graphite and the basal
plane of the graphite single crystal. There is even more dif-
ference when the carbon is present as a carbide, a dilference

(8)

easily seen in the raw AES data. These characteristic
fingerprints of the carbon peak can be used in interpreting
the aluminum/graphite interface data, but additional effort
is required to determine their electronic origin.

The results in both cases are complicated by many-body
(7)

cffects

arising from the presence of the K-shell vacancy




created in the Auger process. In addition, some electron
beam disruption of the initial surface structureie) is
unavoidable since any local AES technique striving for fine
spatial resolution generally requires usc of a micrqn—diameter
incident beam of electrons of appreciable current dénsity.

It is noteworthy that in the extreme case, the end result of
the electron beam damage is to render all carbon surfaces
indistinguishable via AES, whether originally graphite sin-
gle crystal, graphite fiber, or pyrolytic graphite. Experi-
mental care must be taken to minimize this effect.

An alternative way to obtain infbrmation concerning sur-
face structure is ;dlutilizc characteristic loss spectro-
scopy’g'lzl (CLﬁf-in the integral mode. This structure-
sensitive technique is considerably more delicate by virture
of the fact that it requires only a small fraction of the
electron beam current density and voltage reguired with AES.
The CLS process does not generate core holes; rather, it is
intended to probe energy loss mechanisms the incident elec-
trons experience upon interaction with the specimen surface.
CLS results suggest that major differences in phonon excita-

(3)

tion tendencies exist between a basal plane surface of a
graphite single ~rystal and the surface of a low-modulus
graphite fiber of circumferential basal plane orientation.
The CLS results can be interpreted in terms of phonon excita-

tion phenomena. This interpretation is currently being

40




evaluated. As part of this evaluation, a variety of incident
electron beam voltages will be used in the CLE studies to see
what effect it will have on the relative amount of phonon
excitation caused. Based on these results, graphite fibers
having different sur}acc basal plane orientations aéd different

degrees of graphitization should be distinguishable via CLS.

Conclusions

l. Density of states of carbon obtained using deconvolution
techniques show distinct differences for pyrolytic graphite,
single crystal graphite and carbides.

2. CLS results also show significant differences between
fibers and single crystals in terms of structure in the

spectrum attributable to phonon interactions.
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Fig 1. Experimentally derived transition density function
representing valence band density of states for pyrolytic
graphite with Fermi energy at 285 eV.
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Fig 2. Experimentally derived transition density function
representing valence band density of states for single crystal
graphite (0001) planes with Fermi energy at 285 eV.

43




Appendix D

"RESIDUAL STRESS MEASUREMENTS ON ALUMINUM-GRAPHITE
COMPOSITES USING X-RAY DIFFRACTION TECHNIQUES"

Swe-Den Tsai, Deepak Mahulikar and H.L. Marcus
Department of Mechanical Engineering/
Materials Science and Engineecring
University of Texas at Austin
Austin, Texas 78712

and

Ismail C. Noyan and J.B. Cohen
Department of Materials Science and Engineering
Northwestern University

. Evanston, Illinois

INTRODUCTION

Metal Matrix Composites (MMCs) have generated consider-
able interest in the materials field, because of their poten-
tial applications in dynamic structures. A MMC with its
excellent mechanical as well as physical properties carries a

distinct advantage over other composite systems, particularly :

1
(44
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at high temperatures. At the same time a2 !2IC syctom 13 char-

<

acterized by heterogeneity, anisotropy and interfaces which

affect those properties considerably. Interfaces have been
known to influence the properties of M!ICs significantly and
their importance has been discussed cxtcnsivclyll]. However,
the interface chemistry and its exact role in alteration of
various properties is not well-known yet. One of the important
things needed for better understanding of the interface is its

stress state. Thermal and mechanical treatments involved in

the fabrication of composite materials, give rise to triaxial
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(2)

residual stresses . Speculations are that these stresses,
originating from the differing thermal coefficients of the
reinforcement and the matrix, play an important part in the
transverse properties of the MMCs.

(3) shows that

A simple calculation using a planar model
stresses well above the yield strength of aluminum exist at
the interface of the aluminum-natrix-graphite fiber composite
system. This occurs because the graphite fibers are intro-
duced into molten aluminum and during the subsequent cooling,
aluminum contracts much more than the graphite in the fiber
direction. Plastic flow is expected to occur because of the
high values of thermally induced stresses in that direction.
Assumirg no debonding, a stress gradient is expected in the
Al matrix, with above-yield tensile stress at the interface.

