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ABSTRACT

Poisson's ratio as a function of tensile strain has
been examined for four volume fractions of unidirectional
Borsic-reinforced aluminum composites. Linear relation-
ships were found between Poisson's ratio and fiber volume

fraction during Stage I (elastic filaments-elastic matrix)

and Stage II (elastic filaments-plastic matrix) deformation

which confirms that rule-of-mixtures equations may be used
to predict Poisson's ratios for metal -matrix composites.
These equations must be used with care, however, due to
differences in the Poisson's ratio behavior of the com-
ponents of the composite when tested alone and in situ in
the composite. These differences are attributed to the
triaxial stress field generated in the composite during

deformation.
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Introduction

Recent demands for materials of high strength and
stiffness and low weight for use in aerospace applications
have prompted the development of metal composites reinforced
with high strength fibers. The consideration of fiber-
reinforced, metal-matrix composites for use in engineering
structures has motivated the determination of the mechanical
properties of these materials for design purposes. The need
for accurate experimental mechanical property data is further
increased by the anisotropy of mechanical and physical proper-
ties inherent to these composites which complicates theoretical
analysis of their deformation behavior.

Of the material parameters used to describe the deforma-
tion process, the lateral contraction or Peisson's ratio has
received little attention in the case of fiber-reinforced
metal-matrix composite materials. For unidirectionally
reinforced composites, Poisson's ratio, v, may be defined in

terms of principal strains as:

51 _5p
v = e—m—m = — =y (1)
13 63 €3 23

where

o o ; : g
13 23 Poisson's ratio

longitudinal strain in the direction of an
applied tensile force parallel to the fila-
ment direction

°3







€1 = €p = transverse strain acting in directions ortho-
gonal to the applied tensile force and the
filaments

Poisson's ratio for isotropic materials is an elastic

vV cannot vary in the range over which Hooke's law applies

}
constant related to the material elastic moduli. Theoretically,
(i.e., the elastic range), however, a decrease in Poisson's

ratio prior to the nominal yield stress has been reported

and attributed to the beginning of plastic deformation.l With
the onset of plastic deformation Poisson's ratio ceases to
remain a material elastic constant but may still be regarded
as a ratio of transverse and longitudinal strains in accord
with Equation (1). Typically, Poisson's ratio for isotropic
materials in the plastic deformation range increases to a
value near 0.5 with increasing plastic strain, levels off,
and then drops.l The critical value of 0.5 corresponds to
the limiting case of material incompressibiility and charac-
terizes a material which offers no resistamce to change of
shape and for which Young's modulus and the torsion modulus
are zero.1 The transition from v as an elasticity charac-
teristic to the limiting plastic value is wiewed as plastic
flow of microvolumes which increase in volume until a fully
plastic state is achieved.2

In contrast to the behavior of homogemeous metals, for

anisotropic fiber reinforced materials in which the filaments

are continuous, uniformly distributed and ailigned in the







3,4,5

direction of load, deformation occurs in four states.
The stages of deformation observed are:
(I) Filaments and matrix deform elastically.

(I1) Filaments deform elastically and matrix deforms
plastically.

(III) Both phases deform plastically.

(IV) Filament failure followed by composite failure.
Throughout the entire range of deformation composite properties
are often estimated by combining the properties of the con-
stituent phases. The most familiar of these relations is
the rule of mixtures in which the relative contribution of
each phase is calculated as a function of volume fraction.3’4’6

The major Poisson's ratio, v13, for a unidirectional
fiber-reinforced composite loaded parailel to the {ilament

direction has been predicted to follow a rule of mixtures

behavior in the elastic rangeT’B’9 which may be represented
as:
where
Viz = major Poisson's ratio
Moo= fiber Poisson's ratio
Y- matrix Poisson's ratio

Vf = fiber volume fraction.
Thus, if Poisson's ratio of each of the components is known,

the elastic Poisson's ratio of the composite may be predicted

3







by Equation (2). Equation (2) has been verified experi-
10, 1%

mentally in epoxy based systems; and, although not
proven directly in metal matrix composites several in-
vestigators have reported a linear relatiomship between
Vi3 and fiber volume fraction.12’13’1!’L

The majority of reinforcing fibers with high specific
strength and stiffness are also brittle, i.e., they exhibit
little or no plastic deformation prior to failure. A metal
composite reinforced with brittle fibers of this type will
not undergo the Stage III deformation listed previously,
rather the major portion of the stress versus strain curve
for such a composite is Stage II deformation with Stage I
ending at low strain levels.

