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DIFFUSION ANALYSIS FOR TWO-PHASE METAL-MATRIX COMPOSITE

Darrel R. Tenney
Langley Research Center

SUMMARY

Diffusion-controlled filament-matrix interaction in a metal-matrix com-
posite, where the filaments and matrix comprise a two-phase alloy system, has
been mathematically modeled. The analysis treats the problem of a diffusion-
controlled, two-phase moving interface by means of a one-dimensional, variable-
grid, finite-difference technique. Concentration dependent diffusion coeffi-
cients and equilibrium solubility limits were used, and the change in filament
diameter and compositional changes in the matrix were calculated as a function
of exposure time at elevated temperatures. With the tungsten-nickel (W-Ni)
system as a model composite system, unidirectional composites containing from
0.06 to 0.44 initial filament volume fraction were modeled. Compositional
changes in the matrix were calculated by superposition of the contributions
from neighboring filaments. Alternate methods for determining compositional
changes between first and second nearest neighbor filaments were also con-
sidered. The results show the relative importance of filament volume fraction,

filament diameter, exposure temperature, and exposure time as they affect the
rate and extent of filament-matrix interaction.

INTRODUCTION

Exposure of a metal-matrix composite to elevated temperature may produce
compositional and microstructural changes which result in the modification of
composite properties. The extent of these changes depends on the severity of
the conditions under which the composite was exposed, the nature of the compo-
nents of the composite, and the type of filament-matrix interfacial reactions
which occur. Based on the type of interfacial reactions, metal-matrix composites
can be divided into systems where the filaments and matrix are mutually non-
reactive and insoluble (class I), mutually nonreactive but soluble (class II),
and reactive, resulting in compound formation (class III). (See ref. 1.) Based
on the solubility behavior of the filaments and matrix, class II composites (the
material of interest for this study) can be subdivided into systems where
(a) the filament and matrix exhibit complete solid solubility, (b) filaments
and matrix exhibit limited solid solubility with no intermediate phases, and
(c) filaments and matrix exhibit limited solid solubility with one or more
intermediate phases.

Any attempt to understand the changes in the mechanical properties of these
classes of composites resulting from exposure to elevated temperature logically
begins with a knowledge of the chemical and microstructural changes which have
occurred. Therefore, for given exposure conditions, a method for calculating
the extent of interaction between the filaments and the matrix is necessary.



An analytical teéhnique for calculating compositional changes in class II(a)
composites has been previously developed (ref. 2). The present study reports
the results of research designed to develop a similar analysis for modeling the
compositional changes produced by diffusion between the filaments and matrix for
a two-phase composite system of class II(b). A finite-difference analysis
employing a variable-grid technique (ref. 3) was used to solve the appropriate
diffusion equations. The technique was similar to that employed by Tanzilli and
Heckel for homogenization studies (refs. 4 and 5). Two different methods were
considered for calculating the compositional changes in the matrix region between
filaments. The average change in filament volume fraction with exposure time
was calculated by treating the composite as a cylindrical volume element of
equivalent filament volume fraction. This approach has the advantage of being
independent of filament arrangement and avoids the necessity of a costly and
difficult two-dimensional solution of the diffusion equations.

The tungsten-nickel (W-Ni) system was examined as a model class II(b)
two-phase composite system. Changes in W filament diameter and compositional
changes in the Ni matrix were calculated as a function of exposure time. Ana-
lytical results illustrating the influence of initial filament volume fraction
and initial filament diameter on change of filament volume fraction at 1323 K
and 1418 K are presented.

SYMBOLS
c atomic fraction B
c' initial composition of B-phase, atomic fraction B
C average composition for sample
CO initial composition of a-~phase, atomic fraction B
Cg finite-difference notation for composition at station n and time J
C“,CB composition in o~ and B-phase regions, atomic fraction B
CaB’CBa composition in a-phase and in B-phase at aB interface equal to

solubility limits of a- and B-phases, atomic fraction B
D diffusion coefficient

D maximum diffusion coefficient at temperature of interest in a- or
B-phases, m“/s

normalized diffusion coefficient determined by dividing the diffusion
coefficient corresponding to composition at grid station n by
maximum diffusion coefficient in alloy system at temperature of
interest
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g/2

g*/2,87/2

solubility limit of a-phase, volume fraction B
solubility limit of B-phase, volume fraction B
grid point at a-B interface

