Tensile and Fatigue Behavior of Aluminum Oxide Fiber |
Reinforced Magnesium Composites: Part Il. Alloying Effects

R.A. PAGE, ]I.E. HACK, R. SHERMAN, and G.R. LEVERANT

The effect of matrix alloy additions on mechanical properties was examined by comparing the tensile
and fatigue properties of commercially pure magnesium and ZE41A (Mg-4.25 Zn-0.5 Zr-1.25 RE)
which were both reinforced with FP aluminum oxide fibers. The alloy additions were found to improve
the off-axis properties but decrease the axial properties. This was brought about by an increase in the
matrix and interfacial strengths and a decrease in the fiber strength. It was also determined that the
reaction zone in both materials was MgO and that strengthening of the interface was due to an
increased particle size and/or a thicker reaction zone and not to any segregation of alloying elements

to the interface.

I. INTRODUCTION

TuE important effect that matrix composition and heat
treatment have on off-axis properties has been demonstrated
in a number of metal matrix composite systems.'? Gener-
ally, these variables have not been found to influence axial
properties. Although some attempts have been made to cor-
relate matrix composition and heat treatment with corre-
sponding changes in the toughness of the composite,' no
quantitative correlations have been made with the local
decohesion stress. In addition, effects of microstructural
changes in the matrix have not been successfully separated
from residual stress and interfacial effects.

A recent study (presented in Part I) of the fatigue and
tensile behavior of a model material (FP Al O, fibers in a
commercially pure Mg matrix) indicated that off-axis fa-
tigue and tensile properties were suppressed because of the
combination of a low fiber/matrix interfacial strength and a
soft matrix. Under either cyclic or static loading the drastic
drop in fatigue and tensile properties with angle was found
to correspond with a change in failure mode from flat frac-
ture across the fibers under axial loading conditions to inter-
facial and/or matrix failure along the fiber orientation for
off-axis loading. One of the conclusions of the study was
that alloy additions designed to increase the strength of the
fiber/matrix interface and/or the strength of the matrix
should improve off-axis properties. It has also been found
that the transverse strength is dependent on matrix com-
position in FP/Mg composites.” It was not known whether
this phenomenon was purely a matrix strengthening effect or
due to a subtle change in interfacial structure.

This paper reports the initial results of a study of the
influence of matrix composition on the micromechanisms of
fracture and the tensile and fatigue properties of AL O, fiber
reinforced magnesium composites. This work and earlier
work on the model material (Part I) provide the foundation
for a continuing program designed to develop quantitative
relationships between matrix microstructure, composition,
and properties; fiber orientation and volume percent; and
fatigue crack growth behavior in these materials through
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direct observations of the effects of these variables on the
strain field at the tip of a growing crack.

II. EXPERIMENTAL

The effect of matrix alloy content was investigated by
comparing the fatigue and tensile properties of two materials
which differed only in the composition of the matrix. Com-
mercially pure magnesium (CPMg) was utilized as the base-
line matrix material while ZE41A, a magnesium alloy with
approximately 4.25 wt pct Zn, 0.5 wt pct Zr, and 1.25 wt
pct rare earths, was chosen to represent alloyed matrix ma-
terials. Both materials contained 55 vol pct of continuous,
unidirectional, 20 um diameter Al,O; fibers. The composite
plates were manufactured by E. 1. DuPont de Nemours and
Co. by liquid infiltration of the FP Al,O; fibers.

Specimens 15.2 cm long with 1.27 cm X 0.25 cm rec-
tangular cross sections were used for both the tensile and
fatigue tests. The specimens were machined with the Al,O,
fibers lying parallel to the 15.2 cm X 0.25 cm face and
orientated at angles of 0, 22.5, 45, and 90 deg and 0 and
22.5 deg to the tensile axis for CPMg and ZE41A, re-
spectively. Gripping was facilitated by the addition of
aluminum tabs which were epoxied to both sides of the
specimen ends.

A closed-loop hydraulic testing system was used for all of
the mechanical tests. The fatigue tests were run under load
control at an R-ratio of 0.1 and a frequency of 10 Hz. Sam-
ples were tested to failure or to approximately 10° cycles,
whichever came first. The tensile tests were performed
under displacement control at a strain rate of 8.3 X 107°
per second. Specimen strain was determined from strain
gages which were attached to opposite faces of the ten-
sile specimens.