A thorough understanding of Stage II dleformation is of
prime importance in practical metal-matrix composites be-
cause efficient design and application dicttates use of these
materials with the matrix in a yielded condition. Consequently,
Poisson's ratio during Stage II deformatiom is a basic design
parameter of fiber-reinforced metal composiites.

Since the reinforcing phase remains ellastic to failure,
the asymptotic value of v for such a composite will be less
than the critical value of 0.5 observed in homogeneous iso-
tropic metals. Little theoretical work has been done on the

prediction of plastic range Poisson's ratims for composites.

Except for a recent analysis based on the stress versus strain

i
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curve of the composite, a modified rule of mixtures
approach is generally utilized to predict plastic range
Poisson's ratios of composites.l6 This relation is given

in Equation (3):
Vi = Yple v ; (1 - ¥¢) (3)

where

v = Poisson's ratio of the matrix alone at the
€ composite strain

To this author's knowledge, there are no experimental values
of Stage II Poisson's ratio in the literature and thus no
verification of Equation (3) has been obtained.

The most highly developed metal-matrix composite system
of practical use for structural applications at this time is
boron or Borsic* reinforced aluminum. The B-Al composite
system has a high strength and stiffness to weight ratio and
may be fabricated relatively easily by conventional plasma-
spraying and hot-pressing methods. Because B-Al is being
applied to structural applications at the present time, it
is appropriate to more fully characterize its deformation be-
havior.

It is the purpose of the present work to experimentally

*

Borsic is the registered trade name of the silicon carbide
coated boron filaments made by Hamilton-Standard division
of United Aircraft Corporation. |







determine Poisson's ratio of continuous, unidirectional

Borsic reinforced aluminum composites as a function of

strain and filament volume fraction. The results
study will, in addition to providing experimental
of Poisson's ratio for design purposes, determine
applicability of rule of mixtures predictions for
(Equation (2)) and elastic-plastic (Equation (3))

ratios in metal-matrix composites.

(o)

of this
values
the

elastic

Poisson's







Experimental Procedure

Sample Preparation

Composite plates of unidirectional Borsic filaments in
an 1100 aluminum alloy matrix were fabricated by a modifi-
cation of the monolayer tape method employed commercially

by Hamilton-Standard. '’ 18

The monolayer tape method con-
sisted of winding 4.2 mil diameter Borsic filament around a
smooth steel mandrel with a filament winding lathe. The
wrapped mandrel was then mounted in a plasma-spraying hood
and rotated while a surface coating of 1100 aluminum was
applied by plasuma-sprayling with the conditions given in
Table 1. Four volume fractions of Borsic filament were
manufactured by changing the filament center-to-center
spacing and the thickness of the plasma-sprayed aluminum
coating.

The Borsic-aluminum tape was cut along the axis of the
mandrel and removed as a sheet approximately 1.5 feet by
2.0 feet. Because of the high modulus of the Borsic fila-

ments (55-60 x 106

psi) the sheet lay flat after removal
from the mandrel. These sheets were then cut with a paper
cutter to dimensions of 2.25 inches x 3.5 inches and ultra-

sonically cleaned in acetone. After drying the sections were







stacked in groups of 25 with the filaments unidirectionally
aligned. The stacks were then wrapped with 5 mil thick 1100
aluminum foil to help maintain the plate geometry and placed
in stainless steel bags to minimize oxidation during the
subsequent diffusion bonding operation.

Samples, in the stainless steel bags, were then hot
pressed between flat rams for 5 minutes at 540°C and 10,000
psi. The bags containing the pressed plates were removed
from the press and slow cooled in air. Plate thicknesses
varied from 0.118 inches to 0.251 inches.