A schematic of the expected stress distribution in the longitu-
dinal direction is given in Fig. 1. The dotted line represcnts
average value of stress in the aluminum matrix. All of the
matrix is expected to be in a state of tensile stress minimized
at a point between fibers.

While there is a significant difference in thermal expan-
sion coefficients of Al and graphite in the longitudinal direc-
tion, this difference is negligible in the transverse direction
due to the anisotropy of graphite fiber. Therefore, the resid-
uval stresses in the transverse direction are mechanical in ori-

gin due to the development of the longitudinal stress and are

not expected to be as high as those in the longitudinal direction.
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g Cryogenic cocling induces additional plastic flow in the

matrix establishing a new elastic condition at the cryogenic
temperature. Heating the composite back to room temperature
will then relieve much of the residual stresses.

For experimental verification of the above menéioncd
observations, residual stress measurements are essential.
This paper discusses a method of residual stress measurements
for composite systems and presents several results. The data
obtained is then intcfprctod with reference to the models
described carlier and relative to the finite interface between

the aluminum matrix and graphite fibex.

EXPERIMENTAL PROCEDURES

The residual stress measurements were made on three dif-

ferent transverse strength aluminum-graphite composite systems.
The nominal properties and the fiber and matrix components of
the systaems are given in Table 1. The measurcments were also
made on samples cuenched to liquid N, temperatures and then
tested at room temperature.

The X-ray diffraction technique was used for the stress
measurcment. The measurements were made on a computer con-
trolled Picker powder diffractometer using parafocussing geo-

metry. This particular technique involved use of the sinzv

method described elsewhcrc(‘l. Six ¥ angle tilts taken in

equal increments were employed. The surface components of the

stress were obtained by a computer for a least square straight
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1liné fit to the lattice strain as a function of sinz?. (Peak
positions were determined with an 11 point parabolic fit.)

Only those data with a correlation factor of 0.95 and above
were considered sufficiently accurate. In order to counteract
grain size effect 2¢ oscillations of 2 degrees were:cmployed.

A cobalt X-ray source of 0.15 cm2 arca was employed; 50 percent
of the intensity came from a depth of . 5.4 x 10-3 cm. Due to
the relatively large divergent beam, the stress measurement
obtained was a volume average over the matrix similar to one
represented by the dotted line in Fig. 1. For such a volume
average, the penetration depth of X-rays becomes an important
parameter. Since it is the stress in the vicinity of the inter-
face that is of interest here, it is absolutely essential to
exposc the interface of the specimen to the X-rays. In other
words, the penetration depth should be such that the X-rays
average over the region which includes interface.

Mechanical polishing was not used since it Eould intro-
duce residual stresses. By electropolishinc, enough surface
could be removed so as to expose the interface area, and to get
rid of the surface layer that may have been stressed by mechani-
cal working. For G 3437 and G 3394 the sample surfaces were
polished just enough to expose portions of interfaces. With
G 3675 only light electrolytic polishing was done. This resulted
in a thin surface layer of aluminum above the fibers having thick-

ness greater than the penetration depth of the X-rays used. Thus

during volume averaging only the aluminum matrix containing no
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fibers would be covered and not the interfacial area. Speci-

mens used were plates with a thickness of approximately 0.4 cm,
and 1.9 to 2.5 cr width and length. Residual stress measure-
ments were made in both the longitudinal and transverse direc-

-

tion as indicated in Figure 2.

RESULTS AND DISCUSEION

The residual stresses measured with the 420 diffraction
peak of aluminum are listed in Table 2. The table also lists
the correlation factors for the least-squares straicht line
fit for the lattice sttaiﬁrvs sinzi.

It may be noted that the 1onqituéinal fiber stress values
for G 3437 and G 3394 are comparable to the yield strength of
the 201 aluminum matrix, indicating that the longitudinal inter-
facial stress is even higher than this average value which was
predicted by the simplistic planar model. This also seems to
support the presence of plastic flow.

However, in the transverse direction, significant stresses
are noted in the G 3437 and G 3394 specimens. 1In the absence
of a significant difference in thermal coefficients of expan-
sion of the matrix and fiber in that direction, one expects the
thermal stresses to be nuch lower than those in the longitudinal
direction. The yielding of the aluminum probably gives rise
to the observed large residual stresses.

