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SUMMARY

The satisfactory performance of mirror substrates of High Energy
Large Optics (HALO) and High Energy Laser Optics (HELO) requires that the
distortion of these substrates (due to temperature variations) be less than
0.1 im per meter (ideally zero thermal expansion) in the temperature range
150-300K. In addition they should have high thermal conductivity, high
microyield strength and low density. Moreover, they should be extremely
resistant to outgasing.-

A literature survey has been conducted to identify currently available
materials that satisfy the above criteria. After many discussions with
other investigators and a thorough screening of the published literature,
it has been found that there exists no material, commercial or experimental,
that satisfies the above requirements.

Indeed, the material that will have the optimum properties is a metal
matrix particle dispersed composite. Accordingly, theoretical and experi-
mental work has been conducted on such composites.

A thermoelastic analysis has been carried out to compute the coefficient
of thermal expansion (CTE). Exact equations for stresses, strains and
CTE have been derived for a two.,phase composite. The results indicate
that the thermal expansion coefficient of the composite is a sensitive
function of the CTE's of the constituent phases and insensitive to the -
elastic moduli and Poisson's ratios. It is shown that to produce ultra
low or zero CTE materials two phases, one with a low positive CTE and
the other with large negative CTE, are required. Further, the amount of
the matrix and dispersed phases should be controlled to within a few
percent.

Experimental work on the Ni-Nb 0 and superinvar-Nb 0 composites
was carried out using powder metaliufgy techniques. Thermal expansion
coefficients measured by laser inferometry in the temperature range
200-300K indicate the the Nb 0 has a positive thermal expansion coefficient
(0.52xlO"K - ). The composiie; have a thermal expansion coefficient an
order of magnitude smaller than common metals and comparable to invar
and superinvar. The agreement between theoretically predicted values and
the experimentally measured values was excellent.

However, the experimentally measured CTE values of Ni-Nb 0 Superin-
var-Nb 20 were much higher than that are required for HALO/HiL applications.
On the bsis of this work a few suggestions can be offered to produce
zero or ultra-low CTE materials. It is absolutely necessary to use a metal
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that has a low thermal expansion coefficient and a ceramic phase that has
the largest possible negative CTE. Unfortunately, literature search
has shown that not many ceramics have large negative CTE. In fact, most
negative CTE values reported for ceramics in the literature are suspect
because of micro-cracking during CTE measurement. The most reliable
CTE values are those obtained by low-temperature x-ray diffraction. Further
literature search has shown tatiLaO has a negative thermal expansion
coefficient of about -4.OxlO- K" ai oom temperature. Currently we are
working on La203 and TaVO 5 to obtain a negative CTE ceramic.

Moreover, it is necessary to improve the bonding between the metal
and ceramic phase. This can be done by coating metal which forms an
oxide that has lowest free energy of formation than the ceramic phase.
Zr is ideal for this purpose, for it forms a stable Oxide (ZrO ) when
reacted with oxide ceramic phase and, therefore, bonding is expected
to improve. We are also working on this problem at present.

.
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NOMENCLATURE

E Modulus of elasticity

G Shear modulus

K Bulk modulus

k Thermal conductivity

L Length

T Temperature

u Displacement

V Volume

a Linear coefficient of thermal expansion

B Bulk coefficient of thermal expansion

A Change of

E Strain

ID Density

a Stress

v Poisson's ratio

Subscripts

d Dispersoid

i Interfacial ,,

m Matrix

r Radial direction

0, Tangential direction

y Yield

0;
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CHAPTER I

INTRODUCTION

The satisfactory operation of a variety of high technology

systems where thermal strains no more than a few micrometers per meter

are permissible require ultra-low thermal expansion coefficient

materials. Examples [I] of these systems include a variety of

spacecraft components (e.g. primary housing/structure, metering

shells, telescope housings, mirror subtrates, microwave components,

etc.), ultra-high precision machine tools, high precision dilatometers

and laser mirror substrates.

A particularly demanding component is the mirror substrate

for High Altitude Large Optics (HALO) and High Energy Laser Optics

(HELO) because mirrors that distort more than 0.1-10 vm per meter lose

image resolution. A previous feasibility study [2,3] on the fabri-

cation of substrates of these optical systems has shown that these

substrates shall have Zero (or nearly Zero) Coefficient of Thermal

Expansion (ZCTE) in the temperature range of operation 150-400K. In

addition they should have high thermal conductivity, high elastic

modulus, high microyield strength and low density.

The thermal strain of a structural member is directly

proportional to the temperature change, AT, and the coefficient of

thermal expansion, a. To minimize thermal distortion, therefore, it

%1

.--.

- " -- '. #- -" '-"-#'- I."'- '- , •--" °' ". " '" #'. ' "', " -L" _- v .. ' .- W' ' '_- ,' -' ;. '. " .. '" '" "" "' •
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is necessary to reduce the temperature fluctuations, both temporal

and spatial. This is accomplished by minimizing temperature fluc-

tuations in the environment and by choosing materials that have high

thermal conductivity. Another approach is to use materials which

have zero or ultra.-low thermal expansion materials. Because it is

difficult to control temperature variations in outerspace, the most

promising approach appears to be the use of materials that have ultra-

low thermal expansion coefficients and high thermal conductivity.

At present only a few materials that have ultra-low ex- P

pansion are available. Unfortunately these materials have low modulus

and low thermal conductivity. Examples of these materials include

graphite-epoxy composites and Ultra-Low Expansion (ULE) glasses.

Accordingly, the objective of this thesis is to produce

" metal-matrix composites that have high thermal conductivity and ultra-

4 low (or even zero) thermal expansion coefficient in the temperature

range 150-400K. To accomplish this goal literature search, thermo-

elastic analysis and experimental work have been carried out. Ni-Nb 205

and Superinvar-Nb205 composites have been developed using the powder

metallurgy (PM) technique. The materials have been characterized by

optical metallorgraphy, Scanning Electron Microscope (SEM), X-ray

diffraction and chemical analysis. The thermal expansion coefficients

have been measured in the temperature range 1,0-300K using the laser

U, interferometer and low temperature dilatometer. The CTE values of

*, these composites are presented and discussed.

% %
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CHAPTER II

LITERATURE REVIEW

The principal objective of this thesis is to produce

materials which will be used as substrates of High Altitude Large

Optics (HALO) and High Energy Laser Optics (HELO). To that end

literature was searched to find out if there exist any materials,

commercial or experimental,that satisfy all the requirements (low

thermal expansion, high elastic modulus, high strength, high thermal

conductivity and low density) of HALO and HELO substrates. Further,

because low coefficient of thermal expansion is the crucial require-

ment of these substrates, the literature was reviewed to explore the

physical principles underlying the ultra-low thermal expansion coeffic-

ient. In addition, thermal expansion coefficients, elastic modulus,

ultimate tensile strength and density were also collected for a variety

of polymers, metals and ceramics.

A. Themal Expansion Coefficient

The coefficient of linear thermal expansion, a, of materials

is defined as

S 1 -L (1)

p

Similarly, the volume thermal expansion coefficient, , is defined as

.4= 1 IV (2)
V T")

pS
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It can be easily shown that for isotropic materials and

for a single crystal having cubic symmetry

S : 3(3)

Because this equation is the result of isotropy in a material,

it will also hold for annealed glasses, amorphous materials and even

for non-cubic polycrystalline solids that have randomly oriented grains [4].

Literature has been searched to collect CTE values for as

many materials as possible. Figure 1 [5 -35 ] lists a number of polymers,

metals and ceramics. Although this list is by no means exhaustive, it

includes a wide range of CTE values for a variety of solids. Materials

with negative CTE values are listed in Table 1.

From Figure 1 and Table 1 the following observations can be

made:

(a) For polymers, TE's range -50 x 10-6K-1 for polyphenylene

sulfide, to -200 x l0-6K-1 for polytheylenes.

(b) For metals, except for invar and superinvar (a - lxlO 6K-1),

the CTE's rang fom 5xlO-6K -l for tungsten and molybdenum
to near 24xlO-K -" for aluminum and tin.

(c) For ceramics the range is much wider; it spans over three

order of magnitude from -3xlO-8K-1 for ULE Corning
7971, to ~lOxlO-6K-1 for tlqO.

An important conclusion that can be drawn from Figure I and

Table 1 is that there is no commercial material at present that has

zero CTE over the range of temperatures 150-400K. Some materials

(e.g. ULE, invar), howeverexhibit zero CTE at some temperatures and

negative CTE values over a small range of temperatures.
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TABLE 1. MATERIALS WITH NEGATIVE GTE 9

MATERIAL CTE, K1  REFERENCE
300K 150K

1. Supertemp(Pycobond)graphite 45x10 6  -4.5xl10 6  3
* pitch material

2. Corning #9617 -0.72xl10 3 N

*3. Nb 20 5(Sintered) -2.0xl0 6  3,8

4. Nb 205(hot pressed) -0.7x106  3,8-12

5. 6.eucryptite(Li O.A A 203 2Si02)-6.0x10'- 662

6. B.spodumene(Li2O.Az203.4Si02  -1.0X10-6  16,18-21

7. Keatite -2.66x106  20

* 8 Si 2-2Li0-8Z 2 3-lGeO2  -2.8x10
*9. Petalite-40(A 2 0 3 '.TiO2) -1.0x106

10. SiO 2-8A 2 03-7Li 20-5Mg0 -1 -0~-8.01 6X 0- __ 7
11. Zinc petal ite(SiO 2-23.25A9 20 3___ 22Slo

-23.25 ZnO) 222 0.x0

* 12. B.Quartz(64.68Si02-19.9Zn0 3062
-14.9k 2 03)

*13. Li O-Ta20 (sintered)//c-axis -11.0x106  7

14. 3(SiO 2-36.7AZ 03-12.3Li20) 6___
-(NiO-2OCaF) 121 ,2-

15. Ta 6W1809  2 -5.0x106  7,15
* 16. Ta16W1 8  9254 6____71

6-

19. La V 0 -4.0x10 7.7101

2 5* 2 5
6 6.