A. Auger Spectroscopy

To gain a better understanding of the effect of matrix
composition on the fiber/matrix interface, transverse speci-
mens of both CPMg and ZE41A were fractured in situ
and examined in a Physical Electronics 595 scanning
Auger microprobe. Surface spectra were taken with an
incident accelerating voltage of 5 KeV and beam currents
ranging from 0.3 uA to greater than 1 uA. Spectra were
obtained in point mode, with a beam size of approximately
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1 um, and with the TV raster operating. All operating
methods produced the same results within the chosen signal-
to-noise conditions. A limited amount of ion sputtering was
also performed.

B. Transmission Electron Microscopy

Thin foils of both composite materials were prepared by
ion milling and examined in a Philips 301 scanning trans-
mission electron microscope. Microdiffraction patterns
were obtained by limiting the specimen area illuminated
with a focused second condenser aperture.* A 5 um aperture
was used which, with the demagnification of 38 times ob-
tained in the Philips 301 STEM, yielded an illuminated area
of approximately 130 nm in diameter. Diffraction patterns
were taken at multiple orientations so that the interface
particles could be unambiguously identified.

III. RESULTS
A. Tensile Behavior

It is clear from the tensile data, Table I and Figure 1, that
the alloy additions to the matrix had a strong influence on
both the yield, ¥§, and ultimate tensile, UTS, strengths.
Under axial loading, the use of ZE41A as a matrix material
rather than CPMg resulted in approximately a 50 pct in-
crease in YS and a 15 pct decrease in UTS. At 22.5 deg the
ZE41A material demonstrated increased YS and UTS with
the UTS increased by about a factor of two and the Y5 by an
order of magnitude over the CPMg material. As expected,
the elastic modulus at O and 22.5 deg was not significantly
affected by the alloy additions. Thus, the alloy additions in
ZE41A, i.e., Zn, Zr, and rare earths, benefited the off-axis
tensile properties and the axial yield strength but reduced the
axial UTS.

The fracture morphology of the axial specimens was
found to be independent of the matrix composition. Both the
CPMg and the ZE41A axial specimens failed in a flat man-
ner at approximately 90 deg to the stress axis with the fail-
ure propagating across fibers. The off-axis behavior was
highly composition dependent, however. Failure of the
22.5 deg ZE41A specimens was similar to that of the axial
spectmens. The fracture surface was quite flat, oriented at
90 deg to the tensile axis, and fracture occurred through
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Fig. 1—Effect of fiber orientation on ultimate tensile strength for both
commercially pure magnesium and ZE41A matrix materials.

the fibers. In direct contrast, the off-axis CPMg specimens
failed along the fiber/matrix interface.

B. Fatigue Behavior

The results of fatigue tests performed on CPMg and
ZE41A in both 0 and 22.5 deg orientations are presented in
Figure 2. When loaded axially the fatigue resistance of
ZE41A was considerably lower than that of CPMg. How-
ever, although both materials showed a marked reduction in
fatigue resistance when loaded off-axis (22.5 deg), the de-
gree of reduction was far less for ZE41A than for CPMg.
Thus, at 22.5 deg ZE41A was more resistant to fatigue than
CPMg. This behavior is similar to the UTS dependence on
alloy content and fiber orientation. The S-N curves for
ZE41A exhibited slightly steeper slopes than the corre-
sponding curves for CPMg. Thus, the endurance limit, 10°
cycles to failure, for ZE41A was approximately 0.62 UTS
for both 0 deg and 22.5 deg while CPMg had an endurance

Table I. Mechanical Properties of 55 Vol Pct Al,O; Fiber Reinforced Magnesium
Specimen Matrix Material Orientation, Degrees YS, MPa UTS, MPa E, GPa
CP-O-A CPMg 0 399+ 192
CP-O-B CPMg 0 321 567 202
CP-22-A CPMg 22.5 30 192 153
CP-22-B CPMg 22.5 23 199 157
ZE-O-A ZE41A 0 — 488 186
ZE-O-B ZE41A 0 — 504 184
ZE-O-C ZEAL1A 0 487 496 —
ZE-O-D ZEALA 0 406 406 —
ZE-22-A ZE41A 22.5 —_ 393 157
ZE-22-B ZE41A 225 — 379 155
ZE-22-C ZE41A 22.5 325 406 —
ZE-22-D ZE41A 22.5 325 388 —

*The UTS of specimen CP-O-A was reduced well below typical values by the presence of an unusually large process defect. This is discussed more fully

in Part I
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Fig. 2 — Effect of fiber orientation and matrix alloy addition on the fatigue
behavior of AlLO; fiber-reinforced magnesium.

limit of approximately 0.68 UTS at 22.5 deg and 0.78 UTS
at O deg.