radial distance from center of filament to outer boundary of matrix
phase, m

initial thickness of B-phase, m
grid point at outer boundary

normalized radial distance from center of filament, 175

normalized radial distance from center of filament to finite-
difference grid point n

radial distance from center of filament, m
initial radius of filament, m

radius of filament when equilibrium has been established between
filaments and matrix, m

radial distance from center of filament to finite-difference grid

point n, where n ranges from 1 at center of filament to N at
outer boundary in a-phase, m

temperature, K
time, s
initial filament volume fraction of composite

filament volume fraction of composite when equilibrium has been
obtained between filaments and matrix

difference between solubility limits of g- and a-phases, atomic
fraction B, CBa - CaB

radial distance from center of filament to filament-matrix
interface, m

location of aB interface where positive superscript designates
a side of interface and negative superscript designates B8
side of interface, m

Dmax t

normalized time, ———r
(L/2)2



MATHEMATICAL MODEL

. The mathematical modeling of filament-matrix interaction for a class II(b)
composite was performed for a unidirectional composite consisting of parallel
circular filaments embedded in a matrix of differing material. Although this
method of analysis will work for any arrangement of filaments, a symmetrical
hexagonal arrangement of filaments was assumed for simplicity. Figure 1(a) shows
a schematic view of the cross section of such a composite specimen. The type of
compositional changes which occur in a single filament and surrounding matrix
region as a result of interdiffusion is illustrated in figure 1(b). The con-
centration of B atoms is plotted as a function of distance along a line passing
through the center of the filament and extending to the edge of the matrix region
under consideration (r = L/2). The discontinuity in concentration at the
filament-matrix interface is equal to the difference between the solubility
limits of the B- and a-phases (C,. - C, ). During the diffusion process, B atoms
move from the filament into the surrounding matrix, and A atoms move from the
matrix.into the filament. The filament increases or decreases in diameter,
depending on whether the flux of atoms from the filament is less than or greater
than the flux of atoms from the matrix into the filament.

A general finite-difference technique was developed to calculate the com-
positional and dimensional changes which occur in an element like the cylindrical
volume element consisting of a single filament and concentric matrix shell illus-
trated in figure 1(b). The initial filament volume fraction in this element is
equal to that of the composite if the outer radius of the matrix shell is equal
to P§/<ﬁa§ where r? is the initial filament radius and V? is the initial
filament volume fraction of the composite. The average amount of filament-matrix
interaction in the composite is assumed to be equal to the amount of interaction
which occurs in this cylindrical volume element. The justification for making
this assumption is discussed in a later section. This paper also shows that one-
dimensional solutions calculated for different L/2 values can be used to deter-
mine approximately the compositional variations over the composite cross section.

Diffusion Equations for Two-Phase System

Diffusion in a solid two-phase system can be described by two partial dif-
ferential equations (Fick's Second Law) and an interface flux balance equation
which describes motion of the interface. For cylindrical coordinates, Fick's
Second Law is given by

Y = ] a_(r'D(C)a_.C) (1)
ot r ar ar

The interface flux balance equation can be expressed as

dg/2 dc® dc®
T Jp=gt/2 dr Jp-g=/2



where CBa and CaB are the concentrations at the interface in the 8- and

dc®
a-phases, &/2 1is the position of the interface, and (-——

) and

dr P=£+/2

dc®

(a;—) are the concentration gradients adjacent to the interface in the
r=£-/2

a- and B-phases, respectively. The initial and boundary conditions to be satis-
fied are as follows:

Initial conditions:

C

WA

c' (0=r <Eg/2; t =0)

1A

C=Cq (/2 < r 2L/2; t =0)

Boundary conditions:

C = CBa (r = E7/2; t > 0)
C = Cyp (r = gt/2; t > 0)
B
%g_ -0 (r=0; t20)
Ca
%;_ -0 (r = L/2; t Z0)

where £7/2 and £Y/2 vrefer to the B and a sides of the interfaces.