2 3

% % %* .
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Negative CTE values in some temperature range insure zero or

ultra-low CTE at least at one temperature, since the thermal expan-

sion at high temperature is generally positive (a increases with

temperature increase). Some well-known materials that have negative

thermal expansion coefficients are: (a) elastomers (e.g. rubber),

(b) "open" structures like those of ice and water, (c) solids

that have a diamond cubic lattice where a becomes negative at very .

low temperatures (e.g. 20K) and (d) in structures that have relatively

low shear moduli [3,5]. Elemental and compound semiconductors satisfy

some of these requirements and in all cases neyative expansion is

observed over a range of low temperatures. Studies on fused silica .,

show that at low temperature the a is negative, becomes positive at 'a

high temperature and again negative at still higher temperatures. a

Similar behavior was observed with Si0 2 - TiO 2, and with enough

TiO 2 the maximum in x between the negative CTE regions can be eliminated

to get an extended region of ultra-low CTE (ULE glasses -3xlO-8K 1 .

However, obtaining even lower CTE in single phase materials appears

to be a difficult problem. Current theories of thermal expansion cannot

provide any guidance for developing such materials.

Nevertheless, low enough CTE can generally be achieved in

homogeneous-isotropic and anisotropic materials. CTE in homogeneous

materials is inversely proportional to the strength of the binding

forces [6]. Low atomic weight, high melting temperature, high modulus

materials have low CTE. Although it may not be possible to get zero or

o ,
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or ultra-low CTE at a Given temperature, metals W th hiqh meltina

point, ionic compounds and covalent compounds are the best choices.

Indeed from Figure 1 it can be seen that diamond, SiC, B.1 and Si3 N4
'34

have low coefficients of thermal expansion.

There is a possibility of achieving a very low CTE, and

even zero CTE, for at least one direction in anisotropic materials
providing that they have at least one negative a component in one

of the directions. Often these structures have near-zero CTE for

a range which is fixed by the crystal physics of the material.

The thermal expansion of coefficients of materials are

essentially structure insensitive; i.e., minor variations in mirco-

structure do not significantly affect the coefficient of thermal ex-

pansion [4]. For example, stoichiometry, impurities (<1 percent),

porosity, dislocation density and grain boundary area have virtually

no effect on a. On the other hand, oriented grains, second phases

(in small quantities) cracks, etc. do affect the thermal expansion

somewhat (0-4 percent), but not substantially. Starting with the

single phase materials the thermal expansion coefficient cannot be

changed over several orders of magnitude by the minor microstructural

modifications.

The best approach for obtaining ultra-low or zero CTE

materials, then, is through the development of polyphase materials

or composites. Composites made of a highly anisotropic material with

others, can have zero or ultra-low CTE for a range of temperatures.

V %.
•.--.
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This range could also be increased depending on the constituent

phases. Examples of this kind include graphite-epoxy, graphite-

carbon composites and low expansion glasses [2]. However, these

composites (except the glasses) have anisotropic thermal expansion

coefficient and, thus, cannot be used in many applications. To

obtain a material with isotropic ultra-low thermal expansion

coefficient it is necessary to produce particle reinforced composites.

B. Other Properties

Although it may not be apparent at first glance, the

HALO/HELO requirements (high elastic modulus, low thermal expansion

coefficient, high thermal conductivity, low density) are to some

extent conflicting requirements. These properties cannot be obtained

in a single material. This can be explored further by plotting, as

shown in Figures 2.5, one property at a time against the thermal expan-

sion coefficient for the materials listed in Tables 2-4. The intent

of this approach is to explore the correlations, if any, between

various properties and the thermal expansion coefficient. Needless

to say, this approach is not rigorous. However, because the theories

of CTE, thermal conductivity etc. are very complex, this empirical

approach helps us identify useful correlations without extensive re-

view (.f the theories.

From Tables 2-4 and Fiqures 2-5 the followinq conclusions

can be drawn.

V,

"2 ' .a'' . ' ' . . . , " .- ' " .- - - ',- - -' ' -
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(a) polymers [33]: In general they have high CTE, low modulus
of elasticity and low thermal conductivity, which means
that they are not suited for HALO/HELO applications.

(b) metals [7,34]: In general they have hic7h conductivity,
high strength but also high CTE. Invar and superinvar
are the only metallic alloys with relatively low CTE
(-0.2 l0 6K-l) but they also have low thermal conductivity.

(c) Ceramics [7,35]: In general they have high modulus, low
CTE, low density but very low thermal conductivity. Also
they are very weak in tension (i.e., they are brittle)
although usually they are very strong in compression.

In summary, it appears that no one material will satisfy

all the requirements of HALO and HELO substrates. It is evident

that the candidate material selected will be one which offers the

best compromise between various properties, even though not showing

the ultimate value in each property. Indeed a material that will

optimize all the properties will be a particle-dispersed comnosite.

Accordingly, development of metal-matrix composites has been chosen

for investigation in this work.
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CHAPTER III

THEORETICAL ANALYSIS

As shown in the previous chapter, only metal-matrix composites

meet all the requirements of HALO and HELO substrates. Such composites

shall have a continuous metallic phase, because metals have high thermal

conductivity, and a dispersed ceramic phase, because ceramics have either

very low or negative CTE. Moreover, only particle-dispersed composites

will give isotropic thermal expansion coefficient. The theoretical

calculation of the coefficient of thermal expansion of the particle-

dispersed composite and a discussion of the choice of its constituents

will be taken up in this chapter.

In the past many reseachers [36-4A] addressed the problem of

calculating the thermal expansion coefficients of particle-dispersed

composites. The geometries considered, the assumptions made, and the

equations derived are summarized in Appendix I. However, many of these

equations are not applicable to the oresent problem. The principal draw-

back is the lack of explicit equations for the stresses and strains

developed in the matrix and dispersed phases. Yielding of the matrix,

fracture of the dispersed phase and debonding at particle-matrix inter-

face can give rise to spurious thermal expansion coefficients when
subjected to a large cyclic temperature fluctuations, as in the HALO/

HELO substates. 7-

* Accordingly, the thermal expansion coefficient of particle-

dispersed composites is calculated in this chapter by a riqorous thermo-

* .0. r.NI
% -%., 1'-- -" - -" -. - -" ."-"- -22 ............... -..
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elasticity approach. Usi. this approach new results for composites that

contain hollow and multilayered spherical particles are obtained. Further,

the conditions for matrix yielding, particle fracture and interfacial

debonding are also identified and discussed.

A. Thermoelastic Analysis

In the following analysis, the composite material is

assumed to be an assembly of spherical composite particles that con-

tain all the constituents present in the composite material. The

volume fractions of these constituents are the same in each spherical

composite as in the composite material. Hence, the coefficient of

thermal expansion of each spherical composite and the composite

material are approximately equivalent.

First the analysis is performed for a single spherical

composite particle in which all the phases are assumed to be isotropic,

linear elastic, homogeneous (within each phase) and the interfaces

perfectly bonded. Then the thermal expansion coefficient of the

two-phase composite material is calculated.

A.1 General Thermoelastic Equation for an Inhomogeneous Sphere

Let us consider first the more general case of a sphere

whose properties (r, E and ) are functions of the radius, r, and

subjected to a temoerature rise, AT,which is also a function of the

radius.

From Timoshenko [45] the condition of equilibrium is qiven

by
'FM
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do r 2
+(c -c) : 0 (4)drr r

and the stress-strain relations are given by

(lOr =+v)(I-2v) [(l-v)cr + 2vc - (I+v)cxAT] (5)

I,
W

: E [E + - (1 +v)cxAT] (6)o$= O (1+\)(I) +Vr

du
and er r (7)

r dr -

e r

Substituting (5), (6), (7) and (8) into Equation (4) we get

2
r + [1 dE + 2v(2-v) dv + 2 durdr 2  E dr ( +-V) (I -, (1I-2,j) dr r - dr-,

(9)

+ 2v dE + 2 dv 2 IE(l-v)r dr (l-V)r dr 2 r
r

(liv) 1 dE + 2(1+v) d ]aT + d(cvT)
E r dr 1 +') (l-2v) dr dr

The solution of this non-linear differential equation subject to the

appropriate boundary conditions provides displacements, strains and

stresses in the inhomogeneous sphere. Once the radial displacement, u
r-

S S . S .
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is known, the equivalent thermal expansion coefficient of this inhomo-

geneous sphere, cL, can be easily calculated.

Equation (9) is completely general. It can be used for both

inhomogeneous,multilayered and homogeneous spheres subjected to both

uniform and nonuniform temperature changes. A more practical case

where the physical properties in each phase are constant and the temp-

erature rise is uniform, is considered next.

A.2 Multilayered Sphere

Consider a multilayered composite sphere (Figure 6) where

each phase is isotropic, linear elastic and homogeneous. Also assume

that the temperature rise, AT, is constant for the entire multilayered

spherical particle. Then equation (9) becomes

2
dur dur 2ur ~ IA

r dr 7 -- 1-' -AT (-0)
dr r

which can be written as

d 1 d (r2Ur !+V oAdr [  2 dr 2)]- 1-v aAT (11)
r

and the solution is [5]

r 3 3 .

I+v r -r °  C2U AT r + -(12)3r2  r

Q° ..
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1 2

FIG'URE 6. MULTILAYERED COMPOSITE SPHERE
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here C1 and C2 are constants of integration and r is any convenient

lower limit for the integral.

This solution is used to find the stresses in the composite.

Again from Timoshenko [45]
3--

4 3 r 3 C

a-- 2E ctAT r - + E Cl 2E (13)
. Vr 3r 3 l-2v) 1 r3  (13)

3 3

06a E cAT r-r 0  + E C + E 3 -2 EaT
(1-v) 3r3  (l -2,) F + r3

--- 4

Equations (12), (13) and (14) describe the displacement and the state

of the stress in each phase where the boundary conditions are:

(a) a = 0 on the outer surface,

(b) or and u are the same in the adjacent consecutive
phases a( the common interfaces,

(c) Or = 0 at the inside surface for a hollow inner
sphere, i.e. at r=r I , and

(d) ur 0 at r = ro =0 for a solid inner sphere.

Using these boundary conditions and Equations (12) and (13)

the following relations for the integration constants for an n-phase

composite sphere are obtained

E i. 1  2E E 2Ei
C2i- 3 C2i-2 1-v. C2i-1 + 3 2i

l- 2 vi 1  2-3 ,i 1 )ri 1  1 (1+vi)r ":

i--1
2;'-Tcx i-1 E i - .

n
3(S. i - )O

.4:.~
I - L. , ,

!° . .
.?,
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3_$ 3

En 2En 2ATcnEn rn n-I

1-V n  C2n-1 + 3 C-)r 3 3 (1-v ) r
n n n

3  - 3

C + 2i-2 C2i - +-i-I i-I i-l-i-2 (17)
2i-3 3 2i-I 3 1 -V 3 r3i-I i-

i 2, .. n i

and for a solid inner sphere

c2 = 0 (18)

or for hollow inner sphere * "
"?.