For the G 3675 composite, which was electropolished only

slightly with almost no interfacial region exposed, very low
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stresses were observed. This was because the X-rays did not
include appreciable amounts of the interfacial region below
the surface layer of aluminum, and hence no interfacial stress
contribution was recorded.

An interesting observation was, that while the ‘transverse
fracture strengths of the composites varied (Table 1), the
recorded residual stresses varied only slightly. This indicated
that the residual stresses may not be affecting transverse
strengths to any appreciable extent.

The model described in Fig. 1 did not consider a finite

(5,6]

thickness interface. It has been observed that an oxide,

carbide, or titanium diboride is usually present at the fiber
matrix interface in Al-graphite systems. Since the mismatch
between the thermal coefficients of the compounds and the
aluminum matrix is lower than that of the fiber and the alumi-
num in the longitudinal direction, the longitudinal residual
stresses at the interfaces can be expected to be lower than
when an aluminum graphite interface exists. It is the inter-
facial chemistry which is responsible for a particular mis~
match in thermal coefficients.

v¥hen the G 3437 composites were quenched in liquid nitro-
gen and annecaled at room temperature, approximately 30% reduc-
tion in residual stress was observed. This is less of a reduc-
tion than is calculated from the differences in coefficient of
thermal expansion. Additional work hardening at the interface

occurring during cooling may explain this difference.
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Additional research is being conducted to study the
residual stress effects in Al-graphite and other metal matrix
composites. Higher energy X-rays will be used to increase

the penctration depth with a respective rise in averageé vol-
ume. Interface chermistry and its influence on tranéverse pro-

perties is under investigation.

CONCLUSIONS

l. X-ray diffraction is an effective procedure for measure-
ment of residual stresses in metal matrix composite
systems.

2. large longitudinal residual strcéécs were observed in Al-
graphite composites.

3. Transverse residual stresses were observed in spite of
the linited mismatch in the thermal expansion coefficient
in that direction.

4. No large difference in the residual stresses for two dif-
ferent transverse strength Al-graphite systers was measured.

S. Quenching a composite in liquid N2 and annecaling it at

room temperature reduced the stresses by approximately 30t.
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Figure 1. A simple model to show the residual stress
distribution. The dotted, line is an
average value. The term vy is the yield
strength of the matrix.
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Ta‘ble 3

Young's modulus

Thermal expansion

cocfficient
10® psi 1078 / ec
Thornel 50
(Fiber in G3394) 60 -0.1--0.4 (axial direction)
to about 300°C
~25 (transverse
direction)
(Matrix Al1-201) 10.2 23.22
1]
| .
Thornel 3C0 i
'(Fxbc: in G3437) | 35 ~-0.23 (axial direction)
lmatriv a1-201) ? 10.2 23.22
N : - = ——
Celion 6000 !
{Fiber in G1675) | 34 ~=0.23 (axial direction)
f(atrix A1-6061) ! 10.0 23.58

e e e e
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Table 2
Material Transverse lLongitu- Direction Diffraction Residual Statistical Correlation
Strength dinal of Mcasure- Peak Stress Error Coefficient
MPa Strength ment MPa MPa
Residual
St A Stress ot i
G 3437 10 1120 L 420 199.38 ¢ 3.87 0.9640
T 420 166.28 *+ 3.61 0.9658
G 3394 20 763 L 420 228.38 ¢ 1.46 0.9945
G 3675 75 259 L 420 40.71 ¢ 0.86 0.9507
[Away from the
graphite-aluni- T 420 33.26 * 0.79 0.9788
nua interface)
G )3y? 10 1120 L 420 &1L & 255 0.9856
lcooled (before
to liq. quench) T 420 120.20 2%z  2.35 0.9924
N2 temp
and mea-
sured at room temperature)
L = Longitudinal direction
T = Transverse direction
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Appcﬁdix's

ANOMALOUS SPUTTERING EFFECTS IN THE AES GRAIN BOUNDARY
ANALYSIE OF TEMPER EMBRITTLED LOW ALLOY STEELS

# Michael Schrerling, Duane Finello and
E.L. Marcus
The University of Texas at Austin
ME/MSSE

Introduction Austin, Texas 78712

The mechanism of temper embrittlement in alloy steels
involves the scgregation of alloying elements to grain
boundaries. Diffusion of these elements occurs over long
periods of time in the embrittling range (~350 - 525°C) or
may be accelerated to occur within 200 hours by cooling in
*steps" through this ;angc. The embrittling process consists
of an increase in the ductile-to-brittle transition temperature
and can be reversed by anncaling for several minutes at tempera-