The axial CPMg and ZE41A specimens exhibited similar
fracture morphologies. In both, fracture occurred across the
fibers at an angle of approximately 90 deg to the tensile
axis. The fracture morphology of the off-axis specimens was
affected by the matrix composition, however. The 22.5 deg
CPMg specimens failed parallel to the fiber axis with a
significant difference between the fatigue and overload
morphologies. The overload regions, Figure 3(a), failed
by decohesion of the fiber/matrix interface while fatigue
cracking (Figure 3(b)) occurred along the direction of the
fiber axis by a combination of crystallographic matrix crack-
ing and delamination of the fiber/matrix interface. The
22.5 deg ZEA4 1 A specimens, on the other hand, failed across
the fibers at around 90 deg to the tensile axis in both
fatigue and overload (Figure 4) in the same manner as the
axial specimens.

Fig. 3— Scanning electron micrographs of typical overioad {a) and fatigue (») failures in off-axis CPMg specimens. Note that the failure in overload occurs
almost exclusively along fiber/matrix interfaces while suberitical fatigue crack growth occurs parallel to the interfaces but primarily through the matrix.

Fig. 4—Scanning electron micrographs illustrating typical fracture morphology (a) far from the initiation site, considered the overload region, and
(b) adjacent to the initiation site, considered the fatigue region in off-axis ZE41 A specimens. Although there is more evidence of ductile tearing in the overload
region, failure in both regions occurs across the fibers rather than along or parallel to the fiber/matrix interface.
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The similarity in the appearance of the fatigue and over-
load regions of the 0 deg and 22.5 deg ZE41A specimens
and the 0 deg CPMg specimens made it impossible to deter-
mine the extent of fatigue cracking. River markings on the
fracture surface did identify fatigue crack initiation sites,
however. In both CPMg and ZE41A fatigue cracks initiated
at process defects, usually large clumps of ALO; grains.
These defects were not involved in initiation in the 22.5 deg

(b)

Fig. 5— Scanning electron micrographs of a CPMg specimen fractured in
the scanning Auger microprobe. A high magnification view of the fiber
surface in Area 1 is shown in (b).
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CPMg specimens. Examination of mating fracture surfaces
in CPMg specimens indicated that failure occurred along the
defect/matrix interface. Energy dispersive X-ray spectra
taken from the mating surfaces always showed aluminum
(Al,O;) on one surface and primarily magnesium on the
other, confirming that fracture was along the interface. The
mating fracture surfaces in ZE41A indicated that failure
occurred through the defect rather than along its interface.
Thus, although the initiation sites were similar, the failure
modes of the defects changed with matrix composition.

C. Auger Spectroscopy

The in-situ fracture of both CPMg and ZE41A occurred
along fiber/matrix interfaces, making it possible to ex-
amine the composition of both troughs and fiber surfaces.
Microscopic examination of the fiber surfaces in the
Scanning Auger microprobe indicated that the fibers in
CPMg (Figure 5) were covered with fine, almost continuous
particles while the fibers in ZE41A (Figure 6) were covered
with coarser and more discrete particles.

Spectra taken from a fiber trough and the surface of a fiber
in CPMg are presented in Figure 7. The spectra indicate the
presence of magnesium and oxygen in both the trough and
the fiber surface. No other elements were observed on either
the trough or the fiber surface. Comparison of the fine
structure of the magnesium peaks and the oxygen-to-mag-
nesium peak height ratios with spectra taken from laboratory
standards® indicates that the trough was metallic magnesium
containing a small amount of oxygen, possibly from residual
vacuum contamination, and that the fiber surface was an
oxide of magnesium, most likely MgO.