E 1  2E 2  ,
- 3 C =0 (19) "N

I-2v 1  1 ( 1+)rI  2 .

For a multilayered n-phase composite particle, we have 2n

equations and 2n unknowns. Solving for these unknowns and substituting

in Equations (7), (8), (12), (13) and (14), equations for the dis-

placements, strains and stresses can be obtained.

To find the coefficient of thermal expansion of the composite

sphere, ac' we note that at r=r n'
ny

u r (rn) ac AT rn (20)

But u r(r ) is also obtained from Equation (12) which becomes
3

+ n n-1  C2 n
ur (rn AT r 2- r~ ~---- (21)Urrn) -l- n  n 3Ar 2 C2n-I 21 r 2

n  rn

-7*.
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A.3 Two-Phase Sphere

For this thesis we are interested in a two phase composite.

In this section the thermal expansion coefficient for a two-layer AA

composite is calculated using the equations derived so far. Hence,

if we consider a two-phase composite with a solid inner sphere then

Equations (15), (16), (17) and (18) will he reduced to

E E 2E 2E alAT
2 C 2 C3 + 2 04 = (22)-2 1 1-2v 3 a3( v2 ) 3(1-v I)

2___ 2 0 ATV

E 2E 2E2a2  b3 -a 3

1-2v 2  03 + b4 = b (23)"
b3(+V2 )  3(-v 2 )

1 1 + 1  1 /T.-°
13Cl Cl 3  3 C4 v3 (24)
a 1 I

Solving for CI, C3, and C4 and substituting into Equations (7), (8),

3
(12), (13) and (14) and further substituting x= a the volume

fraction of the inner sphere where rl=a and r2=b, we get for the inner 0

sphere, i.e. for 0 < r < a

CA1 E1 [1 2)+2 (1-2v 2)x] +  2':2E2 (1 -x)(1 -2, 1/ :
u = r AT (25)r 2E2 (l-2v )(l-x) + 2E, (l-2v 2 )x + El (l-v 2 )

A E [(l+v 2 )+2(l -- 2v 2 )x] + 2a2E2(1-x)(1-2%,r=1= E+2(T. ( 26 ) "-"

2E 2(l-2v1 )(l-x) + 2El (l-2v 2 )x + E1 (l+'2)

'

,, ' b ;""~ . -" ''' ". . "" .""' " "" . . . " . .. . . . ..

,:-.:..:- ,1..:,:-. .1-.'-.'-.'-..'1- . " v - ,, ..- '.'.'.-'. .-. .---.. ,' ---.- < -... ... . .. .... , " -. .. , ... 7

: I 3. , _,.- .. , , 'z W ..... ... "-, " " ' -" '' " "%. "" " " - " " . '" """ . ,-.",7.7 " .', 4 ' '%, ;
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-aam

2E IE2 ( 2 - a)( -x) (27ar: O = AT [2E 2 (1-2v 1 )(1-x)+2EI(I-2v 2 )x+E( I +v2) (27)

,.-

For the outer sphere, i.e. for a < r < b

1 +2a 3
ur AT[ _2 2(r
r 1-v 2  c2 r r

+ AT a 3  2a2 ( l -x)( l +v2 )[E 2 (1-2v )-E1 (1-2v 2 )1+3 iI E1 (1-v 2 )(+v 2 )

3"(I- 2r2 2E 2 (1-2\ 1 )(I-x) + 2E1 (1-2v2 )x + El (l+v 2 )

AT r 2a 2 (1-2v 2 )( l -x)[E(1+v 2 )+2E 2 (1-2v)]+6a I EI (1-2v 2 ) (1-v 2 )x

+ 3-22E 2 (1-2v,)(l-x) + 2E (1-2v 2 )x+E(1+v 2 )

(28)

1 + v 2 ( 1 __E r: AT [. i. 2 32l+ r_ __] i

1-2  r

2ATa 3  2a2 (1-x)(I1+v2)[E 2 (1-2vl )-El (1-2%2)]+3ai El (1- 2)(I+\ 2)

3(1-v2)r 2E2 (1-2vl )(l-x) + 2EI (1-2v 2 )x + E(l+v 2 )

AT 2a 2 (1-2v 2 )(1-x)[E l (1+,2)+2E 2 (1-2v1 )]+6a 1 E (1-2v 2 ) ( I -\ 2 )x

+3(I- 2 ) 2E2 (1-2\ l )( l -x) + 2EI (1-2v2 )x + El (1+ 2 )

(29)

a,,

; ' " " "':-""'"/ " '""" '"" :, " " ',"-"-" " " ':" "'"-",'.' -'',"- ":","'","."''- >'" ,-'':;-,:" - ",:>' _,:, :':-:'"'0J
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1 +v 2  (1 a 3

E AT[ c3
1 - v r

+ AT a3  2c 2 (1x) (+ 2 )[E2 (l-2vV)-El(l-2v2 )]+3aEl (l-v 2 )(1+v 2 )

3(1-v 2 )r 3  2E2(1-2\ I )(l-x)+2E (1-2\)x+E (l+v

AT 2a 2 (1-2v 2 ) (l-x)[EI (1+v 2 )+2E 2 (1-2v1 )]+6ct1 E1 (1-2v 2) (1-v 2 )x
+

2 3(2Ev) 2(l-2v ) ( l - x ) + 2 E (1 - 2 ' 2 ) x +E1 (l+v 2 )

(30)

a =AT 2v--E--- -)

r 3(1 -v 2 ) r

3 3
2AT E2a /r 2v2 (1-x)[E2 (1-2v )-E (1-2v2 ]+3o. El (-v 2 )

3(1-v 2 ) 2E2 (1-2v )(l-x)+2E1 (1-2v2 )x+E1 (1+v2 )

AT E2  2a 2(1-x)(1-2v 2 )[E l (1+v 2 )+2E 2(1-2v l )]+6o I (1-2v 2 )( l -v2 )x

3(1-v 2 )(1-2v 2 ) 1E2 (1-2v 1 )(-x)+2E1 (1-2 2 )x+E 1 (1+v 2 )

(31)

-'-

, 1 +

s.',:?. .. . <; < ' .. . """-"""- ."i.+.- -
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-AT a2E2  (2 + a 3 

_

3(0-v 2 ) r

%'

'3 3AT E2(a3/r 3 )  2a 2 (l-x)[E2 (1-2v1 )-E1 (1-2v2)]+3lE(l-v 2 )

3(1-v 2 ) 2E2 (l-2v I )(I-x)+2E1 (l-2v2 )x + E (1+v2 )

AT E2  2c 2 (1-2v 2 ) (l-x)[E (I 1+v 2 )+2E 2 (1-2v 1 )]+6a 1 E1 (1-2v 2 )(1-v 2 )x

3('-v 2 )(I-2v 2 ) 2E2 (1-2v1 )(l-x) + 2E1 (l-2v 2 )+E1 (l+v 2 )

(32)

The coefficient of thermal expansion of the composite sphere, acz is given

by

UC ATb
r=b c

Substitutin into Equation (28)
'

3(1-v 2 )(a 1 - a2 ) E I x
ac =  t2 +  - (33) S

2E2 (1-2v l )(1-x)+2E l (1-2v 2 )x+El (1+v 2 )

Dividing by E 1

3(1-v 2 )(a I - c2)x (34Otc  C1 + ( 34 )..-'. .
E_.2

2 E2  (1-2vl)(l-x)+2(1-2v2 )x+(l+v 2)

11
From Equation (34) a few results can be readily obtained. First,

when El  E2 and vI = v2 we have that

ac  = lX + a(1-x) (35)
c 1 2 .

V%' V .t"-..-. -. ,..-,',.'-.. -.. ,'..~ A** ,..-'.,. .-. .-- ,'-'_. .,,., r' ..- '...."., . , - , -)" ""e""-, , . . . ."."." " ' -," ' . , ,"- -
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which is the rule of mixture for the thermal expansion coefficient

of a composite.
J.i

Second, from Equation (34) it can be easily shown that for a to beC

zero, aI and a2 must have opposite signs; i.e.one of the phases must

have positive CTE whereas the other should have negative CTE.

The term

E 3(0 - v 2 )x (36)

2 2 (1 - 2,v)(l-x)+2(l-2 2 )x+(l+ 2)

is always positive (because v1 and v are generally less than 0.5 and

x is always less than unity) and varies between 0 and I. So

ac ai + a 2 (-R) (37)

will be zero if and only if a1 and (2 have opposite signs. However,

if only an ultra-low CTE is required then a1 and a2 could be both

positive providing that at least one of them has an ultra-low values

(10-8 -10 9 K 1 ).

Now let us consider some interesting implications of

Equations (25-34) when a1 is positive and a2 negative. On heating

sphere 1 will expand and sphere 2 will contract. On cooling, however,

sphere 1 will contract and sphere 2 will expand, which means unless

strong bonding exists between the two phases, debonding is going to

occur. Once debonding occurs the composite will show a CTE as that

J .. ...
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of material 2. On the other hand if ol is negative and cx2 positive,

debonding may be ecnountered on heating but not on cooling. To avoid

debonding, the composite should be designed so that it has zero CTE

at the "critical temperature" (i.e. if a is negative the critical

temperature will be the upper limit of the design range of temperature

and if a is positive the critical temperature will be the lower limit).

Since it has already been decided to use a metal phase and a ceramic

phase in the composite and since the composite should have good thermal

conductivity, it is clear that the inner sphere should be the

ceramic phase with negative CTE and the outer sphere should be the

metallic phase with positive CTE. For the case of an ultra-low CTE,

composite the phase with the neglative CTE can be replaced by a nhAse

with ultra-low CTE.

In this analysis the value of ct was assumed to be constant

over the temperature range AT. Although this assumption is not

realistic, since a varies with temperature, it does not affect the

design much, since the different values of a at different temperature

will just change the range of temperature where (c is zero or ultra-low.

