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' \The purpose of this program has been the development of new struc-

tural composite materials having high strength-to-weight ratios at elevated

‘temperatures. The current effort is being directed towards the use of heat
f

resistant metals and alloys as the matrix for ultra-high strength Al;04 single
crystal whiskers, The major effort during th).s reportmg period (25 February

to-25-May 1967) was pl:txced on evaluating factors important to two potential

methods for making high strength composites; namely, electroplating and

subsequent' pressure bonding «t high temperatures (EP/PB), and liquid metal
" infiltration. In support of thesc studies, some effort was devoted to whisker

growth, whisker metalhzmg, and whisker handhng (beneflcxatxon, classifica-

tion, and orientation) stud1es. The important results obtained during this
iz A

reporting period are summarized as follows:

. () Substantial progress was made in the whisker technology area

including: (a) an increase in the whisker coating capability
by the completion of an additional cathodic sputtering system,
(b) calibration of the sputtering systems, making possible a

more accurate estimate of the thickness of the metal coatings on

the whiskers, an important consideration in the fabrication of

°

ies, and (e) modifications in the automatic alignment device.

for producing semi-oriented whisker tapes on a continuous basis,

which resulted in both improved alignment and unproved tape
strength, v

lower temperature, shorter time heat treatment to prevent
embrittlement of the electroformed nickel matrix exhibited

room temperature tensile strergths similar to those achieved
earlier, however, at 1800°F the comp031tes were-weaker than
previous ones,. with strengths below 4000 psi., Post-test anal-

yses indicated that the most likely causec of low strength at

whisker composites, along with a better understanding of the de-

pendence of coating thickness on whisker diameter, and on the

number and density of the whiskers in a given run, (c) evaluation
° .« of the stability of the whisker coatings at elevated temperatures.
Tungsten coatings presently being used for composite fabrication
studies were found to be well bonded and structurally stable at
emperatures as high as 1500°C, (d) construction of three single
stage elutiatiors used extensively in the current composite stud-

(2) Composites prepared by the EP/PB process using a modified .
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C(3)

(4)

elevated temperatures was a low whisker/coating/matrix bond.
Evidence for this included: (a) failure of the composites at ele-
vated temperature by extensive pull-out of bare whiskers from
their matrix, and (b) the observation that considerable diffusion
of the W coating into the nickel matrix had occured during fabri-
cation which might be the responsible factor for the degradation
of the whisker/coating bond.

Expérimenté involving the infiltration of molten nichrome into
bundles of coated sapphire whiskers resulted in partially pene-
trated composite specimens. Contamination of the molten nichrome
and/or the coated whiskers surfaces prior to infiltration was the
probable cause of non-wetting. In related experiments, it was
observed that molten nichrome will wet and bond to sapphire
whiskers without causing structural degradation of the whiskers.

\ '
The feasibility of preparing copper matrix composites by simple
capillary action infiltration was demonstrated with a tungsten
coating/pure copper matrix system. The results further indicated
that this is a stable coating/matri» system and that the whiskers
are not deleteriously affected by the infiltration process. Similar
experiments with a Cu-Ni matrix clearly indicated that the tungsten
coating/ Cu-Ni alloy matrix system is not a stable one due to
the high solubility of tungsten in nickel; however, it was possible
to achieve some wetting and infiltration and it may be possible
to make sound compsites by adjusting parameters to minimize
coating dissolution, '
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' 200 000 inches at 1800°F Compomte specunens meetmé\the seéc )

’ Al.,O3 whiskers with molten silver exhibited strength- to-dens:ty valpes as
and 320, 000 inches at 1600 F with 45 volume percent whxskers.

_higher temperature matrix me' in

1, INTRODUCTION

The purpose of this program is the development of wjxisker réinforced
composxtes Laving hlgh strength to-wexght ratios at elevated temperatures.
‘The program has two major goals. The ultimate goal as m1t1ally estabhsned
is the achievement of a specific strength of 600 000™ inches at 2000°F in a

conventlonal tensxle test., A secondary goal is the developemnt of a technique -

‘N Lot

for preparing whxsker remforced high temperature metals, such as nickel

or nickel- alloys . wlnch reproducxbly exhibit specific strengths gT%?t)er than

w:ll then be used to evaluate a wide vanety of properties such :

stress rupture, 1rhpact fatique, and long time stability, Thesfea31b1hty of

reinforcing metals with hxgh strength whiskers was demonstrated prev1ously .
m this program usjng what may be comudered a rrL/el system of A1203 -
(1)

whxs-kers ina silver matrix ', Composites prepared by infiltraiing the -

L

z

high as 725,000 inches at room temper: ture with 24 volume percent whxskers,

After this succesaful demonstratmn, it was necessary to select a

eetethe program's first goal..

The matrix selected was mckel sij ase for man'y' of the high tem- .

perature, oxidation resistant alloys. potentlal wayq for fabricating .

composites have been tried and some which have met with moderate success
are being pursued. Presently, two techniques are receiving major attention,
a process combining electroplatmg and subsequent pressure bonding (EP/ PB),

°

and hquxd metal infiltration, \z
Pnor to the evaluation of the EP/ PB pﬁocess, small compos;tes

were prepared by electroforming and exhlbxted specific strength values

as hxgh as 320, 000 inches at 1850 F(Z), However, these high stiength values

were not achxeved in larger electroformed specmens due to 1ncomp1ete

¢

penetratwn of the whisker bundles by the electroplated nickel. " Hence,, votdi s
s

* Specific strengths = strength - to - density ratio -

.
1 . .
.

.
L .,
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and other matrix irregularities were p‘resent which greatly reduced the

effective cohesive strength of the matrix and limited the transfer of stresses

to the fibers at elev ated tcmperatures. Therefore, on additional step,
pressure bonding, was introduced to the process for the purposemr"w
the various matrix defccts whyéh were incurred during the electroplating,
In the course of a series o/f EP/PB experiments it was discovered
that the electroplaéed nickel becaxne drastically embrittled during exposures
to the high tempcratures used in the EP/PB. process(3)._ The nickel embrittle-
ment was considered to be a major canse of observed low composite tensile
str'engths, and several studies were undertaken to learn how to solve this

problem, .
Elimki'n’ation of matrix embrditt}ement was finally achieved both by

modifying the \elQectroplating conditions and by heat treating the electroformed

prepregs in vac.unm. Srpecim,‘e'ns prepared by this modified EB/PB process

exhibited room teéinperature strength-to-density values of 340, 000 inches

witim only lé volume percent whisiceré which was about a five-fold inc;'e.a.se
\ over the unreinforced matrix, At elevated temperatures, however, all,.f the
specimens had low strengths, Post tests analyses of the specimens indiieted
. - that two factors were the'-most likely causes o.f low strength: (a) exceesil(e /
* fiber breakage occuring when the whiskers ‘were not near perfectly aligned
resoltmg in low fiber £/ d ratios, and (b) low whxsker/coatmg/matnx bond
. strength , ‘ ' oo
This' report covfrs the work perf ormed durmg 25 February to 25 May
1967 under Contract No. N00019 67-c-0243 sponsored by ‘the Naval Air \
Systems, Cornmand

Three ty[)es of whisker composxtes were prepared and evaluated during

this quarter‘r (a) N1 Al O, prepared by the EP/PB process (b) N:chrome-

273
A1203 prcpai'ed by' a pressurized infiltration process and (<) Cu-Nx-A1203 and
~  Cu- A1203 prepared by liquid metal infiltration., The results of these studies
~

are preeentcd and dlscus:cd

)

Another program under Air Force Sponsorshxp (Contract No. F 33615-

67-c~1308 utilizes A1303 whiskers in aluminum 'mati'ix and thus requires a
' \ 2 :

-




.
\

supply of coated, beneficiated, and oriented a- A1203 whiskérs, Rather than

‘conduct two separate programs on whisker growth, coating, beneficiation /gnd

orieﬁtation, the efforts of the two contracts were pooled in this area in or/der
J .

to rr{ak_e the most efficient use of the manpower. For'completness in reﬁrortiné

the progress, all the results of the joint effort are re‘po.rfed here. /

~
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II, WHISKER GROWTH ' g .

s Alumina 'long wool' whiskers continue to be produced by a batch pro-

(3)

cess previously‘described . Each of the five furnaces involved has four-
tubes, ’ These furnaces are usually run on a 24-hour cycle, yielding a total of
100 reaction ghambex" growth runs per 5-day week. Because of an increasing .

demand for alumina whiskers due to.inéyésiug emphasis on preparing larger- P

eek will yield 160 reaction chamber -

size composite specimens in a normal,
growth runs, : ' 7 d

A new furnace, purchased on company funds, for continuously produ-
cing alumina whiskers is scheduled for delivery in July of this year, The
dgvelopmentland fabricatjén of reaction chambers for testing in the new fur-

-

- rd
nace is underway., / . .
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I, WHISKER METALLIZING ‘ .