(1)

tures above 600°C. The segregation of elements such as Ni,

$n, Sb, P, and other metalloids to prior austenite grain bounda-

.‘2'3) Inert ion sputtering (using

ries was confirmed using AES
incident ions of from 0.5 to 5 keV energy) in conjunction with
surface analysis by Auger clectron spectroscopy allows depth

(2,4) These

profiles of elemental concentration to be taken.
profiles indicate that most embrittling alloying elements are
concentrated in thin layers (~.5 to 1 nm) at the boundaries,
but that Ni segrecgation appears in a somewhat thicker layer

(1-3 nn)}z")

Possible explanationr for this difference are
1l - actual difference in depth; 2 - difference in sputtering
rates reculting in selective sputtering. Since artifacts due
to preferential sputtering are often encountered when depth

profiles are made, it is necessary to check the profiles against

a standard preparation.
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Experimental Procedure

‘Step-cooled brittle alloys of a Ni-Cr-~Sn steel
(35 wtiNi, 1.7% Cr, .3% C, .06% Sn) were fractured in a
scanning Auger microscope (PHI SAM 590 system) at a vacuum of

1.3 x 10-'8 Pa. To reduce the likelihood of shadowing during

sputtering of the rough surface, two ion guns aimed from oppo-
site directions werce used. At approximately 500x magnification,
grains were selected for analysis on a basis of facet orientation.
A facet suitable for the analysis had to serve as a broad target
for electron and ion beams as well. The chamber was backfilled 4.
with argon to 4 x 10-3 Pa. The electron beam position was fixed
for the duration of each sputtering prpfile to maintain the spa-
tial resolution below 5000 nm. Sputtering was performed with
both ion guns at 4 keV and 2 ‘.xA/cm2 ion current.

The fractured specimen was then moved from in front of the
Auger analyzer to a position under a Ni filament. The filament
was resistively heated in order to deposit a quantity of Ni so

, !
as to dupiicate the concentration characteristic of the as-

fractured surface, as evidenced by the Ni-Fe peak height ratio.

The specimen was repositioned and a new sputter profile was taken

at the same point as on the original profile. This was repcated
for different deposition times.

The conversion from sputter time to depth of material
removed is based on sputter rates of Ta205 with the same experi-
mental parameters for the sputter guns. The actual depths can

be different, as this work shows.
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An exponential fit was used for obtaining a layer thickness |

.

from the sputtering data consistent with Tazo5 sputter rates. A

centration change were directly proportional to the amount of

true exponential decay would occur only if the rate of Ni con- l
Ni on the surface in the form of a partial monolayer. ]

Results and Discussion

The profiles obtained showed roughly an exponential decay z
in the concentration of Ni and Sn which implies that sputtering
removes each constituent at a rate which is approximately pro-
portional to the quantity present at the surface at any given
time. From the semilogarithmic plot of the elemental concen-
trations of Sn and Ni versus depth sputtered (Fig. 1) it appears
that Sn is removed via sputtering in a different way than Ni.

One may define a time constant 1 as the sputtering time required
for the surface concentration of the seqregated element to reach
1/e of the difference between the original surface concentration
and the bulk concentration which is assumed to be the steady
state surface concentration ultimately achieved during sputtering.
For Ni, t can be seen (Fig. 1) to be approximately twice that cf
Sn. All sputtering was continued until the bulk concentrations

were soon.

For the secries of Ni deposition experiments the sputter
profile data had approximately the same time constant as the

segregated Ni profile. The conclusion from these experimentrs

that Ni is less readily sputtered than Sn depends on the assump-

tion that the coverage by deposition of Ni is a replica of the
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original segregate distribution on the fracture surface. Repli-
cati;n was attempted by using Ni deposition to restore the Ni-Fe
peak height ratio to its original value.

