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Kinetics of Cyclic Oxidation and Cracking and Finite Element
Analysis of MA956 and Sapphire/MA956 Composite System

.

KANG N. LEE, VINOD K. ARYA, GARY R. HALFORD, and CHARLES A. BARRETT

Sapphire fiber-reinforced MA956 composites hold promise for significant weight savings and in-
creased high-temperature structural capability, as compared to unreinforced MA956. As part of an
overall assessment of the high-temperature characteristics of this material system, cyclic oxidation
behavior was studied at 1093 °C and 1204 °C. Initially, both sets of coupons exhibited parabolic
oxidation kinetics. Later, monolithic MA956 exhibited spallation and a linear weight loss, whereas
the composite showed a linear weight gain without spallation. Weight loss of the monolithic MA956
resulted from the linking of a multiplicity of randomly oriented and closely spaced surface cracks
that facilitated ready spallation. By contrast, cracking of the composite’s oxide layer was noninter-
secting and aligned nominally parallel with the orientation of the subsurface reinforcing fibers. Ox-
idative lifetime of monolithic MA956 was projected from the observed oxidation kinetics. Linear
elastic, finite element continuum, and micromechanics analyses were performed on coupons of the
monolithic and composite materials. Results of the analyses qualitatively agreed well with the ob-
served oxide cracking and spallation behavior of both the MA956 and the Sapphire/MA956 com-

posite coupons.
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I. INTRUDUCIIUN

THERE is considerable interest to increase the maximum
operating temperature of heat engines above those using to-
day’s conventional materials. Fiber-reinforced metal-matrix
composites (MMCs) have the potential for increased tem-
perature capability because fibers can provide high material
strength and creep resistance over long exposure time at high
temperatures. The MMCs also promise significant weight
savings because of high specific strength and modulus.

FeCrAlY- and NiCrAlY-based alloys are promising
MMC matrix materials for high-temperature applications.
FeCrAlY-based, oxide dispersion strengthened (ODS) su-
peralloys show excellent oxidation resistance but reduced
high-temperature strength, as compared to NiCrAlY-based
superalloys.[*? Therefore, FeCrAlY-based ODS superalloys
are of interest for heat exchanger tubes, sheet materials in
combustion chambers, and burner nozzles.’) The excelient
oxidation resistance of FeCrAlY-based ODS superalloys
having about 5 wt pct Al, such as MA956, is due to the
formation of adherent and slow-growing alumina scale (a-
Al O,). The excellent adherence of the scale is due to the
presence of small amounts of yttrium oxide (Y,0;). Several
mechanisms by which yttrium oxide or other reactive metal
oxides dramatically enhance the adherence of alumina scale
have been reported.**! Besides the enhancement of scale
adherence, the presence of fine, stable, and uniformly dis-
tributed oxide particles gives ODS alloys improved creep
resistance by acting as barriers to dislocation motion.

KANG N. LEE, Resident Research Associate at the NASA-Lewis
Research Center, Cleveland State University, Cleveland, OH 44115,
VINOD K. ARYA, Resident Research Associate at the NASA-Lewis
Research Center, University of Akron, Akron, OH 44325, GARY R.
HALFORD, Senior Scientist, and CHARLES A. BARRETT, Staff
Engineer, are with the NASA-Lewis Research Center, Cleveland, OH
44135.

Manuscript submitted August 29, 1995.

METALLURGICAL AND MATERIALS TRANSACTIONS A

One of the key issues in composite materials is the fi-
ber/matrix interface. The interface must be chemically sta-
blet®) and possess a bond strength great enough to prevent
oxidation penetration,!”’ while allowing load transfer be-
tween the matrix and fibers.® The latter is difficult to
achieve; too weak a bond may lead to oxidation
penetration,!”®! whereas too strong a bond, coupled with a
coefficient of thermal expansion (CTE) mismatch, may lead
to thermal fatigue cracking of the matrix.

The purpose of this article is to report the cyclic oxida-
tion and resulting cracking behavior of MA956 and a Sap-
phire fiber-reinforced MA956 composite at maximum
temperatures of 1093 °C or 1204 °C. Finite element anal-
yses were conducted to understand the cracking behavior.

. EXPERIMENT

MA956 and Sapphire/MA956 composites were produced
in the form of 15 X 15 X 0.15-cm plates.* The Sap-

*Supplied by Pratt and Whitney, West Palm Beach, FL.

phire/MA956 composites consisted of six unidirectional
plies of fibers with a fiber volume of 35 pct. The nominal
composition of MA956 is shown in Table 1. Oxidation cou-
pons with a typical dimension of 2.5 X 1.3 X 0.15 cm
were machined from the plates, with fibers oriented parallel
to the short side (1.3 cm) of coupons. The fiber ends of the
oxidation coupons were left exposed. Specimens were pol-
ished through 600-grit SiC abrasive paper, cleaned in an
ultrasonic cleaner, and rinsed in acetone. Specimens were
then tested under cyclic oxidation conditions at maximum
temperatures of 1093 °C and 1204 °C. Each cycle consisted
of 1 hour at maximum temperature, rapid cooling to room
temperature (RT) in static air, and at least 20 minutes at
RT. Specimens were weighed at selected intervals to de-
termine the oxidation kinetics. Post-test examination was
conducted using routine characterization methods, such as
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Table I. Nominal Composition of MA956 (Weight Percent)
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Fig. 1—The oxidation kinetics of MA956 and Sapphire/MA956 composite
at 1204 °C with 1-h cycle.

optical microscopy, scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS), and X-ray diffrac-
tion (XRD).