Representative cross sections from each plate were
mounted in epoxy and polished metallographically. Sample

3 1. 5 3 - Amwmm 2 1 L2 a— 32
S secticns exhibiting typical filament dis

(3]

P N -
L4

uUilsS

e

cro at

for each volume fraction are shown in Figures 1-4.
Plates of unreinforced plasma-sprayed 1100 aluminum

were prepared in addition to the composite specimens. To

make these plates, a 0.250 inch thick deposit of aluminum

was plasma-sprayed onto a rotating hexagonal aluminum man-

drel. The spraying parameters used were identical to those

used in manufacturing the composite monolayer tapes (Table 1).
The 1100 aluminum alloy was chemically analyzed at

Sandia Laboratories for impurity content in the as-received

powder and plasma-sprayed conditions. The oxygen content

was determined by neutron activation analysis. Analytical

results of the impurity content of the 1100 aluminum powder

8







and plasma-sprayed 1100 aluminum are given in Table 2.

To remove the porosity inherent to the plasma-spraying
process, flat sections 2.25 inches x 3.5 inches were machined
out of the plasma-sprayed aluminum tube, sealed in stainless
steel bags and hot-pressed under the same conditions used
for the composite plates. Polished cross sections of the
densified plasma-sprayed aluminum are shown in Figures 5 and
6.

The surface layer of aluminum was removed from the com-
posite plates by grinding to prevent any anomalous surface
behavior from affecting test results. Tensile specimens
0.345 inches wide by 3.5 inches long were then ground from
aa=n 11

the composite plates 1 to the filament direction.

0

3

Specimens of the densified plasma-sprayed aluminum were
machined into subsize rectangular tensile bars with a one

inch reduced gage section similar to ASTM specification

No. E-8.19

Testing Equipment and Procedure

One inch wide aluminum tabs were epoxied on the speci-
men ends with the aid of a centering jig. The tabs were
employed to ensure uniform load application across the
specimen ends and to provide ease of alignment in the
Instron wedge action grips since specimen alignment has

been shown to be a critical factor in obtaining valid

9







: . = 3 2
Poisson's ratio data from composites. #

Standard foil type SR-4 biaxial strain gages as manu-
factured by BLH Electronics, Inc. were mounted on both sides
of the specimens with epoxy prior to testing. The samples
were then pulled in tension on an Instron testing machine
at a crosshead rate of 0.008 inches per minute. Load was
monitored on the Instron X-Y recorder and the strain re-
corded on a B and F Instruments, Inc. model 161 multichannel
digital strain indicator. 1In addition, a set of the densi-
fied unreinforced plasma-sprayed aluminum specimens were
tested with a one inch strain gage extensiometer to obtain
the entire stress-strain curve.

Due to the difference in thermal expaasion between the
component phases, composites are subjected to a state of
residual stress upon cooling from an elevated temperature.
For this reason, all samples were preloaded to approximately
5 percent of their ultimate strength and umloaded to stabilize
the residual stress state of the composite and seat the strain
gages.21 The load-unload cycle was repeated three times at
which time the stress versus strain hysteresis loop became
completely closed. Samples were then loaded to failure with
strain being monitored at even load increments. Failure of
the composite samples occurred almost exclusively in or near

the grip sections which is a common problem in the testing of

composites at this time. However, due to the large distance

10







between the strain gages and any stress concentration present
in the grip sections it is believed that the strain readings
obtained are valid.