Spectra from a fiber trough and the surface of a fiber in
ZE41A are presented in Figure 8. As in the CPMg, the fine
structure of the magnesium peaks and the oxygen-to-
magnesium peak height ratios indicate that the trough was
metallic magnesium and the fiber surface was an oxide of
magnesium. In addition to the magnesium and oxygen,
small quantities of zinc and aluminum were also present in
both locations. No evidence of the presence of zirconium or
rare earths, the other alloying elements in ZE41A, was
found on either the trough or the fiber surface. The small
carbon peak observed in the trough spectra is probably due
to contamination rather than the actual presence of carbon in
the specimen. To determine if either the zinc or aluminum
were segregated at the fiber/matrix interface ion sputtering
of the fracture surface was performed. No decrease in the
zinc or aluminum signals was observed during sputtering;
rather, a slight increase was observed (Figure 8(b)). The
oxygen peak decreased and the carbon peak, which was
believed to be due to contamination, quickly disappeared
during sputtering. Thus, the zinc and aluminum were not
segregated at the interface but rather uniformly distributed in
the area of the interface.

D. Transmission Electron Microscopy

Confirming the Auger results, a thin, submicron, reaction
zone was observed in the thin foils of both CPMg (Figure 9)
and ZE41A (Figure 10). The reaction zone particles in
CPMg were finer, 0.14 um average diameter vs 0.24 um
average diameter in ZE41A, and more closely spaced than
those in ZE41A, thus presenting a geometrically smoother
matrix/reaction zone interface. In addition, the reaction
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Fig. 6— Scanning clectron micrographs of a ZE41 A specimen fractured in
the scanning Auger microprobe. A high magnification view of the fiber
surface in Area 2 is shown in (b).

zone in CPMg was approximately a factor of two thinner
than the 0.2 um thick reaction zone in ZE41A. A consid-
erable variation in grain size was also observed in the
Al O; fibers.

The reaction zone precipitates were identified as MgO by
microdiffraction. Typical microdiffraction patterns, (110)
zone axis, are presented in Figures 9 and 10. In both CPMg
and ZE41A the particles were cubic with lattice parameters
of 0.4230 and 0.4210 nm, respectively. These values are
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Fig. 7— Auger electron spectra taken from the fiber trough (a) and the
fiber surface (b) of a CPMg sample which was fractured in situ.

within measurement error of the published MgO lattice pa-
rameter of 0.4213 nm.¢

IV. DISCUSSION

The properties of a composite material are determined
by a combination of the fiber, matrix, and interfacial prop-
erties. In general, axial strength, both static and cyclic,
is primarily dependent on the fiber volume fraction and
the fiber strength. Matrix strength plays only a secondary
role. On the other hand, transverse strength is more heavily
influenced by the matrix and interfacial strengths. At inter-
mediate angles the component controlling failure is con-
trolled by the relative magnitudes of the shear and normal
stresses that each component experiences as well as the
individual strengths of each component. In general, matrix
alloy additions can affect all three of the parameters that
control composite behavior, i.e., fiber, matrix, and inter-
facial properties.
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Fig. 8 — Auger electron spectra taken from the fiber trough before (a) and
after (b) sputtering and from the fiber surface (¢) of a ZE41A sample which
was fractured in situ.
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(b)

Fig. 9— Transmission electron micrograph of the fiber/matrix reaction
zone in CPMg (a) and a diffraction pattern taken from a typical reaction
zone particie (110 Zone) (b). The various constituents are indicated by: MG
(CPMg matrix); RZ (reaction zone product); and FP (Al;O; fiber).

Although the microstructural state of the ZE41A matrix
material is uncertain,* it is still possible to discuss, in terms

*]t was not possible to define the microstructural state because data on
the cooling rates employed during casting were not available. Further, the
ion milling procedure employed in foil preparation could heat the foils
slightly, thus altering the matrix precipitate morphology.

of upper and lower limits, the effect of the alloy additions
on matrix strength. In the fully solutionized condition sub-
stantial solid solution strengthening would be provided by
the zinc. This lower limit case would provide a considerable
improvement in matrix strength compared to CPMg. The
zinc additions can also lead to precipitation hardening
through the formation of Guinier-Preston zones, MgZn’ pre-
cipitates, or MgZn precipitates.”® The formation of Mg;Zn;
is also possible.” The presence of any of these precipitates
would further strengthen the matrix. The presence of zir-
conium, which acts as a grain refiner in magnesium cast-
ings, is probably responsible for the slightly smaller grain
size of the ZE41A. However, since the grain sizes of ZE41A
and CPMg were both much larger than the fiber spacing, it

METALLURGICAL TRANSACTIONS A



(b)

Fig. 10— Transmission electron micrograph of the fiber/matrix reaction
zone in ZE41A (a) and a diffraction pattern taken from a typical reaction
zone particle (110 Zone) (b). The various constituents are indicated by: MG
(ZE41A matrix); RZ (reaction zone product); and FP (Al,O, fiber).

is doubtful that grain size has any significant bearing on
mechanical properties. One might expect, therefore, that
use of ZE41A rather than CPMg would result in a matrix
with a higher yield strength, ultimate tensile strength, and
fatigue resistance.