III. RESULTS AND DISCUSSION OF OXIDATION
KINETICS

A. Oxidation at 1204 °C

Figure 1 shows the oxidation kinetics of MA956 and
Sapphire/MA956 composite at 1204 °C. MA956 exhibited
four kinetics stages: (1) parabolic (0 to 200 hours), (2) ap-
proximately linear weight gain (200 to 500 hours), (3)
weight loss (500 to 1000 hours), and (4) breakaway (1000
hours). Stages 1 and 3 are typical of alumina-forming alloys
(paralinear oxidation). Sapphire/MA956 composite exhib-
ited three kinetics stages: (1) parabolic (0 to 200 hours),
(2) approximately linear weight gain (200 to 1000 hours),
and (3) breakaway (1000 hours). Note that the weight-loss
period was absent in the composite. According to XRD at
various intervals, the oxide scale was predominantly Al,O,,
with a trace amount of Fe,O, during the parabolic and the
linear weight-gain period. The Fe,O, presumably formed
during the transient oxidation before the parabolic oxidation
was established.

1. MA956

During the parabolic oxidation stage, minor scale spalla-
tion was observed at the edges and corners where the stress
was higher than the flat surface, due to the geometrical con-
straint. However, the amount of spallation was so small that
the parabolic oxidation rate was maintained. It is generally
agreed that the rate-controlling step during parabolic growth
of alumina scale is grain boundary diffusion of oxygen

3280—VOLUME 27A, OCTOBER 1996

Fig. 2—The surface of oxide scale on MA956 at 1204 °C with 1-h cycle:
(a) 600 cycles and (b) 1275 cycles.

through the alumina scale.' During the linear weight-gain
stage, some scale cracking began to appear on the flat sur-
face. The scale cracking enhanced the oxidation weight gain
compared with the weight gain in the case of crack-free
scale, presumably due to the exposed bare metal surface and
the shorter diffusion path for oxygen at the crack tips. As a
result, the specific weight gain based on the nominal surface
area, ie., total weight gain/nominal surface area, increased
linearly with time, although the diffusion of oxygen through
the scale was still the rate-limiting step. Figures 2(a) and (b)
show the oxidized surface after 600 and 1275 hours, respec-
tively. Significant cracking and scale spallation were ob-
served after 600 hours. By this time, the weight loss due to
the scale spallation became the rate-limiting step for the
overall weight change, which led to the weight-loss stage.
The cracks and spallation were randomly distributed over the
entire surface. After 1275 hours, massive cracking and scale
spallation occurred, and patches of black oxide began to ap-
pear (Figure 2(b)). X-ray diffraction showed that the black
oxide was (Fe,Cr),0,. According to the EDS analysis, the
black oxide contained both Fe and Cr as the major constit-
uents, consistent with the XRD. At this stage, the formation
of (Fe,Cr),O; became the rate-limiting step, which triggered
the breakaway oxidation, due to its rapid growth rate. The
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Fig. 3—The oxide scale on Sapphire/MA956 composite after 250 1-h
cycles at 1204 °C: (a) surface and (b) and (¢) cross section.

(Fe,Cr),0, first formed at the corners where the Al con-
sumption rate was most rapid.

2. Sapphire/MA956 composite

As in MA956, minor scale spallation was observed at the
edges and corners during the parabolic oxidation stage.
During the linear weight-gain stage, massive cracks parallel
to the fiber axis began to develop in a fairly uniform pat-
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tern. However, no appreciable scale spallation was ob-
served, explaining the absence of the weight-loss pertod.
Cracks were first observed after around 200 hours, when
the kinetics deviated from the parabolic to the linear
weight-gain stage. Again, as in MA956, this deviation from
the parabolic oxidation to the linear weight gain was as-
cribed to the enhanced weight gain due to the exposed bare
metal surface and the shorter diffusion path at the crack
tips. Figures 3(a) through (c) show the oxidized surface and
the cross section of oxide scale at 250 hours. Note that
cracks are parallel to the fiber axis (Figure 3(a)), and are
located approximately between two fibers of the outer ply
(Figure 3(b)). Also note that cracks have penetrated into
the alloy substrate (Figure 3(b)). As described previously,
this penetration created new surface for oxidation, leading
to the transition to the linear weight-gain stage. Figures 4(a)
through (c) show the surface and the cross section of oxide
scale at 1075 hours. Note the progress of the cracking
across the entire surface (Figure 4(a)) and the deep pene-
tration into the substrate (Figures 4(b) and (c)). As in
MA956, the formation of (Fe,Cr),0; became the rate-limi-
ting step after 1000 hours, leading to the breakaway oxi-
dation.