The most likely morphology for Ni deposition on a facet of
the grain would be a partial monolayer since the Ni-Fe signal
ratio was found to be approximately a linear functioﬁ of deposi-
tion time for the small quantities of Ni deposited. This would

not be true for multilayered island growth. The fact that both

the starting concentrations and the apparent depth profiles are |

the same implies that the Ni segregation results in approximately
the same morphology. If the coverage is kept to less than a
monolayer, the finite escape depth of the Auger electrons or the
backscattering factor would not influence the sputtering results.

Various models have been proposed to explain the apparent
long~range segregation of Ni in comparison to other segregating
clements in low alloy stccls}4'5'6’7)Prccipitates of Ni-rich
regions at carbide-ferrite boundaries or other locations would
explain the depth of Ni but this account appears to be inconsis-
tent with the present duplication of the rate of sputtering
following deposition. The large Sn atoms are more weakly bound
to the matrix of smaller Fe atoms than are the Ni atoms, which
are extremely close in size and structure to the Fe atoms. The
fact that Cr (again similar to Fe and Ni) has been reported

(6)

possibly to have a "longer" segregation range may also be an

artifact duc to stronger bonding and corresponding lower sput-

tering rate. Specimens quenched during various stages of embrit-
tlement show Ni concentrations reaching a maximum away from the

fracture surface, which is not the case after complete embrittlement. (6)
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Po attempt was made to duplicate these incomplete

embrittlement profiles in this study.

Summary
The present research indicates that the morphology of the
Ni segregated to grain boundaries in the low alloy stécl exists
over a thickness of approximately a monolayer in depth at the
surface. The Ni segregation kinetics indicate a partial mono-
layer grain boundary morphology; the exact merphology could be
investigated further by studying elastic reflection intensi-

tics.(s’

Perhaps Ni is strongly bonded to the grain and is
therefore relatively difficult to removwe with inert ion sput-
tering. The resulting slower sputter rate of the segregated
Ni provides an explanation for the scemingly deeper concentra-

tion enrichment and degree of Ni segregation suggested by experi-

ments involving AES in conjunction with IS for low alloy stcels.

Work is now being undertaken with deposition in vacuum of

both Ni and Sn partial monolayers onto a previously sputtered

embrittled stecel grain. The sputter profile of these layers

will be a further check on the present results. j
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Appendix F

THE INTERFACE STRUCTURE IN GRAPHITE/
ALUMINUM COMPOSITES

Swe-Den Tsai, Michael Schmerling and
H.L. Marcus .
Mechanical Engineerinag/
Materials Science and Engineering
The University of Texas
Austin, TX 78712

Introduction

The graphite fiber reinforcement/metal matrix composites
are of great interest because of their high strength and the
potential for larger-scale production.. Aluminum alloys appear
promising as matrix materials for graphite reinforced metal.
However, a pretreatment or coating layer for graphite fiber is
needed to prorote the wettability between the fiber and aluminum
matrix. For instance, a technique for fabrication of this com-
posite has been developed by applying a chemical vapor deposited
Ti/B layer (Ti/B CVD) coating to the surface of the graphite
fiber followed by controlled immersion into molten aluminum.ll,
The resultant Ti/B coating exhibits a sufficiently low contact
angle so as to provide rapid and complete infiltration. Even
as this liquid metal infiltration technology became more mature,
the transverse strength of graphite-aluminum composite remained
poor in contrast to the high strength in longitudinal direction.

A rccent study(l]

indicated that the interfacial properties
should be closely related to the transverse behavior. This

interface could be the reaction zone between aluminum and fiber
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or the reaction zone between coating and either the fiber or
matrix.
Some variations in the treatment of graphite fiber have

(2)

been developing, such as the modification of Ti/B CVD or
use of a porcelain enamel coating process prior to the standard
Ti/B CVD process to improve the transverse strength. But the
basic understanding about the crystal structure of the inter-
face phases is still lacking.
The aim of the present work was to obtain crystallographic
information about the interface reaction zone through
electron diffraction using TEM. The éorrcsponding interface
chemistry on some specimens was also studied by using a Scanning
Auger Microscope (SAM). Various composite materials with dif-
ferent transverse strenoths were employed in order to correlate
the structure of interface phase with mechanical properties.
Titanium diboride 7in2) wvas found in the interface layer
near to the graphite fiber for every material processed by the
standard Ti/B CVD. Aluminum oxide - A12037 phase was also

observed in most materials studied here.

Experimental

The graphite/aluminum composite materials examined in this
study are listed in Table 1 along with the processing method,
transverse strength and the interface phases observed in TEM.