In general, the thicknesses of the a- and B-phases change with diffusion
time. To account for these dimensional changes, the variable-grid technique
developed by Murray and Landis (ref. 3) was used. The number of stations in
each phase was fixed and the grid sizes Ar® and Ar were changed with time.
The definition of these grid spacings, in terms of the grid point notation to
be used in the following mathematical development, is illustrated in figure 2.
The B-phase was divided into I - 1 equally sized space increments of thick-
ness Ar°®. The a-phase was divided into N - I increments of thickness ar®.
With this type of grid arrangement, the location of any internal grid point
was always a constant percentage of the instantaneous phase thickness. The

rate of travel of any grid point n 1is related to the velocity of the inter-
face by

In  Tn d(E/2) (3)
dt T g/2 dt



The rate of change of concentration at any internal station can be expressed

as

an acn drn 3C,

—— D c— — e — ()'l')

dt or_\dt at

n
aCn dry
where o\ar is the change in concentration because of motion of the grid
n

station with respect to the end of the diffusion couple, and 9C/3t is the con-
tribution of equation (1) (Fick's Second Law). By combining equations (3)

and (4), an expression for the variation of concentration with time at an inter-
nal station n in the B-phase can be written as follows:

an _ n aCn d(g/2) N aCn (5)
dt  E/2 er_  dt 2t

In analogous fashion, the change in concentration with time at an internal sta-
tion n 1in the a-phase, relative to the stationary a-phase boundary at r = L/2,
is given by '

a
an (L/2 -r, )EEE d(e/2) . BCn

—_— — (6)
dt L/2 - g/2for  dt ot

These equations can be normalized by using the change of variables

=]
|

where Dmax is the maximum diffusion coefficient in the system at the tempera-
ture of interest. By using these variables, equations (5) and (6) can be
rewritten to give




B-phase:

& S LW, ar taw i

o~-phase:

a
aCpy (1 - R, )acn d(g/L)  Cn )
at ~ \T- &/L)er, ~—ar T

Substitution of the normalized variables into equations (1) and (2) gives

5 -
aCn 3 1 oC 3 Cn aDn aCn (9)
57 " Pn\al ®. T o 2) "t R . ?

n n 3Rn n n

and

d(g/L) (1) = CdC“) = (dCB> (10)
“\3/1 2B\dR - “galgn
dt 8 dR Jp=g*/2 dR /pzg-/2

where § = CBa - CaB'
Combining equations (7) and (9) and rewriting in finite-difference notation

(explicit form, second-order central difference) leads to the following expres-
sions for the B-phase:

J+ J J J
% %% PFn ogqe/n) Cner - G100
—_— - + — (11)
AT g/L dr 2 AR R
where
B J J J J J = = J J
3Cp -5 1 Cnar = Cnog . Cnyr = 20y + Cpy . Pny1 = Pnoq Cnyr = Cnan
— =D |— - 7 —
o Ra 2 a8 (s58)? 2 aR® 2 aRP

Combining equations (8) and (9) and similarly rewriting in finite-difference
notation gives the following expressions for the a-phase:



J+1 J J j a
Ch -Cn (1 - Ry )Cn+1 - Chq d(&/L) . aCp
L

= — (12)
At 1 - &/ 2 AR® dr 9t
where
a J J J J J - = J J
aCy = 1 Cn+1 - Cp-1 . Cns1 = 2Cp + Cpgq Dpnet = Dno1 Cpyt - Cpog
— - n — - - — —
T Ry 2 aRr® (ARa)Z 2 AR® 2 AR®

The finite-difference expression (second-order forward and reverse differ-
ence) for the interface mass balance equation (eq. (10)) is given by

J J J J J J
d(E/L) 1\[= ~Cr4o + 8C14q = 3Cqg _  Cr_p - UC7_q + 3Cp,
ML (1) 5, AL —— (13)

8

2 AR®

At grid point n = 1, corresponding to the center of the B8 filament, the
finite-difference expression of equation (7) reduces to

o1 . . .
e’ - e -c '
—_— = Dy |—— (14)
AT B 2
(ar®) '

To obtain this expression, a second-order forward difference was used and the
singularity in the differential equation (eq. (9)) at R m 0 was taken into
account (ref. 6).

In analogous fashion, equation (8) at station n m N, correésponding to the
outer boundary at R = 1 (ry = L/2) (see fig. 2), reduces to

J+1 J J J
Cx - S - (%1 - Cn
_ = D (15)
AT N 2
(ar2)

To perform the finite-difference calculations, the grid spacings must be
small enough to give convergent solutions of acceptable accuracy. Since explicit
formulation was used in the development of these equations, the time increment .

1
At was selected according to the stability requirement that Ar < ﬁ(ARZ). The

procedure employed was to calculate At using either AR® or ARB, whichever
was smaller, For each solution, a check for conservation of mass was performed.