-

Four cathodic sputtering systems have been available for metallizing |

//’

'\ whiskers, In the past quarter, three of these systems were operational, and

modifications wetre being made to the fourth, Thesze modifications have es-
sentially been completed and after a brief check-out, the fourth system will
also be operational,

An important conside'iafcion in the fabrication of whisker composites
is the coating thicknesses.on the whiskers, In the calibration of the sputtering
systems described in the previous quarterly report, glass slides were sputtered
and coating thicknesses on these were measured using an interferometer. The
thickness of the metal coatings on the whiskers has been estimated on the
basis of the glass slide calibration data, It is important to know if there is
any' difference between the coating thickness on a flat plate and that on a whis-’
ker and also to know if the coating thickness is related to whisker d.ia’/meter.

Some simple calculz;tions were made which indicate that the coating
thickness is independent of whisker diameter and that tt_xg'whisker coating
thickness may be either equal to tﬁat of a flat plate or less than that of a

flat plate by a factor of 2/ These calculations are as follows:

-

_First Plate

The total number of atoms, n, received by a flat plate facing the source of

atoms is: , .
n = ptwt , (1)
where ¢ = atom flux, atomts/cmz sec, ,
, L t = e;:posure time L

w = plate width, cm
) L = plate length, cm
“The thickness of the coating, d, is: ~
d = %—t-f—- (2)
" where A = atomic weight, gram/gm atom
N = Avagadro's number, 6 x\1023atoms/gm atom

p= dengity/, grams/cc




L N L <

Rod - Case ] -

"therefore the number of ’?/;)ms received by the rod is dependent on the pro-

In this case the flux of sputtered atoms is assumed to be anisotropic and
jected area of the rod. The following equation gives the number of atoms, n,

received by the half of a rod (axis normal to the atom flux) facing the sputtered

atom source:

n = tDg . \J (3)
where D = rod diameter, cm
£ = rod length, cm
The thickness of the coating is: )
d = 2 otA . . (4)

# Np
The coating thickness is less than that received by a flat plate, equation (2),

by the factor 2/ and is indepéndent of rod diameter,

Rod Case 2 -

In this case the flux of sputtered atoms is assumed to be isotropic and therefore
the number of atoms received by the rod is dependent on the surface area of
the rod as follows: )

n - ot /2Dy ‘ - (5)
In this case only the half of the rod facing the source of sputtered atoms has .
been assumed to receive atoms,
The thickness of the coating is:

PtA

d = Np ' A (6)

This coating thickness equals that of a\flat plate, equation (2), and is also
independent of rod diameter. '

To explore this problem further, an experiment was conducted in which three
different diameter tungsten wires (0.5, 1, and 5 mil) and a piece of tungsten
sheet were all simultaneously sputtered with tungsten for four (4) hours,

Sputtering was done from two cathodes simultaneously, using the two-sided

6
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@

sputtering system described in the last quarterly rei:ort.. . Long lengths of
the two sm_allef diameter wires were used and these were crumpled to a
mat form.resembling a 'long wool' alumina growth-mass,. All items were
weighed before and after coating. Calculation of the coating th\icknesses on

the.wires were done using the follpwing equation: ‘

’ PR] Y B S - (7 - '
o2 Wo ‘
. L g where D = wire diameter before coating
W; ‘= wire v;eight before coating \
w £ wire weight after coating

: .. . . .
Equation (7) applies when substrate and coating are of the same material. .

If the two materials differ, then the following equation applies: -

-

: Y N Py
. d= > W - = 4+ 1 ~1
’ \Y P2" P2 :

where;pl = substrate density

p, = coating density

o -

The calculatxon of coating thlckness for the plate was done by measuring

the total surface area, S, and applymg the followmg equatmn- .

3

< 2 . o . . °

Sp

-Ww . T
W - .‘

where p 19.3 g/cc for tungsten ) (9)
Samples of all types were electroplated with mckel for edge preservation
and then metallographxcally pohshed Coating thicknesses were determined
by the following methods:
1) Sdmple of all types were viewed at about 1000X and thicknesses
were measured using a calibrated filar eye piece.
. 2) Photomicrographs were taken of all types of samples et high mag-

nification for measurements and coating thickness determinations,

° 7
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3} The 5-mil wire sample was viewed under the electro;z microprobe

and measurements were made directly..

A summary of the thickness measurements is given in Table I which

also shows the initial and final weights of the samples; It can be seen that

hay

the coating thicknesses measured on the mefallographically polished samples
are greater thax{ those obtained by the weight gain method. However, all “
methods show that the wires received a thicker coé.ting than the plate.
Furthermore, all methods show that the 0.5 and 5 mil wires received coatings
of eqz;al thickness, andthatthe 0.1 mil wire received a slightly thinner coating.

The results based on the weight gain method are considered to be the K
most reliable for the following realsons:

(1) The results avefagé the coating thickness over each entire sam-
ple, whereas in the metallographic samples only one plane of
polish was examined,

(2) The boundaries in the polished samples were broad and difficult
to locate precisely. ) ‘
‘ ¥
The reason for a thicker coating on wires than on the sheet is not

understood. A possible explanation is that sputtered atoms diffusing out

¢ from a cathode behave as a Brownian motion gés and deposit on the back of
an object as well as on the front; however, in the case of a plate the longer
diffusion distances may significa:;tly reduce the number of atoms striking the
back surface as compared to a small-diameter wire. ks

The results obtained in this experiment are compared with glass slide
g calibration data in Figure 1. In all cases sputtering conditions were essen-

tially constant. The glass slide data was obtained from 45-nTi'n_ﬁLtETp“ﬁ‘ttering~/_“"
runs. An extrapolation to 4 hours yields a coating thickness which is in good .
agreement with that obtained for the plate in the present 4-hour sputtermg ex-
periment, As shown in Figure 1, the wires received a coating about 25 per-

cent thicker than the plates, Since the wire data qre'more representative of

whiskers, henceforth, whisker coating thickness will be estimated on the

. basis of the wire data,
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TABLE 1

SUMMARY OF CUATING THICKNESS DETERMINATIONS

. SUBSTRATE : ‘
Txge Dimensions Grams . Grams
Wire .00050" D ’ . 0365 . 0575
" ,00102" D 0921 - 1114
" ,00510" D .2397 ,2520
Sheet  18.1 cm®  2.4035 2. 4471

(surface Area)

Coating Thickness, microns by various methods

Weight Filar ) Photo- Electron
Substrate Increase ‘Eyepiece Micrographs Microprobe
.5 mil wire 1.63 2,2 1l -
L 1 mil wire 1.29 2,0 \ 1.7 \ -
| N
t 5 mil wire 1.63 2,2 : 1.9 1.8
| Sheet . 1.25t0134° 1,8 1.4 | -

* Part of sample was masked sometime during run. An estimation indicates
7 percent of sample surface area was involved. The correction yields the
thicker coating. '

\
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Figure 1, Co;;ting thickness determination as a function of sput-{:ering time,
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As a final consideration, the actual coating thickness on‘whiskers can be

“expected to be dependent on the number and dénsity of whiskers in a given

coating run, Thus the data in Figure 1 represents an upper limit to coating

thickness for the same sputtering conditions, This fact is recognized and the

geometry.and amout of whiskers in each coating run is kept within narrow limits.
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1v. BENLFICIATION, CLASSIFICATION AND ORIENTATION OF COATED
SAP!i}IRE WHISKERS ‘ ‘ N

Ir the prevxous quarter, substantial progress was made in the develop- -

z ' (4)

mcnt and imnprovement of an air clutriation devme capable of accomphshmg

A1) beneflcatxon. by smashmg and climinating weaker whiskers: and debris,

(2) classification, by eliminating the very fine and the ‘very coarse matenals and

(3) partial fiber alignment, by collectmg the elutrlated flbers thh speclal .

alignment devices, ’ : .f, . )
During this penod the major effort in this area was in thevbeneficia- .

.tion and classification of coated sapphire whiskers by elutriation as an essen-

. ‘tial step of the composite fabrication processes being evaluated, ” ‘ T

To facilitate this activity, three new elutriator units were constructted’ '
and assembled as shown in Figure 2 These ynits Whlch are equipped with:

{1) a device for automatic removal of separated and classlﬁed mats from the
collection area, (2) provisions for continuous loading of the separatory cham-
ber, . and (3) improved methods for removal of accumulated debris are riow
capable of processing about 10 grams of cbated whiskers per day.

In addxtxon, somc effort was devoted .to the production of continuous
strands of onented whiskers in the form of tape, The whisker tape-making
apparatus (shown in Fig, 2) consists of a- re_ctangular tapered cone with vam-
ous vents to control the a1r flow patterns, collectmn and removal belts, R

. take-up rollers, compaction rollers and a vacuum assisted air intake.