Except for G3842 which is the plate consolidated from T133 wire,

the other materials are all precursor wires. Basically, two




fiber types were involved here, each representirg currently
available commercial forms. The Celion 6000 is low modulus
type 1I PAN fiber with the graphite basal plane parallel to
the fiber surface. The VSB-32 and HM3000 are high modulus
pitch type fiber with basal plane perpendicular to the sur-
face. All fibers have circular cross sections.

To make the fiber-matrix interface accessible to observa-
tion, a selective etching method was used. The materials were
dipped or swabbed in various etchants, concentrated HCl solu-
tion, HC1 solution diluted by 60-70% volume percent methanol or
7N KO solution. The samples were then thoroughly rinsed with
acetone, methanol or ultrasonically cleaned in the methanol.
Thus, the sample fibers were free of the aluminum matrix mate-
rial and only some interface pieces in the neighborhood of the
fiber surface were left. Searching around the fiber surface
revealed numerous interface pieces thin encugh for electren
transmission in the samples prepared in HCl1 solution diluted by
methanol or in concentrated HCl solution. Some thin interface
layers also were found in the sample etched by KOH.

Both the composite wire and plate were fractured in situ
in the SAM under 10—10 Torr vacuum in order to unambiqhously
analyze the material in the fractured interface region between
fiber and matrix. In addition, some of the ion ectched samples
were examined to identify the chemical species present. An

electron beam spot size of approximately lu or less was used
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to give good spatial resolution and high signal to noise ratio.
The SAM instrument applied in these studies was the Physical

Electronics model 590 system.

Results and Discussion

The most often observed phase was a TiBz hexagonal struc-
ture which was found in all materials studied here. This type
of interfacial layer was found extending from the surface of the
fibers. Several larger pieces were about the size of fiber
radius and curved along the shapes of the fiber circumference.
Some typical electron diffraction pattgrns of Ti82 prepared in
HCl plus methanol for various composite materials are shown in
Fig. 1. The observation of the spotty nature of the rings in
the diffraction pattern of T11l4A indicated that the grain size
of T182 in the T114A composite was larger than the grain size of
Tinz in the other composites studied here. This grain size dif-
ference was consistently observed in many fibers and also in
samples prepared by some other selective etchants, like con-
centrated HCl or KOH. One basic difference between T114A and
the rest of the composite materials is that the Celion 6000
fiber in T114 has the graphite basal plane parallel to the fiber
surface but the other composites have the pitch type fiber with
basal plane perpendicular to the surface. This difference of
crystallographic orientation in the substrate may offer a pre-
ferential growth for TiBz reaction product. The grain size
effect may play a role in the transverse properties of the compo-

sites.
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A close investigation into the morphology of the T182
layer in electron micrographs for various composites showed
some striated characteristics (see Fig. 2) of this interf;ce
layer in pitch fiber reinforced materials. This situation is
possibly correlated to the orientation of basal plane mentioned
above. The comparison between pitch and non-pitch fiber compo-
sites can be seen in Fig. 2 and Fig. 3, where the ’riB2 phase
with striated crenulation for VSB-32, HM3000 pitch type compo-
sites (Fig. 2) and without for Celion 6000 PAN 11 type compo-
sites (Fig. 3) are presented. Here the diffraction pattern of
FPig. 2 (c, d) is shown in Fig. (b) ahd that of Fig. 3 is shown
in Fig. 1 (c).

Another significant result in this work was the observation
of an aluminum oxide (A1203) phase along the fiber/matrix inter-
face. The origin of the oxide has not been clearly established,
but it is most likely the reaction product of oxygen contained
in fibers segregated to the interface during the aluminum-
infiltration processing step. The exact role of this oxide
layer is not known at present, but the recent SAM studics(‘)
indicate that it seems to promote matrix adhesion to the
graphite and might be favorable for a better transverse strength
in graphite/aluminum corposites. The present careful TEM examina-
tion of these oxide layers on the fiber surfaces indicated that
the Alzo3 phase has relatively larger grain size on the average

than that of Tinz. The electron diffraction patterns of Alzo3
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(Fig. 4) were observed only in T114A, G3842, T105A corposites.

In T105A composites, a mixture of A1203 and Ti82 was also found

(see Fig. 4 (d). The relatively continuous nature
of the Tinz portion of diffraction ring implied it has a smaller
grain size than that of :‘\1203 in this mixture. The éoexistcnce
of A1203 and Tiﬁz was also identified in Auger electron spectro-
scopy which will be discussed later. (Fig.5 chows the morphology of Fig.4(b).)