8




If there was a deviation of 2 percent or greater in conservation, the number of
grid points in each phase was increased and the solution was recalculated.

As an additional check on solution accuracy, a typical test case was con-
sidered for which the grid sizes in the filament and matrix were varied in an
effort to establish the optimum grid size for which a convergent solution of
acceptable accuracy could be obtained. An accurate solution was defined as one
for which the shift of the filament-matrix interface, at a given time, showed
less than a 2-percent variation as the grid size approached zero (Ar + 0). The
grid size for all calculations was always taken to be equal to or smaller than
the optimum size found for this test case.

Comparison With Experimental Data and Other Methods of Analysis

Although this study is concerned only with cylindrical geometry, the pro-
gram developed to perform the finite-difference calculations was written to work
for planar, cylindrical, or spherical geometries. The program was generalized
to all geometries so that a comparison could be made with other analyses avail-
able in the literature which work for planar geometry only. Such a comparison
was made with results calculated by a closed-form iterative solution technique,
reported by Unnam (ref, 7). Comparable solutions were obtained for a wide range
of input parameters for planar interfaces (Unnam's solution is valid only for
planar interfaces). Different phase thicknesses and assumed changes in diffusion
coefficient with composition in each phase were considered to yield information
regarding solution stability and accuracy. No significant differences were found
between the results obtained from the two different solutions. The interface
positions calculated by the finite-difference program were always within 5 per-
cent of the positions calculated by the iterative solution.

Calculations using the analysis of this study were also compared with
experimentally determined interdiffusion data on W-Ni laminates, as reported by
Tanzilli and Heckel (ref. 8). Tanzilli and Heckel prepared multilayer W-Ni cou-
ples by diffusion bonding alternate layers of pure Ni and pure W. Samples were
made with two overall mean compositions, C = 0.152, and C = 0.121 atomic frac-
tion W. These W-Ni couples were exposed at 1480 K, after which they were sec-
tioned perpendicular to the layers and were metallographically polished. The
extent of interdiffusion was determined by measuring the average thickness of
the W- and Ni-rich layers after each exposure, and by electron microprobe analy-
sis of the polished cross sections. The results reported by Tanzilli and Heckel
are presented in figure 3, where the normalized thickness of the B-layer &/
is plotted as a function of dimensionless time Dat/lz, In figure 3, & 1s the
B-phase (W-rich) thickness at time t©, % is the initial thickness of this
layer, and D% is the concentration-independent diffusion coefficient in the
a-phase (Ni-rich). Also plotted on this graph are theoretical curves obtained
from: (1) a constant-D finite-difference solution developed by Tanzilli and
Heckel (ref. 8); (2) the present variable-D finite-difference analysis run with
the planar geometry option; and (3) an iterative solution developed by Unnam
(ref. 7). The same initial and boundary conditions were used in all three solu-
tions. Theoretical curves are plotted only for the C m 0.152 sample as there
was no difference between the curves for C = 0.152 or 0.121 until §&/% dropped
below about 0.3. Also, no experimental data points were available below



E/% = 0.3 for the C = 0.121 sample. The interface positions calculated by
all three solutions were in general agreement, but the curve obtained from the
variable-D finite-difference analysis used in this study gave the best fit to
the experimental data points.

RESULTS AND DISCUSSIONS

The W-Ni phase diagram reported by Hansen (ref. 9) showed only two phases
for the temperature range 1273 K to 1873 K. Therefore, this system was selected
as a model two-phase class II(b) system. Diffusion calculations were carried
out for exposure at 1323 K and 1418 K. The solubility limits in the W-rich and
Ni-rich phases at these two temperatures are given in the following table (from
ref. 9):

Solubility limit of -

Atomic "Weight Volume
fraction W at - fraction W at - fraction W at -~

1323 K 1418 X 1323 K 1418 K 1323 X 1418 K

W-phase, CBa- 0.991 0.991 0.997 0.997 0.993 0.993

Ni-phase, Cug . 166 . 168 .385 .388 214 .216

Tanzilli and Heckel (ref. 8) have experimentally verified (with planar couples)
that for W-Ni diffusion couples, interface migration is diffusion controlled,
and the interface composition closely approximates the equilibrium compositions
which are obtained from the W-Ni phase diagram (ref. 9).