Two other aspects of concern in the design of the composites

are yielding of the metallic phase and fracture of the ceramic phase.

According to the von Mises criterion [46] yielding begins when

1 2 + ' 2 11/2(38)CY- ,2 [(Cr-Ce) + (Ce- p) + (a-r )  (38)

Bur for a sphere

a4 a,
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ae a0

so a l Gel
Y r"

that is for the metallic phase we should have that ,

r (O-e~axk uy P

substituting for a and a from Equation (31) and (32)r :

ATE 2  332cc 2 (l-x) [E 2 ( 1-2v1 ) -EI ( 1-2v 2 ) +3a I1 E1 ( l -'V 2 )
IT aB/r3 ( 2  []. < a '

_1__ 2E2 (E1- 2 v ) ( 1 - X ) + 2 E 1 (1-2v 2)x + E 1 (l+v 2 ) YATE2 ~ ~ a1r 1 2 1 2_____________

(39)

It can be clearly seen from above that I(r -G)m I occurs
r ax

at r=a. For the ceramic phase it can be easily shown that stress state

is hydrostatic compression and therefore yieldinq does not occur.
4'.

Further, the stress at the interface should be preferably

compressive; if the stresses were tensile, however, it should not

exceed the interfacial strength, oi, i.e.,

AT 2EIE 2(a 2 - cl)(l-x) . (40)
2E2 (l-2v )(l-x)+2E (1-2v,2)x+E 1 (I+ 2) .

2 1 1 2 12 -

U"-

If a is high enough,that is if bonding is stronq,then fracture -

may occur in the ceramic phase. And the criterion for the ceramic

not to fracture is

0
- , . . . " . .. . . -. ,, , • . . ", % ", '% . ., -. % . . % % % ". ,,. ., -. . .- - -, . .. 0
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S2EE 2( 2 -C)(l-x) (41)
AT [ .f ( "

2E2 (1-2vl )(l-x) + 2EI (1-2v 2)x+E (1+V2

where a is the fracture stress of the ceramic phase. Equations (39)

(40) and (41) will determine how high AT could be without inducing

plastic deformation in the metal matrix, debondinn at the interface

and fracture of the ceramic dispersoid.

In summary, it is assumed that the composite material be-

haves as a two-layer composite sphere whose phases are isotropic,

homogeneous within each phase, and elastic. Expressions for the

displacements, strains and stresses throughout the spherewere derived.

From those expressions, the coefficient of thermal expansion of the

composite, ctc, the yielding, debonding and fracture criteria were

obtained.

The limitations of this analysis are that it was assumed that

the phases are isotropic, elastic and homogeneous within each phase.

The isotropy requirements will apply if we have a good number of ran-

domly oriented grains in each phase. Another requirement is that bonding

between the two phases should be sufficiently strong so that the inter- -,

face can support tensile stresses. A major assumption, of course, was

that the coefficient of thermal expansion of the spherical composite

is the same as that of the composite material. This assumption does not

appear to be correct since practically the assembly of spheres of the

same size will leave the composite with about 25" porosity.

Z...

4i,

.5
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B. Composite Design ,

In the previous section it has been shown that two constituents,

one with a positive CTE and another with a negative CTE, are needed

to achieve a zero or ultra-low CTE composite. The choice of those two

constituents will be discussed in this section.

From Equation (34) it can be seen that the coefficient of

thermal expansion of the composite is a function of the coefficients

of thermal expansion, moduli of elasticity, Poisson's ratios and, more

importantly, the volume fractions of the constituents. It is obvious

that the Poisson's ratios have almost no effect on cc since for most

materials the value of the Poisson's ratio is about 0.3. To study

the modulus effect, Figure 7 was plotted using Equation (36), where

the Poisson's ratios were taken as 0.3. The value (acc 2)/(al-( 2 )

is plotted vs the volume fraction of the dispersed phase for

different values of the moduli ratio, E ./E It can be seen that

the CTE of the constituents should be the principal design parameter,

because for most combinations of metals and ceramics E /E varies from

0.5 to 2. If we first consider that the values of (x and a2 are.I.

fixed then for a certain value cc the effect of E2/E1 (between 0.5 to 2)

is marginal (+ 6%) whereas for a value E2/E1 between 0.5 to 2 a change

in x1 means a drastic change in (cc Also it should be mentioned

that the line E2/E1 : 1 is the rule of mixtures. .

4.
5. . . . .. . .. . .
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The design objective is to have as much metal in the

composite as possible so that the thermal conductivity of the com-

posite will be high. To achieve this, the ideal combination would

be to have a ceramic with large negative CTE and a metal with a

small positive CTE. Unfortunately, not many ceramics have large

negative CTE. Ascan be seen in Table , the most promising

ceramic appears to be Nb205. Accordingly Nb2 05 was chosen as the

dispersoid. As for the matrix material, several metals and alloys

can be used.

Using Equation (30) Figure 8 was plotted for the CTE of

the composite at 300K with superinvar, titanium, nickel, copper and

aluminum as matrices. The value of c is plotted vs the volume frac-

tion of Nb205. It can be shown as predicted that the composite with

superinvar is the most promising composite in that it requires a small

amount of Nb205. The next promising composites are the ones with titan-

ium and nickel matrices. '-

Figure 9 is a semi-log plot of Equation (34). The value of

log c is plotted vs the volume fraction of Nb2 05 . The figure has two
c 25

sets of curves: the ones on the left are when cc is positive and theC '

ones on the right are when c is negative. It is clear that the vol-

ume fraction should be tightly controlled (+ 2%) to produce a composite

with ZCTE (-l0 8 K- )

Further, Equations (39), (40) and (41) should be satisfied so

that we should have no yielding of the matrix or debonding at the inter-

- 0

''w 4
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face or fracture of the ceramic phase. From equation (39) it can be

seen that (a -a x occurs when r=a, i.e. at the interfacer e max

AT E

r- O)max (1 -2) 2-

2a2(J-x)]E2(1-2v )-El (1-2v2 )]+3alE (1-V

2E2 (l-2\) )(l-x) + 2El (l-2\2 )x+EI (l+V2)

(42)

This equation is also maximum for high x when E2 (l-2vI) - El(1-2v2 )>O

and vice-versa. Table 5 gives the values of (or- Oa)max for a temp- -
"

erature change, AT, of 250K and the yield stress of various metals.

From that table it can be seen that only composites with electroless

nickel and superinvar would satisfy the requirement of Equation (39).

It should be noted that the coefficient of thermal expansion was

assumed to be constant in that temperature range. Although this assump-

tion is not valid, it gives an approximate value of (a r- 0O)max since

the coefficient of thermal expansion varies by + 20% of the value used;

and this change will not affect the values in Table 5 by more than 200!,

which means that nickel and superinvar composites will still deform

elastically.

- . . , . ..
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TABLE 5: VALUES OF (o r - emax for AT = 250K and

YIELD STRESS OF VARIOUS METALS

A,,

(r- Omax a '
METAL yax

MPa MPa

AZ 746 27.6-300

Cu 794 69-345
.%

Ni 1070 2490

Ti 424 400-600

Superinvar 49 276-414

Electroless Ni with Hardness = 63R
C

,

""o

A..1

WA..

"A".
Ad•..

'A.l



54

CHAPTER IV

EXPERIMENTAL PROCEDURES

The traditional technique of producing particle-reinforced

composites is by mechanically mixing powders of the matrix and rein-

forcing phases and subsequently hot pressing them (or by cold pressing

and sinterina) to obtain a dense composite. The composite so produced

will have continuous matrix and dispersed reinforcing phases, provided

the volume fraction of the reinforcing phase is small. But when the

volume fraction is large, such as in the Ni-Nb -O5 composite (xNb
~~2 5 20

0.95, see Figure 9), the compacted composite will have continuous

reinforcing and dispersed metallic phases. Such a composite will be

both brittle and thermally insulating. In an attempt to disperse

Nb205 particles in Ni matrix each Nb205 particle was coated with the

required amount of nickel by electroless plating. The composite spheres

so produced were then hot pressed in an argon atmosphere. A brief

description of these procedures is given in the following sections.

Although the primary objective of this thesis is one of making

low expansion metal-matrix composites, characterizing those composites
is a necessary complementary task. Scanning Electron Microscopy (SEM),

chemical analysis and X-ray diffraction were used to identify the

different elements and phases in the composites. Accordingly, a brief

description of these techniques is also included in this section.

S"-
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A. Flame Spraying

The commercial Nb205 powder purchased from Aldrich and

A.D. McKay was porous, flaky, and had a wide size distribution. .-

The powder was sieved and sent to General Plasma Associates for -"

flame spraying.

The thermospray system used was MetCo 6P-H hand-held manual

spray gun. Nb205 particles, 38-63 pm, were fed to the gun at a rate

of 450-900g per hour. The particles emerged through the center of

the head where the flame temperature was of the order of 4000K. The

molten Nb 0 particles were sprayed into a water bath and then
2 5

collected and dried at 373K for two hours. A detailed description of

this procedure is given in Appendix II.

B. Electroless Plating

The coating technique employed for making N Nb25 composites

was electroless nickel plating, a commercial process used for

plating high purity nickel on metals, semiconductors and insulators.

The Nb205 spherical particles were soaked in a catalyst

(lg PdCZ2 per 500 mZ of distilled water) for 15 minutes, rinsed with
2 *

Aldrich Chemical Co., Milwaukee, WI.

A.D. McKay, Darien, CT.

General Plasma Associates, East Windsor, CT.

Shipley Co., Danvers, MA. -

*. . .*.V- " --. ,

... ... .... .... ... .... ... .... .. . . . ..-.
4-. *~ * * - - - .~. .a- V... ~ ~ .- -- . -. -'
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distilled water and then put into an already prepared electroless

plating solution in a Pyrex beaker.. The plating was carried out ,

at 338K for 2-18 hours depending on the volume fraction of nickel re-

quired. The powder particles were then collected, washed with dis-

tilled water and acetone and dried in air. Other details of this

procedure are given in Appendix III.

C. Mechanical Mixing

In the case of superinvar-Nb 0 composites, the volume
2 5

fraction of Nb2 05 required to obtain an ultra-low or zero CTE is only

about 0.2. This means that mechanical mixing of Nb205 and superinvar

powder will insure continuous metal matrix. The mechanical mixing

was carried out by placing spherical particles of superinvar and Nb2 0 5

of the same size (44-53 pm) in a ball milling jar and rotating the jar

for an hour.