Iﬁgtallation of multiple slots in the tapered cone section and refined
adJustments in the clearance of the collection and removal belt resulted in a
confxderable improvement in the fiber ahgnment and ‘the strength quality of
the/tapes. These tapes can now be easily handlegl and further aligned by hand
thys simplifying the manufacture of composite test specimens and saving a
considerable allﬁ’ount of time., \ | ' -

Efforts are continulng for better and more effective means for separa-
tipg, and classifying whiskers using a cascading elutriator shown also in Fié-
ure 2, The results of these investigations will be repoi"f:ed at a.later date,

o
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strenbths at elc-\ ated ten 1pcratures.
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V., EVALUATION OF-Ni-Al.04 \t’HTSKF‘R COMPOSITES FABRICATED BY

ElL EC lk()PLAT"'G/I’I\I‘SSURE BONDING (EP/PB) TECHNIQUES

. During the prev ious contract penod( ) many test specimens;were pre-

pared for the -purpose of optimizing the EP/PB process and of evaluatmg the

) elcvatec‘i?tcmpcrature propertics of N1--A1203 whmker composites fabrxcated

by thisstechnique, ‘Unfortunately, the results of most of these studies were

completely masked by’thc‘ embrittlement of the electroplated mickel matrix

during exposures to the higf; temoeratures used in"thpe EP/PB prccess,

A suifablé m\ethod‘for c%iminating matrix embrittlement, prolonged vacuum
heat treatment at LZOOOC, ‘was finally uncovered and specimens prepa;'ed by
this modificd process (Set No, 1,» Table'I%—) exhibited significant reinforce-
ment at room temperatuei ) L | : " .

The work performed to da.te on the present contract has be rimarily
directed toward evaluating the elevated ‘temperature strength’propertieg of
Ni-AlZO3 whisker composites prepared by the modified EP/PB proces$.
During fhe ﬁrst quarter of the present contract, two sets (No, 2,3) of
EP/ PB’cxper‘;ments were conducted toward this end, During tlus reportmg
penod the feurth sequcntlal set of expenments was completed The purpose
of each sct- of FP/PB experzments in the senes ‘was to help solve the problems
defined in thc _previous cxpenmental set. ,However, despite continued im-

prm enients in the process and elimination of alf the composxte weakemng

factors, the elovatcd temperature tensile strengths of successive EP/PB L '

composites decreased, Dxffasxon between the wh1sker coatings-and the nickel
matrix durm;, processmg is c0ns1dered to be the most serioug problemowwh

this prOCCaqy\lt is suspected thact thisdeads to degradatlon of the w}nsker/ma-

tes \‘bond, ond onstxtutc’;s the majon7 cause ‘of observed low composxte tensile

4

Otiber con*rxbutmg factors are as followsf (a) There is always some
dch*c"c of fiber by cakaqc assocxatcd thh this process. Even’ thOugh thxs can:

be minimized by oPtunumg thc preesmg temperature and pressure, breakage

: of wlnskcr 15 unavoidabke whqn any of the whxskcre are ahgned Cross- w:se
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to one W The presence of only a few highly misaligned \;rhiskers, es-
prey y if they are rclatively large in diameter, .can lead to built-in weak

ctions in the composite particularly when the composite cross-sectional
areas are small, (b) embrittlement of the electroplated nickel matrix is an
additional prossibility whxch has to be considered although on the basis of
previous extensive studxes, it is -felt that this is not a responsible factor, !
An important observation of the EP/PB experimental studies is that
the whiskers were not degraded by the entire process. This evidence is‘indeed -
encouraging and further attests to the etability of the .‘\1203 whiskers,
In view of the low elevated temperature tensile strengths of the EP/PB
composxtes, the problems associated with the process, and the excessive
r‘ : - amount of time and effort required to prepare composite test specimens by
this technique, it was decided to abandon the EP/PB approach at this time -
in order to concentrate the effort on i'nfiltrat\ion schemes for specimen
. preparation, The details of the EP}PB studies which led to this conclusion

‘will now b} sommarized.

I ° A, PRIOR EXPERIMENTS AND RESULTS (EP/PB Sets 1-3)
. . The essential steps of the bas:c EP/PB process, described in pre-
vious reports( ’ )-, are summanzed by the diagram shown in Figure 3,

Table Il summarizes the pertinent fabrication details of the first three se-
quentlal sets of EP/PB experxments conducted prior to thls reporting period,
. The first set of experiments (set No,. 1) represents the work conducted
during the previous contract period in which significant reinforcement at
room temperature was first achieved, This was accomplished with low
w}{isker volume fractlons, manual whisker alignment techniques, and a
heat treatment to ehmmate matnx embrittlement during processing. The
second set of EP/PB experiments was intended to evaluate ‘the elevated

tempcrature tensxle strengths of the Ni Al EP/PB compostteu. The

273
fabrication procedures of the first et were duplxcated in set No, 2, with

the exception than an additional coatmg composition was evaluated and the

- composite whisker volume fractions were about doubled in order to maximize

t
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Figure 3.

WHISKER GROWTH

WHISKER COATING

WHISKER
. BENEFICIATION,
CLASSIFICATION

WHISKER
ALIGNMENT

ELECTROFORMING
COMPOSITE
PREPREGS

HEAT TREATMENT
TO PREVENT

‘ MATRIX

EMBRITTLEMENT

PRESSURE BONDING

Process steps m the preparation of Ni-A130, whisker composites
by EP/PB technique ' '

17




e T PN IR TR TR, €8t iy 50 S € p 2 e g

the high temperature strength. The room temperature tensile: strengths of

set No, 2 composites were not as Iugh as those of the prevxous set contain-

mg much lower whisker volume fraction. No dxfference in strength prop-
erties could be assigned to the two coatings used. A third set of experxments
was therefore conducted in order to evaluate some of the factors which could
possibly account for the observed low tensile strengths at 1800°F. Specifically,

the experiments of set No, 3 were desxgned to evaluate the followmg.

(1) Influence of the testing procedure on composite strength such as
premature failures due to stress concentrations and bending
stresses durirng tension testing, or to deleterious effects of test
temperature and atmosphere, such as grain boundary .oxidation,

(2) Influence of whisker volume fraction on composite strength other
. than the rule of mixtures relationship, For example, the possi-
bility of increased fiber breakage with increased whisker volume
fractions or to premature matrix failure with higher volume ,
fraction composites arwmg from a hxgher state of stress in the <.
matrix,

(3) Effect of large variations from specimen to specimen leading - "
to erroneous conclusions regarding the elevated temperature
properties of the previous gpecimens, '

{4) 'Bhe independent effect of temperature on the strength of the
whiskers and the integrity of the whisker/coating/matrix bond.

Accordngly, the third set of specimens was fabricated w1th lower

/

whisker volume. fractions (slmrlar to set No. 1) and the. wh1sker ahgnment

e

/. was accomplished by a semx-automatxc techruque in order to improve speci-

men uniformity. In addition to tensile tests at 1800°F, room temperatu're bend

test were conducted on ''as fabricated" specimens and specimens exposed in
the tensile testing chamber during an actual 1800°F tensile test, Extensive

post test specimen analysis involving fractography, and extraction of the

whiskers from their matrix for assessment of whisker breakage, whisker
strength degradation and coating stability was conducted on specimens from’ ' '

sets 2 and 3, As a result of this study, the factors respoﬁsible for low

strength at clevated temperatures were reduced to the following:

18
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(1) Whisker breakage in pressure bonding, particularly severe in
set no.. 3 made from whisker bundles aligned by & semiautomatic
method. : ’

3
’

(2) Low coating/whisker bond strength as evidenced by a significant
number of whiskers protruding from the fracture surfaces which
were not coated with metal, and also the unusual dissolution cha-
racteristics of finished composite specimens,

. A final conclusion of importance was that there was no evidence of

whisker strength degradation,

B, CURRENT STUDIES

The indicated weakness of ti:,e whisker/coating bond i-n the previous
EP/PB composites was considered to be the most important problem to be
solved.i Coating stability was also a serious prc;blem in previous infiltration
studies. Thus, the-development of suitable coatings is considered to be a key
problem whi¢h Tiust ble solved, before the present elevated temperature strength
barrier can be overcome. .

féreliminar'y -e*ﬁéfﬁments of two types were conducted during this
reporti:ig period in an effort to determine whether the observed low whisker/
coating. bond is r,elate'd: to the f_:“'oating (sputtering) process or to composite
fabrication and téstiﬂg. On the bas,ig of these studies further EP/PB experi-

ments were then conducted,. o

B

1. Coating Stability Study

An effectiv'e method which has been used in past studies(s) to t\test the
sta}b.ility of the whisker coatings and the'int'egrity of the whisker /coating bond
ix;volves heating the coated whiskers to anticipated composite fabrication :
or service temperatures in vacuum. Poorly bonded éoatings will blister 'c\>r
peel at moderate temperatures, Coatings which are pnstable will.undergo
solid-state or liquid‘pha'yse agglomeration or baill‘ingoup at temperaturés which

are below the melting temperature of the coating composition,

19
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(5)

In previous work, '~ sputtered W-coatin'gs ‘were found to Be the most
stable sputtered coatings at temperatures of lSdOOC. For this reason W-coat-
ings have been used extensively in the fabrication of nickel or nickel alloy
ma-trix composites. |

In order to determine whether the present sputtering technique is
producing coatings which are as well bonded and as thermally stable as those
produced previously,( ) a serzes of coating stability studies were conducted. '
Sapphire wh1skers sputtered thh W, and Ti/W and combinations of Ni over
the W and Tl/W were subjected to one hour heat treatments at 1200°, 1500
and 1700°C in vacuum (10-4Torr). Table III summarizes the results of
examining the heat-treated coated whisker surfaces at high magnifications.