In order to compensate for any possible bending of the
specimen the average transverse and axial strains were ob-
tained by averaging the respective transverse and axial
strains of the two gages. Poisson's ratio was calculated
at each load increment by the transverse gage correction
method of Baumberger and Himes.‘?2 The correction which in-
cludes the effect of Poisson's ratio of the strain gage may

be represented as:

Vi3 = (61/€3 - k)/(1 =k (61/€3)) (3)
where

vl3 = major Poisson's ratio

€3 axial strain

€1 = transverse strain

k = transverse gage sensitivity

Filament volume fractions were determined by dissolving

the aluminum matrix in 6N NaOH at 66°C and filtering the un-
dissolved Borsic filaments into weighed filtering crucibles.
In this manner, the weight percent Borsic was determined which
is equal to volume percent Borsic due to the equal densities
of Borsic and aluminum. Filament volume fractions used in this

study were determined to be 13.1, 34.2, 40.9 and 53.9 percent

Borsic.
17 &







Results

To gain insight into composite deformation behavior it
is helpful to understand the behavior of the constituent
phases. It is well established that Borsic filaments remain
elastic to failure while exhibiting a modulus of 55-60 x 106
psi.e3 The deformation behavior of the plasma-sprayed 1100
aluminum is not well documented; therefore, its behavior was
experimentally determined in this study. Typical stress
versus strain and Poisson's ratio versus strain curves for
the unreinforced densified plasma-sprayed aluminum were de-
termined through a series of tensile tests and are given in
Figures 7 and 8.

Poisson's ratios of the densified plasma-sprayed alu-
minum were calculated as a function of axial strain to a
strain of 1 percent where the biaxial strain gages failed.

A best fit plot of the Poisson's ratio data is also shown

in Figure 8 as determined by averaging the data for strains
less than 0.05 percent and fitting a smoothing spline to the
balance of the curve. The smoothing spline (subroutine
SMQﬁTHeu) minimized the integral of the second derivative

subject to the constraint that:

n . 2
121 [R(I%?(Ig(l)] <n (4)

12







where
R = array of smooth spline values

Y = ordinate array

DY = array of error estimates (actually standard

deviation in Y(1))
n = number of data values

Error estimates for these and subsequent data sets were varied
for each data set until a best fit curve was obtained.

With the behavior of the matrix material documented,
the stress versus strain response of the Borsic-reinforced
aluminum composites was determined. The typical stress versus
strain curve for the composite (Figure 9) may be divided into
two regions which are characteristic of brittle-fiber-
reinforced composite materials.s’u’5 The initial linear
region (Stage I) reflects the elastic response of both fila-
ments and matrix while the nonlinear region (Stage II) is
characteristic of composite response when the filaments are
elastic and the matrix is plastic. It may be seen that be-
cause of the gradual transition from linear to nonlinear
behavior the stress level at which the matrix yields is
difficult to define using a composite stress versus strain
curve.

The Poisson's ratios calculated for the four volume
fractions examined in this study are plotted as a function
of axial strain in Figures 10-13. As was calculated for the

unreinforced aluminum, best fit curves to the data were







determined using the program SMQQTHE4 and are also plotted
in Figures 10-13. The shape of these v versus ¢ curves is
similar for all four volume fractions. The data indicates
that changes in volume fraction change only the relative
magnitude of the measured Poisson's ratios.

In order to summarize the data presented in Figures T7-13,
average values of the elastic and asymptotic plastic Poisson's
ratios and the elastic moduli were calculated and are given

in Table 3.

14







Discussion

Densified Plasma-Sprayved Aluminum

The mechanical behavior of unreinforced hot-pressed
plasma -sprayed aluminum was determined in this study since
it differs considerably from wrought aluminum. Because of
its oxide content it would be expected that plasma-sprayed
aluminum would exhibit property trends similar to those of

5

dispersion strengthened aluminum alloys (SAP).2 Typical

trends shown by SAP alloys are higher yield and ultimate
26

strengths and lower ductility, all of which may be ex-

plained by the interaction of dislocations with the

28

dispersed oxide particles.27 Handbook valwues of yield

and ultimate strengths and elongation for 1100-0 aluminum

(hereafter referred to as aluminum) are compared with the

experimental results for densified plasma-sprayed aluminum

in Table 4. The results obtained for plasma-sprayed 1100

aluminum are in agreement with those obtaimed by other in-

vestigators.29 It is seen that nominal hamdbook values for

1100 aluminum are not representative of the densified plasma-

sprayed aluminum matrix used for the composites in this study.
Since compacted plasma-sprayed aluminum behaves dif-