It is also interesting to point out that titanium carbide,
TiC was observed in G3842 and T105A composites. In both mate-
rials, the rings of diffraction pattern are continuous, however
the diffraction ring is broadened to some extent in T105A com-
posite. This is believed to be due to the effect of very fine
grain size. The diffraction pattern and micrograph can be seen
in Fig. 6.

The interface recaction zone in the composites studied in
TEM was also investigated by SAM to help identify the chemistry.

Interesting results were found in the fractured samples. The

fracture paths were through the oxide layer or close to either

the fiber side or matrix side of the interfaces. The Auger
spectrum versus the depth from fracture surface was obtained {4
using the inert argon ion sputtering experiment. Using
sensitivity factorslsgstiwation of the concentration ratio of
titanium to boron, Ti/B at the selected points after sputtering

were consistently about 0.51-0.57 in the plate G3636 made from

T105A and in the plate G3842 made from T133 (see Fig. 7 and 8).

This ratio confirmed that the Tisz phase was present in the
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interface layer. The spectrum in Fig. 7 shows this ratio along
with the presence of aluminum oxide, discussed previously @n the
TEM diffraction patterns. However, the Auger electron spectrum,
Fig. 9, taken from T1l4A precursor wire gave the relatively low
Ti/B ratio of approximately 0.2~0.28. (The standard TiBz SAM
spectra is shown in Figure 10.) Assuming titanium boride is

stoichiometric TiB this ratio may include boron in other

2I
borides with the elements present or possibly in a complex

(TiAl)Bz type boride. Further studies are being conducted in
the TEM and SAM to clarify and extend the results reported in

’ 4

this paper.

Conclusions

Results of this work can be summarized as follows:
1. TiBz phase is generally present for the aluminum/graphite
composites processed by standard Ti-B CVD technology.
2. Larger T182 phase grain size was observed in Celion 6000
fiber with the graphite basal plane perpendicular to the
fiber surface. This could relate to higher transverse
strength in T114A composites.
A1203y phase was found in some composites and is relatively
larger in grain size than the TiBz phase.
The mixture of A1203Y and ‘HB2 was observed in some arecas
of interface for the T105A composite.
AES identified the existence of TiBz with the stoichiometric
atomic concentration ratio, for many interface areas in most

composites studied.
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6. A smaller Ti/B ratio from AES appeared in the interface

reaction layer for T114A composite wire.
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Table 1

Composite *Transverse Phase(s) Observed
Materials Processing Technique Strength in TEM
MPa
T114A Celion 6000, C-100M(s)(s)/6061(Ti+B) 76 TiBz, A1203Y
G3842 VSB-32, C-105-12,(s)/6061(Ti+B) 31 Tilz. Al,0.Y
2 )
(made from TiC
T133)
700

T105A VSB-32, {S1C1,+BC1.}_"", (s)/6061(Ti+B) 10 TiB,, A1,0.Y

(plate:G3636) 4 37730 2 2 3
E TiC
e
T1098 VSB-32, (cnjsxc12+cujsxc13}480 (s)/ not TiB,
available
6061 (Ti+B)
M pitch/ HM 3000 (s), /6061(Ti+B) 14~-80 TiBz
6061 depends on
consolidation
process

*Transverse Strength was tested in plate forms by Aerospace Corporation.
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‘a) ()

(c)

Fig. 1 The electron diffraction patterns for TiBz in
(a) T105A, (b) G3842, (c) T11l4 etched by HCl1 and

Methanol.




2 The electron micrographs showina the crenulated TiB2
layers in various pitch fiber type composites
(a) T109B etched by HC1l, (b) T105A, (c) and (d)
G3842 etched by HC1 and methanol.
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(a)

o

(b)

Pig. 3 The electron micrographs of larger grain size TiB
phase in T114A (a) sample etched by KOH, (b) sam-
ple etched by HCl at higher magnification.
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etched by HCl1 and methanol.

1
I
appeared. All oxides showed laraer

4 Electron diffraction patterns of Al,
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l (a)

(b)

Fig. ¢ The TiC phase in G3842 etched by KOH (a) a diffused
electron diffraction pattern, (b) the micrograph of
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