It can be seen that under combined transmitted and reflected light and mag-

nifications of 625X all\of the as-coated whisker surfaces appeared opaque
and smooth as shown in Figure 4A, After a 1200°C heat treatment, only the -
W coated whisker surfaces remained opaque and smooth, The Ti/W coated

whisker surfaces though still opaque underwent a slight change in the surface

texture of the coating as d1d the W/Ni, The Ti/W/Ni ceated whiskers were .
clearly agglomerated at thls temperature as shown in Figure 4B, At 1500°C

all of the whisker coatings were affected although in the case of the W coatings
only slight changes in the surface texture were observed, At 1700°C none of
the whisker coatings survived, Figures 4C and D illustrate the\types of ratings
assigned to the specimens heat treated at 1500 and 1700°C,
It was corllc‘luded from this study that the W sputtered coatings deposited .

’ by the current technique are as well bonded and as thermally stable as those

producged previously and that they ,will resist peeling, blistering or agglomera-
tion at tctmperatures below 1500°C. At the present time there is not interpre-
tation relative to the whisker/coating bond or to coating structural stability,
wh:xch can be assigned to the slight changes in coating surface textures that
occurs in the W coatings heated to 1500°C or which similarly occurs in other
coatfng compositions at lower heat treatment temperatures. However, it is

felt that the low, whisker/matrix bonds observed in composites prepared by

20
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' TABLE III, COATIMNG STABILITY STUDIES’
Appearance of Coated Whiskers Under Combined Transmitted
and Reflected Light. @ 625x
Coating Vac,.Lum Heat Treated - 1 Hr,
. - ]
As Coated 1210°C 1500°C 1700°C
]
'A) Opaque A) Opaqu# A) Opaque A) Transparent -
: [;‘ Opaqe Patches
w I \
B) Smooth B) Smocl:'»th B) Rough B) Agglomerated
l/i
/
A) Opaque A) Op’/ihqqe A) Opaque- - A) Transparent-
f Transparent Opaque Patches
. / Patches
W/Ni / T
’/ A Y
B) Smooth B) Rough B) Slightly B) Grossly
P Agglomerated | Agglomerated
7
A) Opaque A’/) Opaque’ | A) Opaque- A) Transparent-
. Transparent Opaque Patches
Patches -
Ti/N / :
. B) Smooth ' B) Rough B) Slightly - B) Grossly
’ Agglomerated | Agglomerated
A) Opaque - A) Opaque | ‘A) Trans- A) Transparent
Transparent parent
Patches
Ti/W/Ni
B) Smooth B) Agglo- B) Droplet?' B) Droplets
merated : /
_
/
Ratings /

i

A, Light Transmlssmn - Opaque, Transparent

B. Coating Texture & Topogra

Droplets

fllw - Smooth;, Rough, Agpglomerated,
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COATING: W COATING: Ti/ W/ Ni \
TREATMENT: NONE TREATMENT:1200°C~ | HR-10° * ToRR.
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Figurc 4. Photographs illustrating different types of whisker coa(t{ng appear-
_ ances after heat treatment,
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EP/PB and liquid infiltration are pro'bably not dlrectly attnbutable to the

whisker coating process.

2. Coating /Matrix Diffusion Study

The purpose of this study was to assess the degree of solid-state dif-

" fusion which occurs between the coating and the matrix during the EP/ PB

process, For use in this study. thin plates of electrodepomted nickel were
sputtered with about 0, 6ythick coatmg of W, The resulting W-Ni dxffuslon
couple specimens were then heated to about 1250° C in vacuum (~10" torr)

for 16 hours in order to roughly simulate the most severe thermal treatment

of the EP/PB process, i.e. the heat treatment to eliminate jnatrix embrittle- .

ment, After this treatment the specimens were sectioned and examined in the

" electron probe mxcrogcope. The results of this study are summarized in

Figures 5 and 6, Figure 5 shows the scanning electron probe photographs

/ ]
of the sectioned W-Ni specimens before and after heat treatments, It can

" be observed that before heating, tungsten was concentrated only in the coat-

.

ing sectmn.

After heatatreatment, the tungsten from the coatmg diffused markedly
into the nickel section, Figure 6 _graplncally illustrates the depth to which W
diffused into Ni as a result of this treatment. It was concludeci from this
iixvestigation\ that the heat treatment being used for the purpose of eliminating
embrittlement of the electroplated nickel matrix can cause considerable diffu-
sion bet\:veen W coatings and the nickel'matrix., This might well account for

. . . S
the observed low whisker /coating bonds- in previous EP/PB composites.

31. Heat Treatment Studies of Electroformed Nickel

A brief study was made to eliminate embrittlement in the electroplated

nickel matrix by using a less severe treatment (i. e. lower temperatures and

times) than the prolonged vacuum heat treatment (1200 C, 22 hours) used

previously, Unreinforced nickel specimens were heated to lower temperatures

and times in a flowing hydrogen atmosphere and subsequently tested in tension

at room temperatue in order to evaluate strength and ductility, The results

L]
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4, 1IN P/PB E)gperxmerlts (Set. No. 4) , g ,/, ' "

LN

' coatmg/matrxx sohd -slale interaction, These spec:mens were poorly bonded,

s

. were very encouraging -and are summarized in Table IV, It can.be seen that

- L}

at.940 C embrittlement is ehmmated in penods as short as 1.hour as’ evidenced

by total elongation values as hxgh as 49%, Itis mterestmg to note that this
ef{ectwe heat treatment in hydrogen is in the tcm{perature range which gave
maxxmum cmbrlttlementqn vacuum studies conducted prekusly( ). At a

lower temper'\ture (89‘5 C) the effectweness of the heat treatment (in-com-

pletely ehmmatmg emb rxttlement) is questxonable. As a result of this study

"it was concluded that.a shorter txme, lowér te e rature treatment (940 C’

—_—

for at least or‘}e hour) in a flowing hydrogen at osphere can be used in the

EP/PB process for the purpose of ehmmatmg grain boundary embnttlement .

.

of the electrodep051ted nickel matrix, Thxs lowfr temperature treatment

° .
mwy in turn redtfce the dxffuszon between the co tmg and the ‘matrix and . , - s

«

he) s to preserve the wh1sker/coat1ng bond,’
',. / -

5,

L] -

£ 1n v1ew ofgthe results obta/ned in’ the oatmg stab111£y stuches th’e ‘
c0at\1.\gf/ matrix diffusion studies, and the el ctroformed mckel heat treat- .

ment:studies; a last eet of EP/BB compos}(tes was prepared by the standard
4)

proc¢-dure descnbe/d prewously 3 with the followxng refinement:

(1) The. sapphu‘e w}nskers were sptxttered with W-coatings of varying
th1ckness from 0»6 ptod.2 B o e

4
o

.(% ‘Beneficiation and classification of the coated whiskers ‘was aceom- /‘

phsheﬁ hy repé'ated elutriation treatments; whisker ahgnment
was accomplished by metxculous manual*techmques. )

(3) 'Electroformed: composite prepregs were heat treated in a flowmg
H, atmosphere at 935°C fo,r about 2 hours,

*

The fabrzcat:on detazls )and the tenszle test results are’ summanzed

in 'fablc V. Two specimens were pressed at 940 C in an attempt to minimize

4
-

not completely densxﬁea %nd extremely weak, The specxmens pressure-—

R4

bonded at normal temperatures (1175 C) were about as-strong at room tempera-

"weake N thian those prcpared provmus]y. o

ture as those proc.ucod in the previous scts, however. ‘at, 1800°F they were ..
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TABLE IV HEAT TREATMENT STUDIES OF ELECTROFORMED
NICKEL IN A FLOWING HYDROGEN ATMOSPHERE

.

>

-

-
-0
/ 3

LR

Heat Treatme&gf Time _ . Maximum Maximuin
Temperature(OC) ’ (Hrs.) - UTS (psi) ‘ % Total Elong.
,940 . | 45,700 49,1
‘ .
- \ ¢ - '3.‘ ) . s
. 940, ‘ 7 'Z 42,300 34.9
. : e % : ?
940’ - o .24 . .38;500 42,4
895 . ’ 1. f 47,500 . ns .7
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C. POST TEST ANALYSES

’ ' v
, After specimens from the last EP/PB series were broken in tension

tests, ‘additional studies were conducted to identify, if possible, reasons

" for the low cornposite strength values at elevated temperatures.