ferently than wrought aluminum when undergoing plastic

deformation, it would be expected that the plastic Poisson's

15







ratio of densified sprayed aluminum would also deviate from
that exhibited by wrought aluminum. In the elastic range,
however, v should agree for both materials since v, as an
elasticity characteristic, belongs to the class of mechanical
parameters that are practically insensitive to structural
changes.2 As seen in Figure 8, this is observed in the
current study since the elastic Poisson's ratio of 0.33 for
compressed sprayed aluminum agrees exactly with that of 0.33
for wrought aluminum.30
With the onset of plasticity, however, a wide divergence
between v of the sprayed aluminum and wrought aluminum occurs.
A comparison of Poisson's ratios at 1 percent axial strain
shows that v for plasma-sprayed aluminum is approximately
0.365 (Figure 8), whereas v for wrought aluminum is near
0.#5.30 The reduced value of v in the oxide dispersion
strengthened material may be predicted by assuming that a
finite amount of permanent volumetric deformation can occur
in the plastic range.31
Compressible plastic volumetric deformation may be
theoretically considered by defining the yield function, F,

such that it depends upon the first invariant of the stress

deviator as well as the second:

F(a,al) =5% 4 aI% - (1 - a)Yf = 0 (5)

16







where

0 = effective stress in the sample
2 2 2|1/2
- 1/2&:1 - 9,)2 4 (9, - 03)2 + (0, - 03) ] %
Y7 = uniaxial yield stress

S NE
I3 = (Ul + 05 + 03)

@ = a constant which is a measure of the permanent

volumetric deformation

With loading from zero stress, the yield function
tially negative. Plastic deformation begins when
with additional loading each increment of plastic
given by the flow rule:32

AcP = A 3L
1. %Ui

where M scalar function relating the effective

in strain to the effective stress

Equation (6) may be expanded to Equations (7) for

p_ <, - '
Be] = M [20, - o, oy + ax{ol + 02-+A03)]
AGS”‘”?%‘“1““3*2“(“1“’2*“3”

Acl =k [og. = @) L g+ aa(cl + 0

SEraEE, b + o3)]

2

18 ini-
F = 0 and

strain is

(6)

increment

clarity.

(7a)
(7b)

(Te)

For large strains (i.e. well into the plastic region), Poisson's

ratio can be estimated as:

“AcP E - -
o Ael h [201 0y - O3 - 31(01 + 0, + 03)T
13 AP f203 S 31(01 + 05 + 03)1
3







The state of stress for the densified plasma-sprayed aluminum
is uniaxial, i.e., 0; = 0, = 0. For this case, Equation (8)
reduces to:

vis = 1/2 2% (9)

13 1+

For the case of an ideally plastic material @ = 0 and Vi3
reduces to the critical value of 1/2. At 0.4 percent strain
Poisson's ratio for the compressed sprayed aluminum is 0.352
(Figure 8), which corresponds to a value of @ = 0.107. This
represents a volumetric change of 0.136 percent. Such a
volume change may be reasonably attributed to porosity gen-
erated by dislocation-oxide particle interactions, fracturing
of the particle-matrix interface and/or fracture of the oxide
particles themselves.

In summary, the mechanical behavior of densified plasma-
sprayed aluminum shows property trends similar to SAP alloys
and is not similar to wrought aluminum. Tike elastic Poisson's
ratio of hbt-pressed sprayed aluminum is 0.33 which is iden-
tical to that of wrought aluminum. In the plastic range,
however, Poisson's ratio of the compacted sprayed aluminum
differs from that of wrought aluminum due tto the oxide
particles present in the sprayed aluminum. With this under-
standing of the constituent phases, it is mow appropriate to

examine their behavior combined into a composite.