Since ZE41A has a higher matrix strength than CPMg,
the lower axial tensile strength of the ZE41A material in-
dicates that the fiber strength of the ZE41A is degraded.
Using the rule of mixtures and a UTS of 90 MPa for the
CPMg matrix, the resultant strength of the AlLO; fibers is
950 MPa. A similar calculation for ZE41A using 165 MPa
as the matrix strength' yields a fiber strength of 770 MPa.
This represents a 19 pct reduction in fiber strength. Since
the same type of fiber, i.e., FP Al,O0;, was used in both
materials and the CPMg fiber strength of 950 MPa is near
the bottom of the scatter band," it can be concluded that the
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reduced fiber strength of ZE41A is due to reaction with the
matrix material.

The crossover of the UTS vs fiber orientation curves sug-
gests that the matrix and/or interfacial strength of ZE41A is
higher than CPMg. From the earlier discussion of the effect
of alloy additions on matrix strength, it is obvious that the
ZE41A material has a higher matrix strength than the CPMg
material. The change in off-axis fracture morphology from
interfacial failure in CPMg to flat fracture across fibers in
ZE41A suggests that the ZE41A material also has a higher
interfacial strength. The change in the fracture mode of the
process defects which act as fracture initiation sites from
interfacial failure in CPMg to fracture through the defect
in ZE41A also supports an increased interfacial strength
in ZE41A.

The reaction product was identified as MgQO in both mate-
rials by microdiffraction. The TEM observations also indi-
cated that the reaction zone in ZE41A was thicker and
made up of larger particles than in CPMg. Therniodynamic
calculations indicate that the formation of MgO from Al,O,
and Mg is possible for matrix magnesium concentra-
tions exceeding 4 to 8 pct,” a condition which both CPMg
and ZE41A easily satisfy. Further, Levi et al.'* have ob-
served the formation of both MgO and MgAl,0, spinel on
FP Al,O; fibers in contact with an Al-8 pct Mg alloy. The
formation of MgO has also been observed in Al,O; scales on
Al-Mg alloys.” The above results and the findings of the
present study disagree with an earlier identification of the
FP AL,0,/ZE41A reaction product as MgALQO,,"* which
was performed by X-ray analysis of bulk specimens. Al-
though the presence of MgAl O, is apparent from the X-ray
data, the use of bulk specimens in the study precludes any
identification of its location. Energy dispersive X-ray analy-
sis profiles taken across the fiber/matrix interface'* are
also inconclusive as to the nature of the reaction product
since the spacial resolution of the analysis was larger than
the 0.2 wm reaction zone which is present in this material.
The Auger results support the formation of MgO in the
reaction zone and, further, indicate that interfacial failure in
both materials occurs at the reaction zone/matrix interface
as opposed to the reaction zone/fiber interface. In addition,
the lack of any segregation at the reaction zone/matrix inter-
face indicates that the alloying elements in ZE41A were not
directly responsible for the increased interfacial strength.
Hence, it can be concluded that the interfacial strengthening
observed in ZE41A is due to an increase in the size of the
reaction zone and/or a change in the size and spacing of the
MgO crystals and not any change in the chemical nature of
the reaction zone. The increased reaction zone is also con-
sistent with the degradation in fiber strength observed in
ZEA1A. A large fraction of the reduced fiber strength is
believed to be due to the development of notches on the fiber
surfaces, induced by uneven chemical attack on the fibers
during precipitation and growth of the MgO particles, since
the actual reduction in AL,Q; cross section brought about by
the formation of MgQO accounts only for a small portion of
the observed reduction. This explanation is consistent with
observations in other composite systems.'>'6"

The TEM and Auger results indicate that the matrix alloy-
ing elements are not incorporated in the reaction zone to any
significant degree. Hence, the only plausible explanation for
the differences observed in the sizes of the reaction zones
between CPMg and ZE41A would be an inherent difference
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in processing. Liquidus temperatures, liquid metal infil-
tration temperatures, and cooling rates were similar for the
two alloys.'®* A major difference exists in the solidification
behavior, however. CPMg should undergo nearly congruent
solidification while ZE41A experiences a large “mushy”
zone due to the 120 °C difference between its liquidus and
solidus temperatures.'® It is postulated, therefore, that the
larger reaction zone in ZE41A results from a longer contact
time with more highly reactive liquid matrix. Experiments
to test this hypothesis are presently underway.