~

1. Fractog'ra,phv

*+

The first{ study_involved examination of the fracture surfaces using a
stereo mic roscope at magnificatjons less than 100X, The finflings of
this study are summarized in Frgure 7. Specimens which were frac-
/ tuFed at 1800°F revealed a srgmfxcant number of whiskers protrudmg
from qhe fracutre surfaces as ;Tann in the top photograph of F1gure
1. .The protrudmg whiskers. wer_e not coated with metal, indicating
low coating/whisker bond strength, The fracture surfaces of the
composite speczmens broken at room temperature were quite different -
as shown in the bottom photograph in Frgure 7. Very few whisker
"pull-outq" at the grac.ure ‘surfaces were observed and, furthermore_, .
. the protruding lengths of bare whiskers were much shorter than those )
/ of the 1800°F fractures. Tnese o’bsefvati’ons indicated that the .
L w}usker/coa\tmg bond strengths were’ probably mtc\:ﬁ’“stronger at
room temperature than at 1800° F, and thus the critical fiber transfer

*
lengths at room temperature were much shorter, makmg it possible

~—

P
s
EY

to utilize a greater{degree of the remﬂorcmg potent1a1 of the fibers,

LN

The composite strength properties at roorn temperature and.at .

800 Fecorroborate this hypothesis. ‘ B

., e

2,. M1crostructural Evaluatxon " , \ h -

.
N [

T T

The second type of evaluation involved an examination-of the co'mposite\f

mxcrostructures for assessment of fiber concentration and distribution,

‘ degree of fiber ahgnment matrrx irregularities, and mtegr:ty of

@, n
o

‘
<

% The crrtrcal fiber transfer length is the minimum length of f1ber required
to allow transfer of strcsses from the matrix,

P . . P
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Figure 7.
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' 1800° F FRACTURE ' -

ks

ROOM TEMPERATURE FRACTURE MAG 76 X

s

.

| » 1 - - ‘.
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Fractured details of Ni-A1;0, whisker composites fabricated ‘EP/PB
and tested in tension at 1800°F (Spec. #29) and at zoom temperature
(Spec. £31) R ot ,
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whisker/coating/matrix bond, The microstructure of the transverse
cross-section of a representative specimen is shown m' Figure 8, It
can be observed that the composite microstructure is ideal. The uni-
formity of fiber distribution ig 'I;e;-fect, and the degree of fiber align-
ment appears good, In ad&ition; the matrix is free of microstructural
'imperféf'ctions, such as porosity, and the whisker/coating/matrix bond

appears sound from a‘microstructural point of view.

Electron Probe Study

The next type of evaluatwn involved scanning electron probe analysu
of the elevated tem/perature composite fracture surface for an assess-~
nt of coating/matrix diffusion, The results of this examination are
summarized in Figure 9, which shows scanning eleétron probe photo-
graphs of the undisturbed' fraci:ure cross-section of EP/PB composite
speci;;xen #29 which had been tensile tested at lBOO?F"‘. Figure 9A

' shows the specimen current image which reveals rough outlines of

the whiskers appearing either as black or white polygonal shapes.
f‘igure 9B shows the Ni K « -x-‘ray image revealing the‘distribution'
of nickel (light phase) in the composite fracture cross-\section.' By
referri}ig to the specimen current image photograph (Fiéure 9A)

it can be seen that the areas deplc;.te(? in nickel are whisker sites,
Figure 9C shows the W K «) x-~-ray image which reveals the concentra-
tion of tungsten in the composite fracture cross section, It can be
seen that the 'W' coatings on the whiskers were diffused throughout
the nickel matrix during composite fabrication and elevated tempera-

ture tensile testing.

\

Sonic Modulus and Damping

As a final analysis, the sonic modulus and the damping characteristics

(4) .-

of the composite specimens were measured. In previous studies

the sonic modulus of the EP/PB composites were between 80 to 90% of '

the rule of mixture values, and some very general correlations of

v
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'thh the results of previous EP/PB composites reported last permd( )

r g o,

composite properties with damping characteristics were otained,
namelyl, that the higher strength composites had the lower dan\xping
characteristics,

The values of elastic modulus\as a function of ﬁvhisk‘er volume fraction

for the last series of composites are shown in Figure 10 together .

The ‘small numbers beside the new data points represent the speciemn

identification from the last seriee of composites (Set No, 4). Because
the°"ru1e of mixtures' value is a lower bound for composlte modulus( )
values lower than this can be due either to misorientation of the fibers

with respect to the tensile axis or to structural imperfections in the. \
composite, It is interesting to note, for exarrtple, ‘that the lowest

modulus value was obtained with Specime:i #32 which was a poorl& bonded,
weak compogite. ' ,' "
Figure 11 shows \\the relative damping values of composties from‘tl'te -

different EP/PB Experimental composites as a function of whisker:

. <t
concentration. Recent data points are identified by small numbers ;

adjacent to the data ponts which correspond to the specimen identifi- ‘
i o

cation, A meaningful damping curve could not be obtained for speci-

men #32, It is observed that a general trend of incrasing damping
\S B
values with increasing whisker volume fraction exists, and that com?

v

posites containing Ti/W coated whiskers exhibited higher damping’
values than compoq;tes of‘sxm’lar volume £ractlons containing W-coated

whiskers, The reasons fog this are not understood .

Since the values of sonic modulus and dampmg for composites of the

last serics were in general about the same as those of composites

prepared previously, no new clues on the reasons for low composite-
strengtfis could be derwed. . | ‘ b
As_a result of these post test analyses, it was concluded that the

major cause for low EP/PB composite strengths at elevated tempera- )

tures is low whisker/coating/matrix bond strenths and that diffusion of

VO
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 the coating and the matrix during processing and elevated tempera-
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ture testing may be the responsible factor for the degradation of these
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V1, IRFILTRATION EXPERIMENTS' _
4 ‘ -v . ' o . ‘ * .
A. NICHROME MATRIX = _ : - o (
’ - ‘. v 7 ) S '

Durmg the pre\}nous contact, penod studieg on the wettmg between ’

¢

nichrome and metal doated «sapphu‘e plaques ‘were conducted and i"evealed th’af

°

liquid mchrome wctted sapphu’e coated w1tb either tungsten or thh a duplex
of tungsten bver t\tamum, nd’ £ormed strong bonds between the sapph;re and
tﬁc sohdmed mchrome. On the basis, of mxcros‘copxc exarmnatzons, it appeared

that only the’ TJW /éoated whisker# were found to survive e:sporures to mol-*

3, . ‘Hence, all of the mﬁltratxon ’ Vo ¢

ten' nxchrorre w:(hout structnral degradatmn

-

expenment conducted in prev1ous gtudxes inVolved 'lh/W coated whxskers. 'A

o,

'4.\ \asummar § of these expenments is presented in Table V1 (Spec:.mens 1,to 6), in.

wh ¢h /fwo methods qf applying g ressure-to the’ hquld matrix for }nﬁltratmn
wei-e tned (1) dead- ngg],tloadmg of a moveable punch wluch produce.d n;o -

@ M,

,Fperietratxon w w}usker bundle by the molten °uchnome and (2) a pnﬂuma-

txcallyn/pres surxzed systeuh whlc‘b encouragmgly, produced part1a1 penetratxon RS

“of thc whxslgbrs by the mol\‘en nichrome,’ Faxlure to achieve complete pene-

o

-

tr&t‘mn with the sec\ond system was attnbuted in large to madequate control
/ over the temperature with the suaceptor system sed ‘to mductwely melt

e : “° AY . - T
the mchrome. : . n . ¢
& 4 . . b 2

— .4 1
During. thxs reportmg perxod °add1t1on lin f t;atxon expenments were

. . . . . {

conduc{cd with an improved mold system - N .

. In 2 prehmmary parametr;c ekperxment conducted prlor to the new
mhltratxon iﬁvestxgatmns, sapph1re whxskers were coated with about 2.0,4 . K

thxck coatmg of n1chrome by sputtermg and heated o 1500 Cin vaguum

L)

m ordcr to mclt the coatmg and ob§erve :,ts wetting charactenstms anid its

L~

effcrt on the structural stab;hty? «of the sapphire whxskers. Subsequent °
mxc rosc‘opxc exammatxon révealed that the whxsker.. surfaces were covered

PR S,
thh @ numb«r of sohdxfxed mchrome droplets, f'au'ly umform in sxze and .