This method was used for all the superinvar-Nb205 composites

even though the final composite is not expected to have the ideal

structure (metal surrounding the oxide). There is no simple method of

coating superinvar on the Nb205 particles.

D. Hot Pressing

Both the coated and the mixed powders were compacted by

hot pressing in a graphite die which was inductively heated. Hot-

pressinq was carried out at l73K at a pressure of 34.5 MPa (5000 psi)

for 3 minutes in an argon atmosphere. The sample was then furnace cooled,

4*
V. P *.L -. ,..T,-,
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i.e., by turning the power off. This procedure is described in

Appendix IV in greater detail.

E. Optical Metallography

After hot pressing, the samples were cut by a diamond saw,

mounted in Bakelite, polished with 0.3 and 0.05 im alumina in water.

* All the samples were photographed without etching. Although many

etchants (HF, HCU, HNO, HSO NaOH, KOH) were tried, it was not

possible to etch the Nb205 specimen.

F. Scanning Electron Microscopy

Scanning electron microscopy was carried out on both the

particles and the mounted samples. The powder particles were coated

with gold by vapor deposition. Energy dispersive X-ray analysis

(EDAX) was carried out to identify the impurities present in the

powder particles and in the sunerinvar sample.

G. X-ray Diffraction ~ ,6

X-ray diffraction was used to identify the different phases

of Nb2 0 present before and after flame spraying, after nickel

plating, and hot pressing. Nickel-filtered copper radiation was used.

For the superinvar powder chromium radiation was used. gv

H. Chemical Analysis

A semi-Quantitative chemical analysis was performed after

each procedure to identify the elements in the samples and to make

sure that no major compositional changes took place. Further. since

.1 .

.. .., .- '. .
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the samples were hot pressed in a graphite die, the carbon content

in the samples was also determined.

Also, the volume fraction of the Ni-Nb205 composite was

found by dissolving the nickel in the composite into a solution of

hydrofluoric and nitric acid; subsequently the Ni content in the

composite was obtained.

I. CTE Measurement

The hot pressed samples were cut to a size of approximately

1.5 cm x 0.5 cm x 0.5 cm, with a diamond saw at low speed with

copious quantities of cutting liquid. They they were cleaned with

acetone and dried. These samples were sent to the Aerospace Corpor- -7..

ation where they were polished and coated with a thin film of alumi-

num to insure better reflection of the laser beam. The CTE measure-

ments were carried out in the temperature range 15n-300K by the laser

interferometric technique. Appendix V describes this technique.

Aerospace Corporation, El Seaundo, CA.

.. .. -.. .-. ...... .. . .. ... .
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CHAPTER V

RESULTS

In many instances the properties of a composite are irreversibly
%U',

influenced by impurities. The only way to avoid the complications due

to compositional changes is by monitoring and tightly controlling the

composition of the constiuents of the composite during processing.

Similarly, the size, shape, crystal structure and, more importantly,

the volume fraction of various phases also affect the properties of

a composite. Again it is necessary to keep track of these micro-

structural features to meaningfully interpret the properties of the

final product.

Accordingly, chemical analysis, X-ray diffraction and

scanning electron microscopy have been used in this work to identify

different elements and phases in the composites. In the following

sections the results of these analyses and the coefficient of

thermal expansion of N -Nb 0 and superinvar-Nb 0 composites in the
i 2 5 2 5

temperature range 180-300K are presented.

A. Chemical Analysis

Semiquantitative chemical analysis was performed after each

treatment (electroless plating, flame spraying, etc.) to identify the

impurities in the samples and to insure that no major changes in

chemical composition took place during processing. It can be seen

from Table 6 that the Nb20 powder purchased from two different com-
2 5

panies, Aldrich Chemicals and A.D. McKay, had the same composition

-%
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and the same concentration of impurities. There were no major composi-

tional changes due to flame spraying, electroless plating, or hot

pressing. .

However, after flame spraying the Nb205 powder turned gray,

which means that it could have been at least partially reduced. The

carbon content was determined in the as received and flame sprayed

sample to investigate whether the Nb205 was reduced. It can be seen

from Table 7 that carbon content is about the same in all the Nb 0 samples.
2 5

Similarly, carbon content was also obtained for all the hot pressed

samples to investigate if any reaction between the graphite die and %A-P

the specimens took place. It can be seen from Table 6 again that

the amount of carbon in the hotpressed samples is not unduly large.

Hence, the effect of the carbon in the Ni - Nb205 composites can be

disregarded.

In the superinvar-Nb205 composites, however, the carbon *

content is very important because the more carbon in the superinvar

the higher is the CTE [47-53]. Further, since certain impurities

(Si, Mn) [53] might affect the CTE of superinvar, chemical analysis

was performed to find the composition of the superinvar powder used

in this work (Table 8).

Finally, since the effect of volume fractions of various

phases on the properties of the composite is very important, the

weight fraction of nickel in the hot pressed Ni-Nb 0 composites
2 5

was determined. From these values (Table 9) the volume fraction of

S
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TABLE 7. CARBON WEIGHT PERCENT

SAMPLE % C

1. Aldrich Nb 05  0.05

2. A.D. MacKay Nb 05  0.02
4-2 5

3. Aldrich Nb 05 flame sprayed 0.05

4. A.D. McKay Nb 20 5flame sprayed 0.07

2 25

6. Ni-20.5 Nb 05 hot. pressed 0.23

7. Ni-33.5 Nb 20 5 hot pressed 0.28

8. Ni-63.15 Nb 05 hot pressed 0.04

9. Ni-87.3 Nb 05 hot pressed 0.22

10. Ni-90.5 Nb 05 hot pressed 0.08

*11. Superinvar powder 0.01

12. Superinvar-hot pressed 0.99

13. Superinvar-1O Nb2Os hot pressed 0.40

14. Superinvar-20 Nb 05 hot pressed 0.40
U2.

15. Superinvar-5O NbO0 hot pressed 0.93
2 5
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TABLE C. COMPOSITION OF SUPERINVAR

a%

ELEMENT WEIGHT PERCENT

At 0.23

C 0.01

Co 6.1

Cr 0.22

Cu 0.055

Fe 58.5

Mo 0.024

Mn 0.006

Ni 33.2

Si 0.035

Ti 0.013
.

F'.

,i %.
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TABLE 9. WEIGHT AND VOLUME PERCENT OF Ni
IN Ni-Nb205 COMPOSITES

SAMPLE WEIGHT PERCENT VOLUME PERCENT

1 17.0 9.50 r-r

2 22.2 12.70

.w.

3 53.3 36.85

4 79.5 66.50 -

5 88.3 79.50

%b %

.>.

S.

, . i

S-.:-
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nickel was calculated assuming there is no porosity in the composites.

This method of finding the volume fraction of the various phases is

accurate providing the final composites have negligible or no

porosity.

B. X-Ray Diffraction

X-ray diffraction patterns of all the Nb205 samples (Figures

10-12) were taken to identify the changes in the crystal structure of

Nb205 " It was found that the as received Aldrich Nb2 05 had both 4.

monoclinic and orthorhombic phases whereas the A.D. McKay Nb205 was

monoclinic. After flame spraying, the Aldrich sample retained the same

diffraction pattern and the A.D. McKay sample changed to orthorhombic --
J..4

Nb205. However, both the hot pressed Nb205 (Aldrich sample) and the

Ni-90.5 Nb205, (from A.D. McKay) showed that the Nb205 was monoclinic.

This is expected because the Nb205 when cooled from high temperature2 5

transforms at about 1273K and becomes a stable monoclinic phase [54-57].

Hence, it can be concluded that the Nb205 in all the hot pressed samples

is monoclinic.
.

Figure 13 shows the diffraction nattern of nickel

plated Nb205. Since the diffraction pattern is mainly that of nickel,

it can be concluded that the nickel is surrounding almost all the

particles even though the volume fraction of nickel in that sampie is
'4

only 0.127.

Finally, the diffraction pattern of the superinvar powder is

given in Figure 14, which shows that the iron and nickel, in the super-

I '%%,/ 0
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invar, are in solid solution.

C. Scanning Electron Microscopy 5

All the powder samples and the hot pressed solid samples were

observed in the SEM (Figures 15-18). Also, Energy Dispersive X-ray
.. 1

Analysis (EDAX) was done for the powder samples and the superinvar

solid sample. From Figures 15 and 16 it can be seen that both powder ,

samples, from Aldrich and A.D. McKay, were spherical after flame

spraying. After plating, however, the Aldrich particle (Figure 15c)

does not look spherical. A possible reason is that this sample was

plated for 8 hours and most of the powder stuck to the magnetic stirrer

after 4 hours which resulted in non-uniform plating on the particles.

This problem is not present in Figure 16c sirce the powder there was

only coated for 2 hours. Further, the EDAX spectra (Figures 15e and

16e) show that the powder was totally surrounded by nickel.

The SEM micrographs of the hot pressed samples (Figures 17,18)

show that in composites where the Nb2O5 is low (Figures 17a,b,c and 18b,

c), the metal surrounds the Nb205 , whereas in composites where the Nb2 05

volume fraction is high (Figures 7d,e), or low (-0.50) but mechanically

mixed (Figure 18d), the metal matrix was discontinuous. Further, in

some of the samples (Figures 17a,b,c,d and 18a,b,c,d) porosity was

present in the Nb205 particles and in the metal matrix. Nb2 05 and

N. - 90.5 Nb 0 (Fioures 17e, f)' are almost pore-free. Also, in two of
i~ 25

the samples (Figure 17c and d) there was evidence of interface debonding.
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All these samples were also observed with an optical micro- 8

scope because the optical micrographs (Figures 19-20) accentuate the

contrast between the two phases.

Finally, Figure 21 shows that some chormium was present

in the superinvar powder sample. Figure 22b shows that most of the V

impurities such as chromium, sulfur and titanium and most of the

cobalt were segregated in the hot pressed sample in form of spherical

particles. "

D. CTE Measurements

Figures 23-33 show the thermal linear expansion of all the

hot pressed samples. Thecoefficients of thermal expansion of all the

specimens, even that of Nb205 , were positive. The only sample that

showed signs of zero and negative CTE is the Ni-87.3 Nb 0 composite
2 5

(Figure 26). That same sample, when measured a second time showed

positive CTE (Figure 27). A possible explanation for this behavior

will be discussed in the next chapter. I.