In the computer program developed for this analysis, the concentration was
expressed in terms of volume fraction for the computations and was converted
back to atomic fraction once the desired solution had been obtained. This con-
version was necessary to account for volume changes which occur during diffusion
because of differences in the molal volumes of pure W and Ni. Guy, DeHoff, and
Smith (ref. 10) have shown that if ideal solution behavior is assumed, the con-
centration can be defined in terms of volume fraction without altering the form
of Fick's laws. To check the validity of assuming ideal solution behavior for
the Ni-rich region of the W-Ni system, a plot of the molal volume of the solid
solution was made as a function of composition. A nearly linear relationship
indicating approximately ideal solution behavior existed between these two
quantities.

The interdiffusion coefficient data of Walsh and Donachie (ref. 11) were
used for the alpha solid solution of W in Ni. Walsh and Donachie reported that
the concentration dependence of D in the temperature range 1273 K to 1589 K
could be represented by
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D* = 3.19 X /0% wxp(-4.b9C) exp (~3.69 « 10%/7) m2 fsee

where C 1is the W concentration in atomie fraction. (There is a discrepancy
in the report of Walsh and Donachie. The constant term in the equation just
given was reported as 1.19 instead of the correct value of 3.19.) For the W-rich

B-phase, the W self-diffusion data of Vasilev and Chernomorchenko (ref. 12)
were used:

Dg = 6.3 x 103 m2/sec
Q = 135.8 kecal/mol

These concentration-dependent diffusion coefficients and the tabulated
equilibrium solubility limits were used in the finite-difference analysis pre-
viously discussed to model interdiffusion in the W-Ni system.

Composition Profiles

Single filament profiles.- Typical concentration profiles for diffusion
between a 50-um-radius W filament and surrounding Ni matrix at 1418 K are shown
in figure 4. The atomic fraction of W is plotted as a function of distance
in micrometers from the center of the W filament. Curves for exposure times
of 10, 100, 200, and 500 hours are shown. The W-Ni interface moves into the
W filament with increasing exposure time because the flux of W atoms from the
filament into the surrounding matrix is larger than the opposite flux of Ni atoms
into the filament. There is a difference in mass flow because the rate of dif-
fusion in the Ni-rich phase is approximately two orders of maghitude higher than
that in the W-rich phase; the solubility of W in Ni is 0.168 (atomic fraction),
whereas the solubility of Ni in W is only 0.009 (atomic fraction).

Composite profiles.- Figure 5 illustrates the composite cross section. The
filaments are hexagonally arranged on a cross section perpendicular to the long
axes of the filaments. Compositional changes in the composite caused by inter-
diffusion at elevated temperatures can be characterized by calculating changes
which occur within a symmetry cell like the one illustrated in the lower part of
figure 5. The symmetry cell shown was selected because it was the simplest cell
containing both first and second nearest neighbor filaments.

The radial solution calculated by the finite-difference analysis presented
earlier was used to determine approximately the composition at any point in the
composite cross section. This was accomplished by superposition of the contri-
butions from neighboring filaments. A three-dimensional view of the tungsten
compositional variation over the cross section of a 0.40 volume fraction
W filament-Ni matrix composite, calculated by superposition, is shown in fig-
ure 6. The composite contained 0.40 volume fraction W filament and was exposed

11



for 100 hours at 1418 K. The atomic fraction W is plotted on the vertical axis
with distance in micrometers plotted along the horizontal axis. The left front
face of the element shows a cross section through the centers of second nearest
neighbor filaments (E and C in fig. 5). The right front face shows a similar
cross section through the centers of first nearest neighbor filaments (C and B
in fig. 5). The profile between centers of first nearest neighbor filaments
shows a simple "U-shape" with a minimum midway between the filaments. The pro-
file between centers of second nearest neighbors has a small relative maximum
in the center with minima on each side. The concentration maximum is caused by
diffusion from the two first nearest neighbor filaments located on either side
of the maximum.

First nearest neighbor profiles.- Figure 5 illustrates the symmetry ele-
ment. Filaments A and C are first nearest neighbor filaments. If the midpoint
of the line connecting the centers of these filaments is assumed to be a zero
flux location, the composition profile from the center of filament A to the mid-
point Q can be directly calculated by the finite-difference technique presented
earlier. This calculation is accomplished by letting L/2 equal AQ,.where L/2
is the location in the a-phase Ni matrix, and where the zero flux boundary con-
dition is imposed. (See fig. 2.) The other half of the nearest neighbor pro-
file, from Q to C, is obtained by taking the mirror image of the profile from A
to Q. This method cf profile calculation is referred to as symmetry point
analysis.