- " <

i N1y 'mals sis indicated that the compd itiont of.the’ sputtered coatmgs was, '
) tdcnpc.d Lo, that of the nmhrom,e cathod;ns

-
" for"sputter® g A s
. v, o~ B ‘ 3
. ot o 4 : v N
, S ' . 4 5 4 H o
, e P 38? . c e . b .
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evenly distributed throughout the whwker surfaces, By examnu g thz prot{( ‘
., of indwxdual ‘sessile droplets at hxgh magmfrcatxons it was learnkd thata -, b
wettmg contact angle (9~80 ) exlsted: between the sohdﬁed drops and the R Y
‘sapphire w'hxsker surfaces. The sohdxhed droplets could not be separated
from the whisker surfaces by prying with needles and taweeze'rs md1cat1ng that |
3 2 strong bond had. been formed between the sohdxfred nichrome.and the’ sap-

,phire wluskers. On the basrs of. the angles of bend attamable ‘m the wluskers

9=

_with the droplets, it was concluded that the, sapph1re whiskers remamed strong

¥ . e et
1t

.~ and were therefore notdegraded by contact with molten mchrpme. / .
3 t - A
.+ ' . The fact that molten mchrome Wets the 2lumina wh1skers and Iorms a

1

:strong bond thhout structurally egrachng the wlnskers. is a sigmﬁcant fi’ndimg

“cand certamly adds encouragement -to the, mfxltratmn approach, - The pres sunzed ‘
: mf;ltratxon experiments were cond‘ucted utrlxz‘mg an improved mletratxon mold <~
~ 5 . (-

b9 assembly. The new mold assembly (shown schematxcal'ly in Fxgure 12) is -~

basrcally the same as the one used prevxously, with added modrﬁcatwns to pro-

' v:de 1mproved co‘ntrol over the mf:.ltratwn tem Tes and the sohdxfmatxon s

F t © rate of/th//inﬁltratmg metal. Thé modxfrcations conslst of provrsrons for,
thermocoup"les in the alumina mold proper and An the mold/retainer { susceptuor )
. ! 7 sections as shown in F-xgnre 12 and of enlargement of the -rhold retainer d1-
mensions’ to allow direct couphn with tl’re mductmn generator mstead of bezng
r,'l._,‘ " heated" radiantly via a separate susceptor, as accomphshed prevxously.
. - Expenrnental dlffrculties hampered the progress of nichrome: mﬁltra-
txon experxments. Atthe mexltratxon temgeratures and pressures bemg used
) suff1c1ent vaporrzatxon of the mchrome occured. to catise apprecxable amounts
i ‘to condense on the molybdenum hardware formmg an excellent brazmg alloy >
g whlch wet the molybdemtm spontaneously and caused 411 of the threaded Jomtd ‘

. in the miold assembly to“be sealed together. In order to retrieve the com- .

" posite specimens after each run, time oonsummg machrmng and grmdmg ‘
‘ opsratmns Yere necessary due to the extreme ‘hardness of the a‘lloy formed e

"\ The results of three infiltration runs which were completed are sum- ,

marized in Table \{I (specrmens 7, 8, 9). In all of the attempts, the" molten
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metal cuanneled preferenhally around the outer surfaee of the whisl.er bundle
and formed a metal shell around the whrs bundle aé shown in Figure 13, The \
molten nichrome failed to penetrate the whisker bundle even when the infiltra- S
- tion tinxq was ,increa's»ed to periods of one hour, In eyery éas'e, the mepta.l coat-
Aing on the whiskers which had been in contact with the _rnolten nichrome was
dissolved, By bending the uninfiltrated 'whiskers with- tweezers under .the
microscope it was learned that even the uncoated whiskers which had been
in’'contact with the molten mchrome had retained t}.err strength " This was
. elso true of the \V-coated whiskers whzch in prevxoue mxcroecopic studies
eppeared to be structurally degraded by molten nichrome. ’I‘he fact that .
_both the W and 'm/w coatings on the whiskers Wwere dissolved by the liquid .

niehrome was not surprising since this had been observed in previous wetting )

etudxes( )_, However, it was drsappoxntmg that the nichrome did not wet and - /”
penetrate the whxsker bundle umformly. . . . - L . .
, e (3) L e N

On the basis of the prevxous»wettmg studies’ ', it was hoped that

“these coatings woguld be effective "fugxtwe types', which would promote’ .‘ -

>

spontaneous wettmg,t(f the. whisker surfaces by the. molten nichrome before being ‘__,

completely dissolved and wh1ch would in turn cause the nichrome to wet and

- - bond to the alumina whiskers, I

K Coa : N . Lot . LN : A
7 It is suepecte}d that contamination of the molten nichrome and/or the

coated whisker surfaces led to the non-wetting condrtmns experienced in the N ¢
last serxes of expe«rxments. Different infiltration echemec will be investigated J ‘ '
in future studies in order to 1mprove the wettmg and bondmg between nichrome® " - :

1

"and alumina whiskers.

ol

N B. COPPER MATRIX"

Exploratory experiments were conducted to e-xamin'e the feaiibtlity of

prepa_ring composites. by simple capillary action infiltration, These experi-
‘ ments invo'ived a type of coat{ng/ matrix system not‘ previously explored in
3 this program, namely, an insoluble coatmg. For this purpose whiskers

were coated with tungsten, whxch is wetted by, but is euentially ine\oluble

A in molten copper which was used as the matrxx. The results to be described r .-
k . ‘l . ' K & : P ' . “ - . N s . ’ ) - "
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indicate that it is feasible to prepare composites in the W coated 31203 whisker/

Cu matrix system by sim{)le capillary action, .
\ All of the expecrimients to be described were done in a Sentry furnace
equipped with. horizontal 2-1/2 inch I, D, alumina tube, an RTV cap at the
rear for introduction of hy;arogen, and a refractory plug at the front, .For
each experiement, metal coated whisker bundles were prepared and lo'aded'
into sevecral types of tubes, Fisher Reagent grade copper shot was pla.ced
-in suitable positions so that on'melting, it would contact the whzskers. The
~ assemblies were placed-in a suitable molybdenum boat which was sl_owly-

withdrawn, The various types of experiments and results obtained will now.

-

[

"1, Environment Suitability - o : e :

A section of fused silica tubing, about one cm. L.D., was drawn to

- about one millimeter I.D, Saw cuts were gad'e to yield a container shaped

like agolf tee. -Theae were'gtoo‘d.on er;d in the boat and copper was placed

in the‘large section. The molten copper did not flow down into the ex:npty
. capillary section over the temperature range explored, 1150° to 1270° C ‘
for times ranging from 20 to 90 minutes..’ "Subsequently, tungstea wires were
cut. bundled and placed in the capillary s.ection of the container. Seven mil
wires were completely penetrated by the molten copper after 10 rmnutes at
1265 C and one mil wires were also completely penetrated after 30 minutes )
at 1235 C Since the fused silica is not wetted by the copper, the surface of
these wire composxtes were rough, following the contours ‘of the wires at the
perxphery of the bundle, These prehmmary experiments showed that the
environment, hydrogen atmosphere, copper shot,’ and fu ,ed.mhca.contamexe

o e s

were suitable Le(’ etting and infiltration of tungsten by copper.

3
)

In subsequent exp*enments involving tungsten coated whiskers, infiltra--
tions werc conducted at tcmpcratures ranging from 1150° to*1365°C and tlmes

ranging from 5 minutes to 93 minutes. - The appearance and degree of penetratl_on
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of the composites was better at the higher temperatures, above 1300°Z,

shortest time, 5 minutes, was adequate to give good penetration,

’

ting was observed for long hoiding periods,

. 3.“

Effects .of Container Materials -

\

The initial experiments utilized fused silica containers,

The

No de-wet- |

\

s

The whisker

bundles extended from at least one end of the container, for initial contact with ‘
: }

the'moltenlcopper. In general, the surfaces of the composites were rough, l

due to the non’ wettmg of the fused silica by the copper.

the surfaces extendmg from the container were much better in appearance

thhn the surfaces wlthm the contamcr.

-

wo o~

\

It was also noted that

@

In an attempt to improve_the ‘surfacewfinish, of the composites'; fused

silica tubes were internally coated with thin layers of tungsten either by

cathodic sputtering or by a carbonyl vapor decompos ition process,

provement in surface finish of the composites was noted. The tungsten coating

,

No im-

did not adhere well to the fused silica and was generally observed to be bonded

done at 1225 C 8 about 35 mmutes.

. to the surface of the composrte. S

Next, a tungsten tube was used as a container and an infiltration was '

The copper did not wet the tungsten

tubmg well, which i is surpnsmg in view of the excellent’ wetting of tungsten wize

by the copper. : The tungsten tubing approach is not consudered_ attractive,

however, in view of the hlgh cost of $5to $25 per inch,

vy

Finally, alumma tubes were’ used as the contamer in‘a s1ng1e ‘experi-

ment in which both plam and tungsten coated fused slhoa tubes were also

-used,’. The composites made in alumina and bare fused silica were about

equwalent in appearance, and significantly better than those made in tungsten

“‘coated fused silica containers.

In all cases, the surface appearance of the

composlte which’ protruded from the ends of the contamer was bette,);, than the

surface within the contaxner.