For the superinvar specimen, the thermal expansion measured

was different for almost every run (Fioure 30). This complex

behavior could be due to phase chanoe 'y---a) occurring in the material

during cooling [49,53]. Also,the temperature at which the phase

change occurs depends very much on the composition of the sample

Further since the a phase is more stable than the phase,

the material seemed to stabilize after a few runs. The co-

efficient of thermal expansion of the material was 2.99xlO 6K-1 on
.9%

I.'
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cooling [Figure 33b] from 300-180K and 4.21xlO-6K -I on heating [Figure

33c] in the same temperature range.

.-
Another explanation for the behavior of the superinvar sample

is the assumption of "discrete" antiferromagnetism [50], i.e., there

should be a kind of antiferromagnetic interaction between

atoms in the alloy. This explanation, however, is difficult to prove

and should be further investigated.

It should be noted that Figures 25-30 and 33 were measured

with a laser interferometer and expansion was recorded on both cooling

and heating in the temperature range 180-300K. Figures 23-24 and

31-32, however were measured with a quartz dilatometer and expansion

was recorded only during heating from 180-300K (after initial cooling)

and the results are accurate to only within + 5-10%.

Since most of the data seemed to fall on a straight line,

a linear regression program was used to find the value of the coeffic-

ient of thermal expansion of the composites. Figures 34 and 35

summarize these results. The coefficient of thermal expansion of

nickel in Figure 34 was obtained fi Reference 7. The discussion

of the results of Figures 34 and 35 will be taken up in the next

chapter.

0
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A variety of microstrutural factors can qive rise to spurious

effects when a specimen is subjected to CTE measurement. These micro-
%%'.'

structural factors include porosity, grain size, and anistropy. Al-

though dispersed pores in principle should not contribute to the

thermal expansion of a solid, connected pores can open up when the

specimen is cooled, especially in the case of samples with large cross-

sectional area, or materials that do not have high thermal conductivity

such as ceramics. This results in increase in length of the specimen

when it is cooled and therefore an apparent negative CTE.

Similarly, anisotropic polycrystalline samples are also prone

to cracking, even the absence of porosity, when they are heated or cooled.

Because of different thermal expansion coefficients in different direc-

tions, when a polycrystalline aggregate is heated (or cooled) internal

stresses will be developed in the grains due to constraints imposed by

neighboring grains. These stresses, if high enough, can nucleate and

propagate cracks within the grains and at the grain boundaries. While

this may be unimportant in ductile metals, it is extremely important in

ceramics and in metals that have cleavage planes. When these cracks

nucleate and grow, they contribute to apparent CTE.

Because Nb205 has monoclinic and orthorhombic crystal struc-

tures, it is quite likely that the previously reported negative CTE in

the sintered and even hot pressed specimens was due to microcracking

at the grain boundaries and pores, or inside the grains. Unfortunately,

it is not possible at present to isolate the effects of anistropy and '--

.i-
'-'

I,, -,'w ,m ?% -,,j, m 'I% , ,,',','_i , '-m, .,,,% ..,.-,,,.", % -,,j,,"- - %# ,w -%-. .- .,,% -% %- .- , -'-S
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porosity because the thermal expansion coefficients of Nb205 single

crystals are not known for the range 200-300K. Further in majority

of the cases studied in the past the microstructure of the specimens

was not carefully characterized.

To investigate if there are any pores, the hot pressed

Nb2 5 was observed in the SEM at 500 x. No pores were found. The

thermal expansion coefficient of the Nb205 was also measured in the

direction of loading (during hot pressing) and was found to be 0.5xlO-K 1.

Since hot pressing should give samples that have planar isotropy this

result indicates that the hot pressed Nb205 was essentially isotropic,

even though single crystal Nb205 is anistropic. This means that the

grains were randomly oriented in the hot pressed specimens.

In summary, the hot pressed Nb205 used in this study gives

the true thermal expansion of a polycrystalline Nb2 05 . Its value in the

temperature range 200-300K is 0.52 x 10 6 K The negative values re- .

ported in the past were apparant values and do not reflect true CTE

of Nb205 .

Nickel

Because of the purity of electroless Ni is 99.5 percent, the

CTE value assumed for Ni is that of pure nickel, reported in Ref. 7.

It is assumed that 0.25 percent boron in the electroless Ni does not

affect the thermal expansion coefficient. Although this assumption

seems justified as far as the room temperature CTE is concerned, the

temperature variation of CTE for electroless Ni appears to be less

. S. ..

44 .4.4
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sensitive than that of pure Ni. This will be discussed in greater de-

tail in a section on the composites.

Superinvar

From Figure 30 it is apparant that the CTE of superinvar

is independent of temperature, but depends on the thermal history.

Further the CTE value observed in this work is 4xl0-6 K-I whereas the

value reported in the literature [47-58] was 0.l-lxlO- K-

There are many reasons for this discrepancy. It has been

reportedthat the thermal expansion coefficient of superinvar depends

sensitively on the composition, especially the Co content. For

example, changing Cobalt from6.0 percent to 4.2 percent can change

the thermal expansion coefficient by an order of magnitude. Similarly,

small amounts of carbon can change the CTE of superinvar substantially

Generally an increase in carbon content results in an increase

in CTE. Although Mn and Si also affect the CTE of superinvar, their N

effect is marginal. -

The higher CTE values observed in this work are clearly due

to higher Co and C in the specimen (Table 7).

The dependence of CTE of superinvar can be ascribed to -y a

transformation during cooling and antiferromagnetic effects [47,49].

'IV
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Ni-Nb 205 Composites

Figures 23-25, 27 and 28 show that the coefficients of thermal %

expansion of Ni-Nb205 composites are almost independent of temperature.

Only one test (on Ni-87.3 Nb204 ) showed that the composite had zero CTE

in the temperature range 200-400K and negative CTE below 200K. Un-

fortunately, this behavior was not duplicated when measured again. .""

Hence this result will be ignored in the rest of the discussion.

In Figure 36 the thermal expansion coefficients of both

Ni-Nb205 and superinvar-Nb205 composites are shown along with the

theoretical predictions using Equation (34) and the mixture rule. Be- ..

cause the thermal expansion coefficient of nickel increases slightly

with temperature, two sets of curves are drawn for two temperatures,

200 and 300K.

It is interesting to note thatall Ni-Nb2 05 composites,
2 5.

except the Ni-33.5 Nb205 fall on the theoretical curve (Equation 34)

for 200K-300K. Hence, provided that the thermal expansion coefficient
6..

of electroless Ni is 11.3 x 10 6 K-l  Equation (34) predicts the thermal

expansion coefficients of Ni-Nb 205 remarkably well. In fact, if the

thermal expansion of coefficient of Ni is assumed to be between ..-

11.3 x 10 6 K- and 12.5 x 10-K - , which is a reasonable assumption,

the argument between experiment and theory will be extremely good for

the entire temperature range 200-300K.

Another interesting fact to be noted from Figure 36 is that the

0,

%. %- - • -npI •
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mixture rule predicts the thermal expansion coefficients of the Ni-Nb205

equally well, because the moduli and Poisson's ratio of Nb205 and Ni are

not very different. However, when the moduli are substantially different,

the mixture rule will not be able to predict the CTE as explained in the

chapter on throretical analysis.

From Figure 17c it can be seen that the Nb205 is the matrix

phase and nickel the dispersed phase. Hence Equation (34) should be

modified such that phase 2 refers to nickel and phase 1 to Nb 0
2 5'

Accordingly, the thermal expansion of Ni-Nb 0 comnosites are recalcu-
2 5

fated using nickel as the dispersed phase and Nb 0 as the matrix phase.
2 5

Table 10 gives CTE values calculated for various volume fractions of Nb 0
2 5

using both Equation (34) which assumes Ni matrix and the modified version

of Equation (34) which assumes Nb205 as matrix (for the same volume

fraction of Nb205). It is interesting to note that the difference be-

tween these two values is at the most 1.3%. Hence it is really im-

material whether Ni or Nb205 is the matrix or dispersed phase as far

as the thermal expansion is concerned. When the composite follows

mixture rule (as in superinvar-Nb2 05 ) this difference is exactly zero.

Superinvar-Nb205 Composites

The superinvar-Nb 0 composites also follow the theoretical
2 5

predictions. In this case the agreement is good for the entire temp-

* ....
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TABLE 10. CTE PREDICTIONS OF Ni-Nb 205

COMPOSITES AT 300K

*VOLUME FRACTION Ni Nb2O0 DIFFERENCE

OF Ob MATRIX MATRIXPECN

63.15 5.477 5.415 1.13

87.30 2.275 2.244 1.36

90.50 1.837 1.813 1.31

% %%
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erature range 200-300K. It is also interesting to note that Equation

(34) conincides with mixture rule in this case because the elastic

modulus and Poisson's ratio are identically the same for superinvar

and Nb2 05 .

Microstructural Effects

Although the agreement between the theoretically calculated

and the experimentally measured values are remarkably good, the

effect of some microstructure parameters on the thermal expansion co-

efficient of composites should be emphasized. Of particular importance

are the effects of porosity and interfacial decohesion between the metal

and ceramic phases.

First, it appears, again from the extremely good agreement

between theory and experiment, that the porosity in the Nb205 particles

did not seem to affect the CTE of the composites. As remarked earlier,

small distributed pores should not affect the CTE of the Nb2 05 particles

in the matrix.

Second, if debonding were a problem, the composite would have

shown a thermal expansion coefficient of Nb205 while cooling when Nb205

is the matrix (i.e., for large volume fraction of Nb205 ) and that of the

composite when heated - On the otherhand, when Ni is the matrix phase the

coefficient of thermal expansion of the composite while cooling will be

that of Ni and, again, the measured CTE during heating would be that of

the composite. Same argument holds good for superinvar-Nb2 05 composites

too. Because none of these effects was observed during the thermal ex-

2-,
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pansion coefficient measurement, it can be assumed that the inter-

facial bonding was good, if not perfect.
,V

Nevertheless, there is an indirect evidence to show that '

Ni did not bond well to the Nb205 particles. When the Ni coated powder

was hot pressed, after electroless plating, the nickel segregated to

the empty space between Nb 0 particles. This indicates that Ni does

not wet Nb205 readily and hence can be assumed that the bonding was not

perfect.