Figure 7 shows a comparison of first nearest neighbor profiles calculated by
symmetry point analysis and by superposition. The atomic fraction W is plotted
as a function of distance between centers of nearest neighbor filaments for
composites which initially contained 0.23 and 0.40 volume fraction W filaments.
The exposure conditions were 500 hours at 1418 K. 1In both composites, the
initial radius of the W filaments was 50 um.

Profiles calculated by superposition and by symmetry point analysis were
nearly identical for diffusion times up to 500 hours for the 0.23 volume frac-
tion composite. Good agreement between the results of the two methods was also
observed for the 0.40 volume fraction composite for short times when the extent
of interdiffusion was low. However, the 500-hour exposure condition resulted in
a significant difference between the two profiles. The symmetry point profile
indicates that the Ni matrix was saturated at the theoretical solubility limit
for 1418 K. The superposition profile exceeded this limit over nearly half the
matrix region, the largest difference occurring near the filaments. Since the
solubility limit of the matrix phase is exceeded, the amount of interface motion
must be too large. Both of these errors arise because superposition does not
consider any filament-filament interaction. Symmetry point analysis, however,
does take interaction into account and should be used for cases where the matrix
approaches saturation. Superposition was accurate for exposure conditions with
low to moderate degrees of interaction but was subject to inaccuracy for condi-
tions where substantial profile interaction occurred.

Second nearest neighbor profiles.- If the filaments are hexagonally
arranged, the second nearest neighbor filaments are those located at the ends
of the long diagonal of the symmetry cell shown in figure 5. The simplest way
to calculate compositional changes along the diagonal line connecting second

12



nearest neighbor filaments is to superimpose the contributions of the filaments
located at the corners of the symmetry element. These four filaments are the
primary contributors, and the presence of other filaments located further from

the body diagonal line was neglected because their contributions were expected
to be small.

Concentration profiles between second nearest neighbor filaments, calcu-
lated by superposition for a 0.40 volume fraction composite, are shown in fig-
ure 8. Curves for exposure times of 10, 100, 200, and 500 hours at 1418 K are
presented. With increasing exposure time, the W filament diameter decreases and
the concentration of W in the Ni matrix increases. The 100- and 200-hour compo-
sitional profiles show a small central maximum in the Ni matrix, midway between
the second nearest neighbor filaments. As noted earlier, this maximum is
clearly caused by the contribution of filaments A and C located adjacent to the
center section in figure 5. The 500-hour composition profile exceeds the solu-
bility limit of W in Ni in the Ni matrix adjacent to the filaments. The inter-
action is too large for accurate results to be obtained by superposition.

By using the symmetry found along the body diagonal line to define bound-
ary conditions, an alternate method for determining the compositional profiles
between second nearest neighbors can be performed. Definition of the boundary
conditions permits a direct finite-difference calculation of the compositional
changes over the end sections near the filaments. The remainder of the profile,
over the center section, must then be calculated by superposition or it must be
estimated. The rationale for this approach can best be understood by again
referring to the hexagonal symmetry element shown in figure 5. Points P and R,
located at the centers of equilateral triangles ACD and ABC, are zero flux
locations. By setting L/2 @ DP and by using the symmetry point analysis, the
concentration profile from the centers of the filaments on each end, B and D,
to the minima points, P and R, can be calculated. The composition at the center,
point Q, can be obtained from the profile (calculated by symmetry point analysis)
between first nearest neighbor filaments A and C. Point Q has the maximum com-
position found over the central portion of the profile along the body diagonal.
When the values of the composition at each of the three extremum points along
line BD are known, the approximate shape of the composition contour over the
central region can be estimated by curve fitting.

Concentration profiles between second nearest neighbor filaments for a
0.40 volume fraction W-Ni composite exposed at 1418 K for times of 10, 100, 200,
and 500 hours are shown in figure 9. The parts of the profiles shown by solid
lines were calculated by symmetry point analysis. The central portions shown
with dashed lines were estimated. The circled center point was obtained from
first nearest neighbor profile solutions calculated for a 0.40 volume fraction
composite exposed to the same temperature and time. The calculated profiles
adjacent to the fiber, generally the regions of greatest interest, should be
reasonably accurate even for large degrees of interaction. The same is true
for the central maximum point. Thus, although the remainder of the profile had

to be estimated, this general approach should give reasonably accurate profiles
even for cases of extensive interaction.