4., Coatir_xg Thickness -

about 1,23 microns. No effect of coating thickness was noted with respect to

'

The thickness of the tungsten coating was varied form about 0. 41 to *

45
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infiltration time, de-wetting, and surface appearance, ’ . P

5. Type of Coating - 2
(] \ . . 4

4

Attempts were made to prepare composites using whiskc/rs which had
dupiex coatings of molybdenum over titanium’'(Ti/Mo) and tungsten over titanium
" {Ti/ W) The Ti/Mo coated whiskers were not wetted by the copper and there- °.
fore the copper did not infiltrate., This was- surprismg because copper wets bulk
i molybdenum extremely well. The copper did penetrate bundles of Ti/W coated
whiskers, but the composite appearances were poor compared to the tungsten °

+ coated whiskers, X
6. Infiltration Direction ~ = / ' :

Initially the copper was placed above the whisker bundle; ‘so that h

gravity aided the casnillary infiltratio::n. It was noted that, when some com-.
posxtes were- -deliberately brokén. there were large porous regions, devoid
of whiskers., It was considered.a possibility that if the infiltration direction
; were up, there might be a better filling‘ of all void ‘spaces. Hence many
' mhltratmns were done by placmg the w}nsker loaded container vertically
’ inan alumma crucxble contammg the copper, Some additional infiltrations
were done with the contamer tilted at about 45° because of furr}ac‘e size
limitations. In these the infiltration dii'ection was upinards at a 45° angle,
- Tne composltes prepared in both types of upward infiltrations also on ., ‘
. ’ bccasmn contained some 1arge porous regions ‘which were a‘so devoid of whukers .
‘These results mdxcate that the uniformity of whisker packmg is the |
. Jmost 1mportant paramctcr which essentxally governs the preeence or absence
\ of thcse porous regions, ¢ No significant effect of mfiltration du-ection has .

Q@ . ° i

g ¥ been noted, e, L

p : There is, however-, one potential major advantage of infiltrating in an

upward dxrectxow the top end of the specimen is hkely to cool and solidify
first whereas the bottom end inimersed in thé copper is likely to sohd:fy

dast, ‘This situation may provide’ molten-meta] to the solidification ‘front

R

thercby reducing or eliminating shrin‘ka‘g'e ;roircls and.pipes during solidification.

i . ’
I . »
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7. 'Combosite strength -

A

3 ' © .
y,

Six of the composites were tested in 3-point bendmg at room tempera-
ture. °The samples were in the as-cast condxtlon, ‘were.often u’regufar in

cross -section, and were not machined, The modulus of rupture ranged from .

42 600 to"80 200 psi., Furthérmore, in most samples the\ load- -elongation

curve was linear to fracture whlch\ is a desirable charactqnstw. Since the ~
volume fractxon of whikers .in these composltes wete not fheas ured, a compari=

‘son between actual strength and rule-of— mixtures predlcted strength cannot
be made. . ’ )

8. Post Test Analyses - ) ..
— } - . o ‘ \ .

The fracture surfaces.wvere examined and very few whisker pull-outs

¢

were observed; however, there were somé and a few of the whiskers were

| not coated, After exammatron the copper ‘'was disgolved near the fracture sur-
face,: amd the exposed whiskers were found to be coated and could be bent.
‘These: results further indicate that the tungsten coating / copper matrix is a'

stable sYstem, and- that the whiskers are not deleteripnsly affected by the

- infiltration process. T . .

4

‘ .
These exploratory experiments into the copper matnx/tungsten - T

1 ) -
coat1ng system demonstrate the fsasibility of preparing composites ‘by m- no

' fxltratmn. To demonstrate ‘this feaslblhty, a relatively large, 3/ 16-mch

dxameter tungsten coated whzsker bundle was infiltrated with copper "and 1s

shown i in Figure 14 still in contact thh the solidified copper reservorr.

The rnaJor dxfﬁculty uncovered with this system involves the umformxty

of whisker packing, or the presence of large void spaces in the whxsker bundle !

prior to infiltration, These void spaces are subsequently not filled by the cop-

per durmg cap1llary mfxltratxon and are presummed to be undersirable from
a mechanical properties standpomt although they do produce a favorable

decrease in dens:ty. Several potentx.al‘me.hods for. ehtmmatmg these void

spaces include: . ’ \ . .’.
‘1. More uniform whisker packing ' & '

2, Higher whisker v8lume fractions so that the largest VOld spaces are
. Felatively small 47
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3. Pressunzed mfxltratton either in élosed end or open end containers. ’
DQ Ny R s . f-x

3 eAttempts \'vill be é‘ont‘mued to\sol‘ve thz p’roblem by either of the first .

twe methods, since the thx‘id method would adu substanhal complexity to the ' ' -

. B
®,

mhltrat:on apparatus and proces., T >

© o . , ° p

o

\

Cc. COPPER-NICKEL ALLOY,MATRIX R S

L, . '
]
i !
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P ' One experithent was done usmg the" caplllary action infiltration techmque.
3 -, &

Three copper-mckel alloys contammg 5,10 and 20 weight pqrcent nickel were ‘

b Y

prepared usmg the same .copper shot used prevmusly and commercxally
pure-nﬁckel w=1re. The alloys were pre-melted i 1 small alumma crucibles at . . ;'
130b°C and held forszo mmutes. Subsequently bundles of W coated/ alumina i} . r %

whiskers were packed in stra1ght fused sxhca tubes, wh1ch‘were then held

u

up,nght in the alumina cruc1bles A coated sample mvolvmg pure copper was ¢
included . _— I RN " . :

The boat was then pushed into the furnace and held for 5 x}n\utes at

1

/" 1355 C. The followmg observatlons concermng th\e four sarnples are con- ! : , ;

¢ sxd;ered important: - | , . \ \

! . N\

(1) Pure copper - the matnx infiltrated and rose to the top oi\fhe

whtsker bundIe as in previous expenments discussed-i m sechon - .4
- 4

(2) 95 Cu - 5 Ni - the matnx infiltrated some whiskers and rose to . ..’
\

% - .t . the’ top; however, many sections of the tundle were not mfrltrated Cw

! ' ,' ‘ s (3) 90 Cu - 10 N1 - the matrzx infiltrated some whxskers and rose ~ \ , .
E. ? \ ‘ )
o three-fourt s of the distance to.the top.“ Most w}nskers were not \\

‘ ., . , infiltrated, o v g [

° v D .

©+ (4) 80Cu-20Ni~ The matrix part;.ally mhltrated the whlskers and

>

E

]

|

’ N 2L "a thin column of the alloy rose to the top of the whwker bundle. .
:f T}us column remame;l durmg sohdxﬁcahon. The whxskers at tlié “ o

“base of the. contamer,, closeé’t to the molten alloy pool had no , = -
** ' coating, were white in appearance, ‘and there were only\a few
" isolated globules of metal entrapped. A microscopic examination

| -
f ° _of the whiskers in cl\e proxumty to the metal column at the top,

. . .
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revealed that the whiskers were either completely stripped of coating or the
remaining coating was melted and broke into gloi)ules as described earlier
in section V A-1, . _
Thi§ experiment clearl); shows that the tungsten coating/Cu-Ni alloy
\-‘,'tnatrix system is not a stable one, due to the high solubility of tungsten in
nickel. However, it does show that some wetting and infiltration does occur.
This partial infiltration probably occurred because the alloy matrix wets the

tungsten coating well, and because the capillary rise preceded dissolution of the

coating. Further enhancement of the penetration may have occurred because -

the matrix, dissolved coating as it advanced, and had reduced tendency to
dissolve additional coating. Hence, it may be possible to make a sound
composite by adjusting parafneters to minimize the amount of dissolution’
such as: increase‘coating thicfcness, apply pressure to the molten matrix
for more complete infiltration, ‘and’reduce the gbntact time between the mol-
ten matrix and the coated whisker bundle. This ‘general procedure is being
used successfully for aluminum matrix composites on aiother project of

this laboratory sponsored by AFML,

D, TUNGSTEN SATURATED COPPER-NICKEL ALLOY MATRIX

A general method \rhich may prevent coating dissolution by the
" rr;atrix, discussed in previous reports, is that of pre-satu;'ating the matrix with
the coating material. To test the possibility of this method, two prelimiilarry
experiments were done in which'a tungsten saturated, .80 Cu - 20 Ni alloy
was pre-melted in an alumina crucible. Thé weight percent of-tungsten
required to saturate the 80 Cu-20 Ni is not known; hence, on the basis of
Ni-W ecuilibrium phase diagram, a weight of tungsten slightly greater than
.the weight of nickel was used. To prepare the' alloy, copper shot, nickel
wire and both tungsten wire and tungsten sheet were weighed out in the desired
: propor;.o..s. Thesc were hqated in an alumina crucible for 3 hours at .
1375 C and then cooled to room temperature. ~ There was evidence of undls—
solved tl ngsten wire in the ingot, indicating an excess of tungsten was present.

This of course, does not prove that saturation was achieved.