18







Elastic Composite Behavior

The behavior of Poisson's ratio in Borsic-filament-
reinforced aluminum composite materials may be most conveniently
discussed by examining the shape of the v wversus ¢ curves
plotted in Figures 10-13. The general shape of the curves
is the same for all filament volume fractions. For purposes
of discussion, the composite v versus ¢ curves may be divided
into three distinct regions: (1) Region I for ¢ less than
0.05 percent, (2) Region II for the transition region of e
between 0.05 and 0.20 percent and (3) Region III for ¢
greater than 0.20 percent.

Region I is characterized by the elastic response of
both the filamenis and matrix and corresponds to Stage T of
the composite stress versus strain curve. To gain insight
into filament and matrix behavior in Regiom I, the average
elastic Poisson's ratios for each volume fraction are plotted
as a function of volume fraction in Figure 14. The data of
Figure 14 may be reasonably described by a least squares fit
because all the data lies within 5 percent of the line. The
in situ elastic Poisson's ratio behavior of the filaments and
matrix may be determined by extrapolating the least squares
line to the end points.

At a filament volume fraction of zero, which corresponds
to the matrix behavior, a v of 0.33 is obtained by this method.

This value is in excellent agreement with the measured result
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of 0.33 for the matrix alone (Table 3). Extrapolating to
one hundred volume percent Borsic yields v of the filaments
equal to 0.15. This value is somewhat lower than the value
of 0.20 currently in use in the literature for Borsic.33 It
should be noted however, that experimental measurements of
Poisson's ratio for thin filaments are rarely reported in
the literature. More cften, Poisson's ratios are calculated
by using the simple elasticity relationship between Young's
modulus and the shear modulus which are subject to experi-
mental vzn::'.aticms.3LL
The observation that v is a linear function of filament
content in the elastic range (Figure 14) indicates that it
can be successfully predicted by a rule of mixtures approach
such as Equation (2). However, a filament Poisson's ratio
of 0.15, which is lower than that generally assumed, must be

used in conjunction with the accepted aluminum value of 0.33

to obtain agreement with the experimental results.

Inelastic Composite. Behavior

The transition region (Region II) of the composite
Poisson's ratio versus strain curve may be viewed as a
gradual transition from an elastic to a fully plastic
matrix. Comparison of the slope of the composite transition
region in Figures 10-13 with that of the densified plasma-

sprayed aluminum transition (Figure 8) shows the composite
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slope to be much steeper than that of the matrix material.
The increased rate of change of the composite curve indicates
that regions of nonhomogeneous plastic deformation in the
composite are enlarging faster than similar regions in the
densified plasma-sprayed aluminum alone.3? This difference
in behavior may be accounted for by the complex stress dis-
tribution acting on the composite matrix.

Unlike the homogeneous aluminum specimens stressed in
uniaxial tension, stresses out of the loading plane are
generated in the composite matrix due to the difference in
Poisson's ratios between the constituent phases in the com-
posite. The resultant stress state has been the object of
numercus theoretical and experimental scudies.3u’36-43 A
general conclusion from these studies is that the matrix in
a composite reinforced with filaments of higher modulus and
lower Poisson's ratio experiences radial compression and
circumferential tension when subjected to a uniaxial load.
It has also been concluded that the highest compressive
stresses on the composite matrix occur at the filament-
matrix interface.

Based upon these prior observations the increased slope
of the composite curve in Region II may be interpreted as
local yielding beginning in the matrix at the filament-

matrix interface. With additional loading, additional

yielding occurs and the plastic region spreads rapidly
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through the matrix. An additional complicating factor is
provided by the increase in the matrix Poisson's ratio upon
yielding. As the matrix Poisson's ratio increases the mis-
match in Poisson's ratios between the filaments and matrix
increases which magnifies the induced transverse stress field.

Attempts to determine the rate-of-change of the composite
vV versus € curves given in Figures 10-13 as a function of
the fiber volume fraction were unsuccessful because of the
range of sensitivity of the experiment conducted. An in-
creasing rate of plasticity should be present with increasing
filament volume fraction if the proposed mechanism is correct.
As the filament volume fraction increases, the filament spac-
ing decreases. & plastic region at t
interface would thus have to traverse a shorter distance to
meet another plastic region. The result would be a higher
rate of change of plasticity in the higher volume fraction
composites.