The 200 hour, 1418 K exposure profiles calculated by superposition and
symmetry point analysis, shown previously in figures 8 and 9, are compared in
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figure 10. The symmetry pdint profile is lower than the superposition profile
in the Ni matrix regions adjacent to the W filaments but rises slightly above
the superposition profile in the central region. The superposition profile is
clearly too high in the matrix region adjoining the filament since it predicts
an interface composition higher than the theoretical solubility limit of W

in Ni. For times shorter than 200 hours at 1418 K, the profiles calculated by
the two techniques were nearly identical. However, for longer times, inaccu-
racies in the superposition technique result in a progressively larger differ-
ence between the curves calculated by the two methods,

Initial Filament Volume Fraction Effects

If a composite is exposed until equilibrium is established between the

filaments and matrix, the equilibrium filament volume fraction V; can be

o
related to the initial filament volume fraction V. by

o

* Vf - gaB
Ve 3 ——m—
8ga ~ Eap

where g a and By are the solubility limits of the filament and matrix
phases expressed in terms of volume fraction B atoms. For a unidirectional
composite containing cylindrical filaments, the ratio of the equilibrium fila-

ment radius rf to the initial filament radius r® is given by

This relationship shows that if the initial filament volume fraction is
less than the solubility limit of the matrix phase g_,, the filaments disap-
pear before equilibrium is reached. This relationship also shows that 8up is
a dominant material parameter for the composite in that the smaller 848 is,
the smaller the net reduction in filament diameter at equilibrium.

Typical change in concentration profiles.- Concentration profiles between
centers of the first nearest neighbor filaments for two composites containing
initially different filament volume fractions are shown in figure 11, The expo-
sure conditions were 1418 K for times of 10, 100, 200, and 500 hours. Symmetry
point analysis was used to calculate the resulting diffusion profiles for com-
posites which contained initial filament volume fractions of approximately 0.23
and 0.40, The effect of filament volume fraction on the distance that the
filament-matrix interface moved with exposure time is evident. Since the fila-
ment spacing in the 0.40 volume fraction composite is smaller than in the
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0.23 volume fraction composite, the Ni matrix between filaments saturates in a
shorter time.

Although Vo determines how much each filament is reduced in diameter at
equilibrium, the rate at which a composite proceeds toward equilibrium satura-
tion is primarily determined by the exposure temperature. Figure 12 shows a
comparison of calculated nearest neighbor composition profiles for a 0.40 volume
fraction composite exposed at 1418 K and 1323 K for 200 hours. Because diffu-
sion is exponentially dependent on temperature, a change of only 95 K was suffi-

cient to cause the W-Ni interface to move more than twice as far at 1418 K as
at 1323 K.

Average change in filament volume fraction.- To calculate the average fila-
ment volume fraction decrease in a unidirectional composite with exposure time,
the composite was treated as a cylindrical volume element having the same initial

filament volume fraction V? as that of the composite. This element consists

of a filament surrounded by a concentric matrix shell with an outer diameter of

r%ﬂfv? where r? is the initial filament radius, and V? is the initial fila-

ment volume fraction of the composite.

A typical volume fraction decrease curve calculated for a W-Ni composite
exposed at 1418 K is shown in figure 13. Also shown are curves calculated by
letting the location of the outer boundary L/2 (see fig. 1) be equal to dis-
tances AP and AQ defined in the composite symmetry element shown in figure 5.

The distance L/2 = r%/”v? is larger than AQ but less than AP. The curves

calculated for L/2 = AQ and AP form upper and lower bounds on the true volume
fraction decrease curve. The composite symmetry element in the upper left of
figure 13 shows that matrix cylinders of radius AQ concentric about each filament
do not contain the entire matrix. Because the shaded area between filaments is
not included, the volume fraction decrease curve determined for L/2 = AQ levels
off above the true equilibrium value. Matrix cylinders of radius AP, concentric
about each filament, overlap and consequently contain more than the available
matrix volume. Therefore, the volume fraction decrease curve for L/2 = AP
reaches equilibrium below the true equilibrium. If a two-dimensional analysis of
diffusion in the composite were carried out, the volume fraction decrease curve

calculated would be the L/2 = r?/ﬂfvi curve in the initial stages and would go

to the same limiting value. This behavior follows because in the initial stage,
only radial diffusion from the filaments occurs, and the limiting value is deter-
mined only by equilibrium solubility conditions.