2
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Following this, a tungsten coated whiskexl bundle was placed in a bare
fused silica tube and the conta.iner in t\ﬁ-n was placed horizontally in a Vee-
grooved molybdenum tray, the contaifier beirg held hlgher than the alumma
crucible. Thls assembly was pushed into the hot zone and held at 1375 °c ®
for one hour. After this holding period, a molybdenum rod was used to push
the container down the. Vee-groove until it feil end first intc the molten glloy
puddle, and was inclined at-about a 4;5 degree angle with the horizontal. After
a contact time of 10 rmnutes the bo.st was w1thdrawn from the furnace. There\
was absolutely no wetting or penetratmn of the w}nsker bundle by the molten
alloy. Several problems with the expenment were: first, the molten alloy
does not wet the alumina crucible and therefore forms a convex surface at
the top; second, the whisker bundle protmd}né from the fused silica tube may
not have contacted the melt. The end of the container from which the whiskers
protruded and floated on the melt due to the density diff\e're;lcés. "One edge of
the silica tube end v.as. bonded to the melt, | ‘

In the second experunent additional alloy was prepared to fill the cru-
cible more completely. A two holed alumina 1nsu1ator was used as the con-
tainer. One hole was filled with a bundle of 7-mil diameter tu;xgsten wires
and the other was filled with tungsten coated whiskers. In both cases the

fibers protruded from the tubing. In this experiment the entire assembly of

- crucible containing the old melt as well as the new charge, and the Vee-groove -

with container in place were pushed into the furnace and held for 3 hours at
1450°C. After this the container was tipped into the melt and held there for

11 minutes prior ‘to removal from the furnace. Once again the container was
tipped at about a 45-degree angle with the horizontal., In this case, the con-
tainer fell into the l_nel’c in such a way that only the tungsten w.il"es contacted

the melt, ‘and these . were completely infiltrated throughout the full 2-inch length,
At Best, only a few whiskers m:ide contact with the melt; and there was no

observed melting or infiltration, This experimeént however, is considered

partially successful in that it demonstrated the fact that the tungsten saturated

80 Cu ~ 20 Ni alloy wets tungsten well.
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VIL. DISCUSSION AND FUTURE WORK e

_W«.;rk during this quarter was involved with: (1) whisker technology,
(2) electroyating/ ﬁreésure bqrﬁding comrosite fabrication technology and
(3) liquid metal infiltration compos'ite fnbricatio_n. teéhn?logy.
' Important -progress in the whisker technology area includes:
(1) A better understanding of the factors which directly affect the
thickness of the sputtered coatings on the whiskers, and a more

accurate basis for estimating the coating th\xckness produced u

w» der prescribed sputtering conditions,

(2) An increase in the whisker coating capability.

(3) An increased number of single stage elutriators which achieve
beneficiation and class‘iiféation of the coated whiskers used in the*
composite fabi-icat‘ion studies. . . ; % "

(4) ‘Imprlovements‘ 1n the degree of whisker alignment and in- the strength

of ""as forn';ed" whisker tape produced with an automatic whisker
alignment device, . ‘

In the future, additional work will be done in the whisker technology area
to im'prove whisker alignment by an automatic process.

Ni - AIZO 3 whisker composites prepared by the EP/ PB process this
quarter were manually aligned in order to minimize fiber breakage. In addi-
tion, thicker coatings and a lowpr ter;lperature, shorter time, heat treatment
for elir\ninating embrittlement of the electroformed nickel was utilized in order

to eliminate or minimize solid-state diffusion between the whisker coatings
and the matrfx. Despite these precautions, the composite strengths at 1800°F
were dissappc;intirigly low. Post test analyse; of the specimens indicated that
low whisker/coating/_matrix bonds were the major.cause of low strength. it was
also learned that the W-ceating/nickel matrix system is not stable under the
EP/PB fabrication conditions, Appreciable solid-s-;tate diffusion between the
W-coating ar;d the nickel matrix occurs which might in turn destroy the

whisker/coating bond. - ' -
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In view -of the associated problems with the EP/PB prdcess no further

work will be conducted in this area,.

L3

. Infiltration experiments involﬁng W and Ti/W coated sapphire whiskers

and a molten nichrome matrix met with considerable experimental difficulty.
Preliininary experiments resulted in only partially penetrated composite speci-
mens due to non-wetting between the molten Jpichrome and the coated whisker
surf_aces. Further optimization of the process is needed before fully dense
composite test specimens. can be prépared by this technique. An imi;ortant
observation of this study was that nichrome.will wet and bond to sapphire
whiskers without structurally de_iading them., Although nichrome cannot be

made to infiltrate uncoated whiskers, this evidence adds encouragement to the

approach of using fugitive-type coatings to promote wetting and infiltration of the

sapphire whisker bundle before being completely dissolved by the molten
nichrome, ‘

Infiltration studies with a nichrome n‘latTix will be continued with the
major emphasis on optimizing the infiltr‘ation process in order that sound
composites with an oxidation resistant matrix can be prepared and evaluated.

The second type of infiltration studies involved pure copper and Cu - Ni

alloys as the matrix and a‘simplé capillary action technique for accomplishing

) infiltration. Sapphire whiskers coated 'with tungsten were -wet and gompletely

infiltrated with molten copper‘.by capillary action. The tungsten coatings re-
mained stable ax;d wettable l;y liquid copper under the most severe conditions of
temperature and time which were investigated, and the whiskers weré& not.
struct;xrally degraded'By \‘the infiltration process., When Cu - Ni alloys were
used as the matrix, the tungsten coating/ Cu - Ni alloy matrix system was
found to be unstable due to the high solt;bility of tungsten in nickel, Neverthe-
less, somc;. infiltration was achieved with this system. ‘
The infiltration studies with Cu and Cu - N1 matrices will continve,
Experiments will be aimed at further optimizing the capillary rise iniiltratiéx;
process in order to improve the surface appearance of the Cu - A1 O_ whisker

273
composites. Efforts will also be devoted to developing techniques for achieving
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higher whisker volume fractions in these infiltrated composites., Following

- this, Cu - AIZO 3qwhisker composites will be fabricated and tested in order to -

evaluate a stable type of whisker coating/matrix system not previously explored,
' The infiltraticn studies with Cu - Ni alloy matrices will be concerned
with investigating the feasibility of preparing sound composites with “‘T—coa[ted
sapphire whiskers by adjusting the infiltration parameters to minimize coating
dissolution. A study of the nickel content limitation of the alloys due to coating
instability by dissolution will be conducted as an attempt to achieve successf:
infiltration w}th imonel, an alloy which has high corrosion resistance. Infil-
tration techngaues involving a presaturated matrix will be further explored
in view of encouraging results of the prelimnax:y experiments. Initially, a
W-coating/W-saturated Cu - i\li alloy matrix system will be explored in or-
der to demonstrate the principle. Hogever, a search will also te made for
a system involving a less dense coating. It can be expected that once these
infiltration processes are optimized, rapid progress can be made in yiew of

the facilities and technology‘\vhich have been built up.

54




o
H

VIII. ‘ACKNQWLEDGE%E\ITS o

The authors wish to acknowledge the contributionx of a number of their
associates to the work reported herin, V. Cordua grew the alumina whiskers
required for this investigation. D. Block aided in the nichrome infiltration,
experiments and in the sputtering of the whiskers. R. -Grossos aided in ™\
the testing of composités. M Birenbaum performed the metallographic work.
Special acknowledgements are due to R. Jakes for performing; \mb'sff5 of the
whisker elutriation and to J, Lazur for the pre;;aration and testi;:g of most of
tiic composite specimens, and to Dr; E. Feingold for performing the Electron
Probe experiments. Finally we wish t.o acknowledge the useful (éiscnssions

we have held with R, Mehan, R, Jakas and A. Gatti.

55

14




X,

)
e '

'REFERENCES

"Potential of Oxide-Fiber Reinforced Metals," Chapter IX Fiber
Composite Materials, American Society for- Metals, Cleveland,
Ohio, 1964 p. 173 by W. H, Sutton and J. ‘Chrone’. ;

J. Chorne', W,H, Sutton, C. Bruch, E, Feingold, "Development of
Composite Structural Materials for High{",’l‘emperature Applications"
General Electric Company, Final Report Contract NOw—65 0176-c,

Jan,, 1966.

J. Chorne', C.A, Bruch, W_.H, Sutton, '"Development of Composite
Structural Materials for High Temperature Applications,' General
Electric Company, Final Report Contract NOw-66-0443-d, Jan. 1967%.

J. Chorne', C.A, Bruch, R, Jakas, W_H. Sutton, "Development of X
Composite Structural Materials for High Témperature Applications,"
General Electric Company, First Quarterly Progress Report, Contract
N00019-67-c-0243, April 1967,

5 . .
W.H, Sutton, J. Chorne', A, Gatti, E, Sauer, "Development of - ¢
Composite Structural Materials for High Temperature Applications" '
General Electric Co. (MSD) Final Report, 1 Sept. 1963-22 Nov. 1964, .
Contract NOw-64-0540-c. o

R. Hill, "Theory of Mechanical Properties of Fiber-Strengthened
Materials: I, Elastlc Bebavior' I. Mech. Phys. Solids 12, 1964
p- 199. '

.

-7

56