Third, as pointed out earlier, the matrix material can yield

and the dispersed oxide phase can fracture,which depend on the temp-

erature difference, the volume fraction of the phases, elastic moduli,

etc. It has already been shown that for superinvar and Ni matrices, i.e.,

when Nb205 is dispersed,yielding in the metallic phase and fracture of

the ceramic phase are impossible. Similarly, when Nb205 happens to be the

matrix and Ni and superinvar dispersed phases, it would still be impossible

to induce yielding and fracture. When yielding and fracture, occur it is

expected that the thermal expansion coefficient will not agree with the

theoretical curves.

Suggestions for Further Research
"..5

A few suggestions for producing ultra-low CTE composites with

good mechanical properties can be given on the basis of this study.

First, to produce an ultra-low CTE material it is necessary to start

with a metal that has a low thermal expansion coefficient and a

ceramic phase that has the largest possible negative CTE. Unfortunately,

0-'5
*"5 *5 ** ".'-. . ."" .' ". .' ". " "' ." -" '... '. ,-. 5- .. .. . ' ' ., . •. . ' . - . " -,• • . . . . ." '
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literature search has shown that not many ceramics have large negative

CTE. In fact most negative CTE values reported on ceramics in the

literature are suspect because of the spurious effects due to micro-

cracking. The most reliable CTE values are those obtained by low-

temperature X-ray diffraction. Further literature search has

shown that La203 has a negative thermal expansion coefficient of about

-6-1-4.OxlO K at room temperature. It appears therefore that La203

is the most promising candidate.

Second, it is necessary to improve the bonding between the

metal and ceramic phase. This can be done by coating metal which forms

an oxide that has lowest free energy of formation than the ceramic phase.

It has been suggested [58] that Zr will be ideal for this purpose, for

it forms a stable Oxide (ZrO2 ) when reacted with oxide ceramic phase and,

therefore, bonding is expected to improve.

Third, as shown in the chapter on theoretical analysis the

volume fraction of the metal and ceramic phase should be tightly con-

trolled to get ultra-low CTE. This can be done by closely monitoring

the volume fraction of the constituent phases during processing.

Fourth, the porosity in the ceramic phase should be eliminated

so that even when it is under tension, the ceramic phase would be able

to resist facture.

Fifth, there is some scope for improvement in the theoretical 44

analysis also. It has been assumed in the derivation of Equation (34)

that the metal and ceramic phases are isotropic. In general small
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ceramic particles (~50wim) may not have many grains. As a result,

the elastic properties of the ceramic will be anistropic and therefore

in the thermoelastic analysis it may be necessary to take this

anistropy into consideration.

Finally, Equation (34) was derived assuming that the thermal

expansion coefficient of the composite is the same as that of the

composite sphere which has the same value fraction as the composite.

It is known, of course, that when spheres are packed together the re-

sulting structure will have a porosity of about 25/. Further analysis

is required to relate the CTE of two-layer sphere to two-phase composite.

Z.7Z..
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CHAPTER VII

CONCLUSIONS

The following conclusions can be drawn on the basis of the

thermoelastic analysis and experimental work on particle-dispersed

metal-matrix composites.

(a) The theories of thermal expansion of particle-dispersed

materials, published so far do not provide adequate guidance in the

design of composites that are subjected to large temperature fluctua-

tions (e.g. HALO/HELO substrates). %

(b) The thermoelastic analysis presented in this thesis,

in addition to predicting theCTE of particle-dispersed composites, gives ,, ..

exact expressions for displacements, ctrains and stresses in the com-

posite. A knowledge of the stresses will enable one to design the

composite against fracture in the ceramic phase and yielding in the

metallic phase.

(c) To produce ultra-low or zero CTE metal-matrix composites

it is necessary to use a metal that has the lowest positive thermal

expansion coefficient, and a ceramic phase that has the largest negative

thermal expansion coefficient.

(d) In addition, the amount of the metal and ceramic phases . -

should be controlled to within a few percent. Failure to do so will pro-

duce either a large positive or negative CTE composites.

% .

* *-'.
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(e) The thermal expansion coefficient of hot pressed Nb205 in

the temperature range 200-300K is positive (+0.52xlO-6 Kl), contrary

to the values reported in the literature,

(f) The agreement between the theoretically predicted thermal

expansion coefficients and the experimentally measured values for

Ni-Nb205 and superinvar-Nb2 05 is excellent.

(g) The coefficients of thermal expansion of the composites

produced an order of magnitude smaller than common metals and are com-

parable to invar and superinvar. Thermal expansion coefficients smaller

than 0.52xlO-K are not possible to obtain because the CTE of Nb 0

is positive: ultra-low CTE can be obtained by choosing superinvar that

has low carbon content and a ceramic phase that has the largest CTE

(e.g. La203)

(h) Improved bonding between metal matrix, high negative CTE

ceramic phase and high strength metal should be used to produce ZCTE

composites.

4%

a..
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APPENDIX I

THERMAL EXPANSION COEFFICIENT OF COMPOSITES: LITERATURE REVIEW

A simple equation for the thermal expansion coefficient

of a composite, c'c, is obtained by the rule of mixtures as

0(c = cc xl + a x2+ ..... +0L~ x .1)--
c 1 1 2 2 n n(.)

This equation assumes that the elastic properties (e.g. E and

v) of the constituent phases are equal. However, because all materials

do not have the same elastic properties, elastic interaction between

phases is bound to occur and hence the need for a more rigorous equation.

For the past thirty-five years many researchers nave investi-

gated this problem. The first was Turner [1]. He assumed that with

temperature changes each phase in the composite is constrained to expand

or contract the same rate as the aggregate and that the shear defor-

mation is negligible. Using this assumption he derived the following

equation • -

aIKlXl + 2K2x2 + ....+ x n 2K x
x, + 2 2 + n nn

ot(1. 2) ,.1
c I(~ + K2 x2+ ....... +K x

Cr, for two-phase composite
N"

a mKm xm + xd Kd d (1.3) -b
K x + dKd~ x,
mm+dx

S. . - -
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Turner realized that his equation might not fit the experi-

mental data because the shape and size of various phases could have an

effect on the coefficient of thermal expansion. However it was found

in fact that Turner's equation agrees quite well with the thermal

expansion of fiber-reinforced composites [2].

In 1956 Kerner [3] developed an equation by assuming that the

composite is isotropic and homogeneous (on a large scale) and that the

dispersed phases are in the form of randomly distributed spherical grains

suspended in, and bonded to, a uniform medium. He also assumes some

average state of stress or strain in the grains and that an average

grain is surrounded by an average shell of the suspending medium. He

further assumes that when the volume fraction of the suspending fluid

goes to zero, in the limit, its properties are equal to the properties

of the composite. According to this model the thermal expansion of a

composite is given by

4G n
Kc +32 x

c Kc i l (1.4)
K = K.4 -- - + 3 :

Using the same model Kerner found the same bulk modulus of the

composite to be
n
Z Kixi/(3Ki+4Gi)
i=l

K = (1.5)"c n

xi/(3Ki+4Gi)

i_-7

1,-'
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so if a two phase composite is considered where phase d is dispersed in

matrix m then

G =G (1.6)
c m

Substituting equations (1.5) and (1.6) in equation (1.4)

amKmXm/( 4 Gmx 3 Km)+adKdXd/( 4 Gm + 3Kd) (
c ( 1. 7 ) , .

SKmXm/(4Gm+3Km)+KdXd/(4G m + 3Kd)

It was found that Kerner's equation agrees quite well with

experimental values obtained on matrices containing spherical filler

particles, even though the assumption of isostatic stress throughout

the composite is not clearly an acceptable one.

Holliday and Robinson [2] refer to an empirical equation pro-

posed by Thomas in 1960; the equation is

= xca + xda (1.8)c XM M .

where a varies from -1 to +1 depending on the particular system. If a

is small

Zn ac x mzn ccm xd Zn d (I.9)

a 1 xm  + d -

c m ad

a +1 a X L X~ -xa (1.10)a = +I c Xm m _ d d 1",
dd -

.1
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The empirical nature of this equation makes it suitable

for most composites provided the adjustable constant a is known, but

it is devoid of any physical significance.

Arthur and Coulson [4] refer to an equation of Blackburn

3(1 - vd ) m d)Xd .I)-"

c =c + E (111
(c d+a )+2x m(l -2a )+2xd (1 -2ct) Ed

m

This equation was derived for the case of spherical particles

in a matrix at low concentration.

In 1968 Cribb [5] developed the following equation

Km(Kc - Kd) K (K K)K + d m cc c(Km Kd) c c Km- Kd) d (1.12)

This equation assumes the phases to be homogeneous and isotropic, but there

• were no limitations on size or shape of the particles. This equation

requires that the bulk modulus of the composite is known a priori.

Similar equations, equations where G I K , E and a. are known
c C C "

a priori, were published by Budiansky [6] in 1970. He assumed that the

composite consists of random mixtures of n isotropic phases and that

at least (n-l) of these phases are distributed in a particulate fashion,

with the particles roughly spherical in shape.

n -I
c i~l xi(Ki/Kc) ail-a + a(Ki/Kc)] (1.13)

S" .,. -
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I+Vwhere a C (31 -

3K + 2G
andv c 6K + 2G (1.15)

c c

For a two-component composite these equations yield

K- -1 Kl
c - C (

cm d  Km  K1
m d

It is obvious therefore that Cribb's and Budiansky's equations cannot

be used to directly calculate the coefficient of thermal expansion of

the composite because K and G are not known a priori. This difficulty

is circumvented by iterative procedures.

Tummala and Friedberg [7] published the following equation

for a two-phase particle-dispersed composite in 1970

Ctc mm-d)Xd (1 + 1)/2E (1.17)
[(l+vm)/2Em] + [(1-2vd)/Ed]

where it was assumed that the composite's thermal expansion coefficient

is the sum of the matrix thermal expansion coefficient modified by the

effect of the dispersed phase upon the expansion of the matrix, and

the expansion coefficient of the dispersed phase modified by the effect

of matrix on the expansion of the dispersed phase. Examination of the

term

eA

Z40
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(1 + vm)/2E (1.18)

+ Vm )/2Em] + [(1- 2v d)/E d]

shows that it is a constant for a given system since it is independent

of the volume fraction of either phase. Equation (1.17) represents a

straight line, emphasizing that it can only be valid over a limited

range where the volume fraction of the dispersoid is low (<0.25). It

is interesting to note also that when Ed >> Em Equation (1.18) approaches
d m

unity and hence Equation (1.17) will be the same as Equation (I.1).