The abrupt change in slope of the composite v versus ¢
curve at a strain of approximately 0.05 pewcent may be used
to provide valuable information on the nature of the matrix
behavior. Conventional methods of determiming yield in
metal -matrix composite materials are inadequate due to the
gradual change in slope of the composite stress versus strain
curve between Stage I and Stage II deformation as seen in

Figure 9. The abrupt change in the v versus ¢ curve with
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the onset of plasticity provides a very accurate means for

the determination of matrix yield.

Following the transition region between longitudinal
strains of 0.05 and 0.20 percent, the v versus ¢ curve is
characterized by an asymptotic value. The asymptotic value
in Region III in the case of a brittle fiber-reinforced
metal composite is not near 0.5 as in an isotropic homo-
geneous metal. Rather, one observes a combination of the
Poisson's ratios of the constituent phases. The experi-
mental values of the composite plastic Poisson's ratio in
Region III (longitudinal strains greater than 0.20 percent)
corresponding to composite Stage II deformation were
averaged and are plotted versus fiber volume fraction in
Figure 15. The data of Figure 15 may be adequately de-
scribed by the least squares fit shown as all the data lie
within 10 percent of the least squares line.

The observation that v is a linear function of volume
fraction in Stage IT is of considerable engineering impor-
tance. This means that the Poisson's ratio of a composite
system in which the matrix is plastic may be predicted by a
simple relation such as Equation (3).

To determine the component values necessary to predict
the experimental data the line in Figure 15 must be extrap-
olated to obtain the in situ behavior of the constituent

phases in Stage II. At one hundred percent Borsic a Poisson's
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ratio of 0.15 is obtained from the plastic range data.
This value is the same as the filament elastic range value
reported earlier. Since Borsic filaments remain elastic to
failure, Poisson's ratio of the filaments should remain
constant to failure. The agreement between v of the fila-
ments in Stage I and Stage I1 lends further credence to the
experimental methods employed in this investigation.

Examining Figure 15 at a filament volume fraction of
zero results in a value of 0.40 for the in situ matrix
Poisson's ratio. Examination of the Poisson's ratio data
for the matrix alone (Figure 8) at similar strains shows no
agreement with the in situ result. The composite matrix v
plasma-sprayed aluminum of 0.355. The in situ result is
also much higher than that of what appears to be the
asymptote of the v versus ¢ curve for the aluminum alone
at 0.365 which occurs at much larger strains. The higher
value of v of the composite matrix indicates that the
aluminum in the composite is behaving more plastically
than it would without the filaments present.

As mentioned previously, the stress field in the com-
posite is not uniaxial because transverse stresses are
generated due to the mismatch in Poisson's ratio between

the filaments and matrix. Equation (8) may be used to

approximate the stress distribution necessary to theoretically
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explain the experimental results. In the composite 01 and 02
are not zero which necessitates making Some approximations
to facilitate their calculation.

Consider a typical point in the matrix in the interior
of the composite to eliminate surface effects. It may be
assumed that the transverse stresses have no directional de-
pendence, i.e., 0; = 0,. Solving Equation (8) for Vi3 = 0.40
and 0y = 02 results in an estimation of 0, or 9, equal to
-0 125 03.

The prediction that the summation of %y and 0, is a
compressive stress is at variance to current micromechanics
analyses in the 1it:eratm:e.3‘4’36&1;3 A general result of these
analyses is that the tensile circumferential stress is larger
in magnitude than the compressive radial component which
results in a tensile resultant stress. The apparent anomaly
between current theory and this experimental work cannot be
resolved at this time. However, current micromechanics anal-
yses do not allow for permanent volumetric deformation. It
is possible that a more refined analysis considering permanent
volumetric deformation would bring theoretical and experimental
results into better agreement.

The experimental data show the aluminum matrix of the
composite to be more plastic than homogeneous aluminum at
comparable strains. This indicates that use of Equation (3)

to predict composite plastic Poisson's ratios must be done
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with care. At this time, the matrix plastic Poisson's ratio
must be experimentally determined since analysis is unable

to predict it.