To summarize the discussion to this point, the matrix
alloy additions result directly in an increased matrix strength
and indirectly in an increased interfacial strength and a de-
creased fiber strength. These results, which are consistent
with the differences in tensile behavior between CPMg and
ZEA1A, can also be used to explain the differences in fatigue
behavior between the two materials. Under axial loading the
fibers bear most of the load and present the primary barrier
to fatigue. Thus, the reduction in fiber strength through an
increased reaction zone observed in ZE41A would be ex-
pected to yield reduced fatigue resistance. The lower inter-
facial strength in CPMg may also contribute to CPMg’s
higher fatigue resistance.?

For one to understand the differences in off-axis fatigue
behavior between CPMg and ZE41A it is necessary to con-
sider both the strength differences of the individual compo-
nents and the mechanics involved in off-axis loading. For
loading at 22.5 deg to the fiber matrix, the off-axis orien-
tation employed in this study, a relatively high normal stress
and a relatively low shear stress would exist in the fibers,
while a crack propagating along the fiber direction either in
the matrix or along the interface would experience a rela-
tively low normal stress and a relatively high shear stress.?
Considering this and the earlier observation that fatigue
crack propagation in CPMg oriented at 22.5 deg occurred
by a combination of crystallographic cracking of the Mg
matrix and interfacial failure, it can be concluded that
failure of the matrix-interface combination is possible at
lower applied stresses than is normal fracture of the fibers.

Although the ZE41A matrix is also susceptible to the
same type of crystallographic cracking as the CPMg ma-
trix,»* its fatigue resistance is substantially higher. In addi-
tion, the ZE41A composite has a higher interfacial strength,
the other component which contributed to fatigue crack
propagation in CPMg; and a lower fiber strength, the com-
ponent which did not participate in failure in CPMg. By
increasing the fatigue resistance of the two weaker compo-
nents and, at the same time, decreasing the resistance of the
strongest component, a point should be reached at which a
transition in fracture mode to progressive fracture of fibers
occurs. This is apparently what has taken place in the
ZE41A material.

The fracture and fatigue behavior of ZE41A at misori-
entation angles greater than 22.5 deg can be postulated by
once again considering the mechanics of off-axis loading.
As the misorientation angle increases, the fibers experience
lower normal stresses and cracks oriented along the fiber
direction, i.e., either matrix or interfacial cracks, experi-
ence higher normal stresses.? Thus, at some higher angle,
a transition to matrix and/or interfacial failure along the
fiber direction would be expected. Even so, the ZE41A
material would still be expected to maintain a higher
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strength than CPMg due to its higher matrix and interfacial
strengths. Hence, the alloy additions present in ZE41A
would be expected to increase the angle at which the transi-
tion in failure mode occurs and also increase the off-axis
strength.

V. CONCLUSIONS

The following conclusions can be drawn from the results
of the present investigation:

1. The alloying elements in ZE4lA result directly in an
increased matrix strength and indirectly in an increased
fiber/matrix interfacial strength and a decreased fiber
strength when compared to CPMg.

2. The increased matrix strength is due to solid solution
strengthening and/or precipitation hardening.

3. The increased interfacial strength is due to a larger reac-
tion zone and larger particles and not to any segregation
to or change in chemistry of the reaction zone. The reac-
tion zone was made up of MgO in both CPMg and
ZE41A and interfacial failure occurred along the reaction
zone/matrix interface. Segregation to this interface was
not observed.

4. The decreased fiber strength, which was estimated to be
approximately 20 pct, was the result of the increased
reaction between the matrix and fibers.

5. The changes in the component strengths for ZE41A out-
lined above yielded reduced axial and increased off-axis
tensile and fatigue properties.
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