Plotting the movement of the filament-matrix interface and corresponding
change in filament volume fraction as a function of exposure time at different

temperatures clarifies the combined effects of temperature and VO on filament-

matrix interaction. Such plots for exposure at 1323 K and 1418 K are presented
in figure 14. Curves are presented for composites containing initial filament
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volume fractions of 0.06, 0.25, and 0.44. At 1323 K, essentially the same inter-
face shift and changes in filament volume fraction were found for composites
containing from 0.06 to 0.44 initial filament volume fractions. This similarity
indicates that, for these cases, the concentration in the matrix was not large
enough to affect the amount of diffusion. This condition was not, however, true
for the 1418 K exposure condition. For exposure times longer than 200 hours,

the movement of the filament-matrix interface was dependent on the filament vol-
ume fraction. Concentration buildup in the matrix slows the diffusion process
sooner for high filament volume fraction composites than for low filament volume
fraction composites.

Initial Filament Diameter Effects

Initial filament diameter as well as initial filament volume fraction and
exposure temperature affect the change in filament volume fraction with exposure
time. Curves in figure 15 show the change in filament volume fraction with
exposure time for composites initially containing 0.44 and 0.25 volume fraction
filaments. Results are presented for initial filament diameters of 20, 40, 60,
100, and 160 um. The smaller the diameter, the larger the number of filaments
per unit cross-sectional area for a given volume fraction. The curves show that
the smaller the filament diameter, the faster the reduction in filament volume
fraction with exposure time. The primary reason for this behavior is that dur-
ing the early stages of interdiffusion, the filament-matrix interface moves
approximately the same distance independent of filament diameter. However, a
given interface shift produces a much larger percentage of decrease in filament
volume fraction for a composite with small diameter filaments than for a compos-
ite with larger diameter filaments. The equilibrium filament volume fraction
does not depend on filament size; rather, it depends only on the initial fila-
ment volume fraction of the composite and the solubility limits of the filament
and matrix. The limiting volume fraction is reached first for a high volume
fraction composite containing small filaments.

CONCLUDING REMARKS

Interdiffusion between filaments and matrix in a two-phase metal-matrix
composite system with limited solid solubility and no intermediate phases was
analyzed. The tungsten-nickel (W-Ni) system (W filaments, Ni matrix) was used
as a model two~phase composite system. Compositional changes and decrease in
filament volume fraction with exposure time at 1323 K and 1418 K were calculated
for composites containing initially different filament volume fractions and
filaments of different diameters. Two different methods, superposition and sym-
metry point analysis, were used to calculate compositional changes between first
and second nearest neighbor filaments. Both methods gave essentially the same
results for short exposure times or low degrees of filament-filament interaction.
However, for exposure conditions which resulted in high degrees of interaction,
superposition predicted too great a shift of the tungsten-nickel interface and
concentrations in the matrix in excess of the theoretical solubility limit for
tungsten in nickel. These errors occurred because superposition did not take
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into account any filament-filament interaction., Symmetry point analysis, how-
ever, did account for interaction and gave a more accurate estimate of composi-
tion variation between filaments and the distance the interface moved.

Calculations were performed to determine the average change in filament
volume fraction with exposure time for composites containing initially different
filament volume -fractions and filament diameters. For these calculations, each
composite was treated as a cylindrical volume element having the same initial
filament volume fraction as that of the composite. Results for tungsten-nickel
(W-Ni) composites exposed at 1323 K and 1418 K showed that temperature was more
important in controlling the rates of decrease of filament volume fraction with
exposure time than either the differences in initial filament volume fraction
or differences in initial filament diameter. The initial filament volume frac-
tion affected the rate of interaction only for exposure times long enough to
give rise to significant filament-filament interaction. The initial filament
diameter, however, had a strong effect on the initial rate of decrease of fila-
ment volume fraction but became less important as homogenization proceeded. The
relative importance of each of these variables can be calculated for any two-
phase binary alloy composite by the analysis developed in this paper.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

October 5, 1976
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Figure 1.~ Composition variation due to diffusion between filament and matrix.
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