Finally, Wang and Kwei [8] in 1969 and Fahmy and Ragai [9] in

1970 independently derived the following equation

3(m - a d)(l - V )xc = m 2 3 d ( . 19)
m2 m (l-2,d)xm+2xd(l-2v )+(l+mv 0."9

d d md M m
dd

In this model spherical particles were assumed to be dispersed. The

derivation was made for a single spherical composite particle where each

sphere from one phase is surrounded by a spherical shell of the otherphase.

This one-particle model was then extended for the final composite where

a number of those composite particles of various sizes are assembled

together. It is assumed that filler particles are more or less evenly

distributed in the matrix without coming into physical contact.

Equation (1.19) is the same as that derived in Chapter III

of this thesis and it is the one used to compute the value of

for different volume fractions of the dispersed phase.

,;
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Perhaps it is worth reminding here that all the above

equations were derived on the assumption that only elastic deformation

takes place and that bonding between the phases is perfect. So, if the

matrix deforms plastically or if poor adhesion between the phases is

encountered, then the equations are no longer valid. Also, these

equations do not take into account the size of the particles. There is

no immediate evidence that the size of the particles will affect the

coefficient of thermal expansion, but it will affect the stresses in

the various phases hence fracture might occur. Hence the size of the

particles might have an effect on the coefficient of thermal expansion.

None of these equations agreed with data obtained on all com-

posites although it was found [2] that Turner's equation applies quite

well to composites in which the filler is fibrous whereas equations in

derived by Kerner [3], Wang and Kwei [8] and Fahmy and Ragai [9]

apply quite well to composites containing spherical filier particles.

0
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APPENDIX II

FLAME SPRAYING

p_...

The thermospray system used was MletCo 6P-H hand-held manual

spray gun. Approximate schematic diagram [l of the thermospray system

is shown in Figure II-1. (The thermospray nun shown is the MetCo

5P model; the only difference between the two models is that in the

MetCo 6P-H gun the powder is fed from the back of the gun instead

of the top). The powder emerged through the center of the head.

The feed rate was about 450-900g per hour. A temperature of 4000K

was provided by an oxy-acetylene flame.

The size of the Nb205 particles was 38-63 im. Particles

larger than 63 pm did not melt and particles smaller than 38 vim

stuck together and did not flow evenly through the gun. The powder

was sprayed in a water bath and was collected by filtration. Then

it was dried for two days in air at room temperature and baked at 373K

for two hours to get the remaining moisture out. The size of the

flame-sprayed particles was about the same as that of the initial

particles.
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APPENDIX III

ELECTROLESS PLATING

For coating each Nb205 particle with nickel a commercial "C'

electroless nickel plating process was used. This process is employed

in industry for plating high purity nickel on metals, semicon-

ductors and insulators.
.

The composition of the platino bath is qiven in Table III-1.

Unfortunately, it was not possible to obtain the exact chemical

composition of the bath, except that it contains nickel sulfate and

uses dimethylamine borane (DMAB) [(CH3 ) NHBH3J as a reducini agent.
2

About 6g of flame sprayed Nb205 powder (3,-63sn) was

soaked in PdCZ 2 catalyst (lq PdCZ 2 per 500 mk of distilled water)

for 15 minutes, rinsed twice with distilled water and poured into a

liter of electroless plating solution held at 338K in a Pyrex beaker. .

Depending on the volume fraction of the nickel required the plating

was carried out for 2-17 hours. While nickel was being plated on "

Nb205 , hydrogen bubbles were released. When the evolution of hydrogen -

ceased, which indicates that the plating rate was not appreciable,

the plating bath was replaced by a fresh one every 2-3 hours of

plating time. Table 111-2 gives the plating time and the number of

times a fresh solution was used for different volume fractions of

nickel.

A magnetic stirrer was used to reduce the temperature

gradients in the bath and to keep the Nb205 particles suspended. This

.- - .. -, . -. - -- . -. -. -.- -. -.- -, , -. - -" - - . " - '.- -.- -.- .. -.- -.- -, .- .- . -. " - - - - -.- .. - - - . - . -; ...- -.- - -. °-. .- - . " -'. .'-'- '
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TABLE III-1. COMPOSITION OF THE NIPOSIT 468
ELECTROLESS PLATING BATH*

CONSTITUENT VOLUME PERCENT

Niposit 468A 4

Niposit 4688 4

Niposit 468M 2.5

Distilled water 88.5

Supplied by Shipley Co., Danvers, MA

One liter of plating solution contains 4.4g of Mi.

e~~~~~ 0' . . . .* .

N... ,,
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TABLE 111-2. PLATING TIME vs NICKEL VOLUME
FRACTION*

CUMULATIVE NUMBER OF TIMES VOLUME FRACTION OF
PLATING TIME, FRESH SOLUTION USED Ni

hours

2 1 0.095

4 2 0.127
.

8 3 0.368

17 6 0.665

Amount of Nb 2 05 used is about 69.

re :44
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*.1

prevented the particles from settling down to the bottom of the beaker

and allowing them to be uniformly coated.

The pH of the bath was maintained between 6.? and 7.5.

When the temperature of the bath reached 338K, the pH dropped to

6.55. Because low oH reduces the plating rate substantially, about 5m

of NH40H per liter of the plating solution was added to the bath which

brought the pH back to 7.3 and kept the platinn rate constant. P

schematic of the experimental apparatus is shown in Figure (III-I).

I.- .°
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APPENDIX IV

HOT PRESSING

'. -

The coated and mixed powders were compacted by uniaxial _

hot pressing. This appendix will discuss the equipment used, the

choice of the hot Dressing parameters and the environment.

Eouipment

Hot pressinn was done by means of a large hydraulic press

in a Poco graphite die which was heated inductively. The apparatus

is shown in Figure IV-I, and Figure IV-2 shows the schematic dianram

of the hot pressini die.

The pressure was applied by a hydraulic press capable of

delivering loads up to 100 tons on a 15 cm ram. A hydraulic nump was

used to maintain constant pressure on the specimen during the run.

A 7.5 KVA Lepel induction unit supplied the power. The graphite die, .,

which rested on Transite discs, was located in a water cooled vacuum

chamber. The die was surrounded by a water cooled induction coil

connected to the induction unit. Kaowool insulation was used between

the coil and the die. The oressure was transmitted to the specimen

through the stainless steel rods and graphite olungers. Transite

discs served as insulation between the stainless steel rods and graphite

plungers. A vacuum nump and an araon supply tank were connected to the -. ,

chamber. The temperature was measured by means of a rt/Pt-l1' Th thermo-

couple.

. -. ' .*
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Envi ronment

To prevent oxidation of the powders, graphite die and graphite

plungers hot pressing was carried out in an inert atmosphere [1]. Using

a mechanical pump a vacuum of 0.5 Torr was first obtained. Then the

chamber was filled with argon and a continuous flow was maintained

throughout the run.

Process Parameters.

The primary processing parameters are pressure, temperature

and time. Some researchers have attempted to ootimize these parameters

[2-4] considering that the principal mechanism of densification is

either diffusion or plastic deformation. However, the theoretical

predictions did not always agree with the experimental results es-

pecially with materials that develop nonstoichiometry, or go through

structure changes. So the choice of the parameters was not done

according to any of those theories, but rather by using the results

in those articles as a guideline.

For oxides, such as A 203 and 
7r,02, the pressing temperature

was about 1600-2000K that is about 80' of the oxide's meltina temperature,

or higher. Hence, for nickel, Nb 0 and superinvar samples, whose
2 5

melting temperatures are in the range 1720-1920, a temperature of la73K

was used.

In the graphite die the maximum allowed pressures are about

69 MPa (10,000 psi). In a trial run a pressure of 34.5 MPa (5000 psi)

was chosen. After the first sample was hot pressed it was found that

0. ,,

.........................-... ... .. .s--,'..................
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this oressure was adequate, hence it was used for the rest of the samples.

The hot pressing time can vary from five minutes to one hour

depending on the pressing temperature. The higher the temperature the

lower could be the pressing time. Thirty minutes was chosen as the hot

pressing time since the temperature is not near the melting point.

In summary, the sample was heated to a temperature of 1473K.

Then a pressure of 34.5 MPa was applied to 30 minutes after which time

pressure was released and the specimen was furnace cooled. The hot

pressing conditions are shown in Figure IV-3.
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APPENDIX V

CTE MEASUREMENT

The coefficient of thermal expansion of the composites was

measured by the contactless laser interferometric technique at the

Aerospace Corporation, El Segundo, CA. The advantages of this con-

trolled measurement technique [1] are: V

(a) contactless methods reduce microcreep,
thermal lag, need for corrections, surface
abrasions or contamination, extra fabrication
steps, temperature range restrictions, environ- .0
mental restrictions and contact fastenina in-
duced stresses, and

(b) contactless methods allow arbitrary sample
size or shape, separate heating and qaging'

5) circuits, moving or vibrating systems and
studies of surface effects.

NI

Contactless length measurement can be performed by several

methods, but the most accurate one is the Michelson interferometry [2].

Figure IV-l shows the double Michelson interferometer used for ultra-low

CTE measurement of small samples. The laser beam, L, is split at a

beam splitter (not shown in Figure V-1). The resulting beams then

go through their respective paths through mirrors, m, beam splitters.

B/S,lenses, L, and finally to photo detectors, PD. The change of length

of the sample is then the difference between the two changes in

optical path lengths. Those two paths are the one that appears to

pass through the sample and the one that does not [3].
5%,"

Also, an apparatus for heating the samples is shown in Figure

V-2.

% %" . . . . ' ' - . . . %- . . ' .. . %.
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For the samples that had high metal volume fraction, a

quartz dilatometer was used to measure the coefficient of thermal

expansion. Even though this method is not as good as the laser

interferometry and it is only accurate within + 5-10%, it is quite

acceptable for measuring high values of the coefficients of thermal

expansion (larger than lxlO-dK-l). This method is not very sensitive

hence it cannot be used to measure low coefficients of thermal ex- -

pansion.
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