Conclusions

The results of this study of Poisson's ratio for Borsic-

reinforced aluminum composites suggest the following conclusions:

s

The linear relationship between Poisson's ratio and
filament volume fraction for Stage I and Stage II
deformation confirms that rule of mixtures calcula-
tions may be used to predict elastic and plastic
composite Poisson's ratios.

The in situ value of Poisson's ratio for Borsic
filaments is 0.15.

Unreinforced densified plasma-sprayed aluminum under
uniaxial stress shows a decreased value (0.355) of
plastic Poisson's ratio compared to wrought aluminum
(0.450).

The elastic Poisson's ratio of the plasma-sprayed
aluminum composite matrix, measured in situ. is

0.33 which agrees with that of the plasma-sprayed
aluminum matrix alone.

The plastic Poisson's ratio of the aluminum com-
posite matrix, measured in situ, is 0.40. This
value is higher than the aluminum matrix alone.

The difference is attributed to the triaxial stress

state on the composite matrix.







The abrupt change in slope of the Poisson's ratio
versus longitudinal strain curve upon matrix yield
may be used as an accurate method of determining
matrix yield in filament-reinforced, metal-matrix

composites,
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TABLE 1

Plasma-Spraying Conditions Used for the

Manufacture of Monolaver Tapes

Powder

Gases

Gun

Power Settings

Avco 20 Aluminum (1100 alloy)
+400 -170 mesh

arc gas - argon - 40 cfh
powder gas - argon - 25 cfh
cover gas - argon

Plasmadyne SG-1B

electrodes - tungsten and copper
rear powder feed using a standard
hopper

Plasmadyne Control Panel

openr circuit voltage = 80 volts
power control - 19 volts
operating voltage - 30 volts

- operating current - 220 amps

Spray stand-off distance - 5 inches
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TABLE 2

Nominal Chemical Analysis of 1100 Aluminum Alloy

Element

Cu
Fe
Si
Mn
Mg
Zn
Ti
Cr
Ni
Sn

= <

Powder

<<0.1
<0.2
~0.1
<0.02
<<0.009
ND<O. 02
ND<O. 009
ND<O. 01
ND<O. 01
ND<O.O1
ND<O.01
ND

Not Analyzed

34

Plasma-Spravyed

<£0.1
<0, 2
~0.1
<0502
<<0.009
ND<O.02
ND<O. 009
NDLO .01
ND<O.01
ND<O. 01
ND<O. 01







TABLE 3

Elastic and Plastic Poisson's Ratio of Borsic-Al

as a Function of Filament Volume Fraction

Volume Modulus Elastic Poisson's Plastic Poisson's
Fraction (10~ psi) Ratio Ratio

0 9.6 0.33 0.36

kS ik 15.3 0.30 0.37

342 24 .3 0.27 Q: 31

.409 28.1 0.26 0.32

-539 31.5 0.22 0.26

TABLE 4

Mechanical Properties of Densified Plasma-Spraved
1100 Aluminum and Wrought 1100-0 Aluminum

1100028 Plasma-Sprayed
Yield Strength,* psi 5,000 9,500
Ultimate Strength, psi 13,000 17,000
Elongation, percent 35 8

*0.2% offset
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Figure 1. Micrograph showing the cross-sectional appear-
ance of a 13.1 v/o 4.2 mil diameter Borsic-
reinforced aluminum composite.

Figure 2. Micrograph showing the cross-sectional appear-
ance of a 34.2 v/o 4.2 mil diameter Borsic-
reinforced aluminum composite.
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Figure 3.

Figure 4.

Micrograph showing the cross-sectional a pear-
ance of a 40.9 v/% 4.2 mil diameter Borsic-
reinforced aluminum composite.

Micrograph showing the cross-sectional appear -
ance of a 53.9 v/o 4.2 mil diameter Borsic-
reinforced aluminum composite.

3







Figure 6. Micrograph showing the cross-sectional appear-
ance of densified plasma-sprawyed 1100 aluminum,
etched, 250X.
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