Figures 5(a) and (b) and Figures 6(a) and (b) show cross
sections of the composite parallel to the fiber axis after 250
and 1075 hours, respectively. Some limited penetration of
oxidation along the fiber/matrix interface was observed at
the exposed fiber ends (Figures 5(a) and 6(a)). However,
the rest of the matrix was intact from oxidation (Figures
5(b) and 6(b)), indicative of a strong bonding between the
fibers and matrix. Cyclic oxidation of a ALO,/FeCrAlY
composite processed by a different technique showed sig-
nificant oxidation along the fiber/matrix interface at 1000
°C due to a weak fiber/matrix bond.” The weak fiber/matrix
bond presumably resulted in a stress state different from
the present study, and thus caused a different cracking be-
havior, i.e., cracks both parallel and perpendicular to the
fibers.”) Different processing techniques can produce dif-
ferent fiber/matrix bond strength.”? A strong fiber/matrix
bonding is desirable from the oxidation point of view.
However, it can cause a high thermal stress when coupled
with a large interfacial CTE mismatch (Table II).

Figures 7(a) through (c) show exposed fiber ends after
5, 150, and 1025 hours, respectively. Bright halos appear
around the fiber ends after 5 hours, which were areas of
exposed bare metal as a result of scale spallation (Figure
7(a)). The scale spallation around the fibers is due to the
CTE mismatch between the fibers and the matrix. The pro-
cess of spallation and reforming of oxide repeated itself as
the thermal cycling continued. Eventually, the matrix
around the fibers cracked due to the thermal fatigue (Fig-
ures 7(b) and (c)) .

B. Oxidation at 1093 °C

Figure 8 shows the oxidation kinetics of MA956 and
Sapphire/MA956 composite at 1093 °C. The agreement in
parabolic rate between the two coupons is fairly good up
to 400 hours. At around 400 hours, the oxidation rate of
Sapphire/MA956 composite deviated to linear kinetics,
while that of MA956 slowed down slightly. Cracking of
the oxide scale similar to that observed at 1204 °C began
to appear on the composite during the transition. Similar
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Fig. 4—The oxide scale on Sapphire/MA956 composite after 1075 1-h
cycles at 1204 °C: (a) surface and (b) and (c) cross section.

weight change patterns shown in Figure 1 are expected for
both samples, although the time for each phase will be
greatly extended.

C. Oxidative lifetime projection of MA956

Aluminum concentration profiles across the alloy thick-
ness, during the oxidation of MA956 at 1200 °C, were prac-
tically flat with no clear Al concentration gradient beneath
the oxide scale.l''12 This uniform distribution of Al allows
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Fig. 5—The cross section of Sapphire/MA956 composite parallel to the
fiber axis after 250 1-h cycles at 1204 °C: (a) around the exposed fiber
ends and (b) away from the exposed fiber ends.

the estimation of Al concentration at a given time, which
enables one to project the oxidative lifetime of MA956.
Several assumptions were made for the calculation. First,
during the weight-gain period (parabolic and linear weight
gain), the Al consumption rate was calculated from the stoi-
chiometry of the oxidation reaction, ie., 2Al + 3/20, =
ALQ,, in conjunction with the weight-gain data. Extrapo-
lated parabolic weight gain (Figure 1) was used for the
linear weight-gain period to simplify the calculation. This
is justified considering the approximate nature of the cal-
culation. Second, during the weight-loss period, the rate of
Al loss, dW(Al)/dt, was taken from the average slope of the
weight-loss curve, and was assumed to be applicable as an
approximation for the entire protective life of a speci-
men.!'*14 Third, a plate with infinite width and finite thick-
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Fig. 6—The cross section of Sapphire/MA956 composite parallel to the fiber axis after 1075 1-h cycles at 1204 °C: (a) around the exposed fiber ends
and (b) away from the exposed fiber ends.

Table II. Mechanical Properties of Constituents

Temperature
Material Property 20.0 240.0 460.0 680.0 900.0 1120.0 1230.0
Fiber E 451,070 443,070 434,730 426,040 416,870 407,220 402,185
v 0.2197 0.2165 0.2131 0.2095 0.2058 0.2018 0.1997
a 0.7137 0.7643 0.8219 0.8881 0.9653 1.0559 1.1074
Matrix E 211,400 188,578 166,376 145,000 124,385 104,600 95,080
v 0.2996 0.2872 0.2741 0.2605 0.2461 0.2308 0.2227
a 0.9173 1.0595 1.2400 1.4747 1.7887 2.2230 2.5074
Oxide E 458,310 437,625 416,940 396,255 375,570 354,885 344,540
v 0.2500 0.2639 0.2779 0.2919 0.3170 0.3570 0.3770
« 0.5400 0.7500 0.8200 0.8800 0.9400 0.9900 1.0300

Units: Temperature in °C, £ in MPa, and « in (105 °C").

E: Young’s modulus, v: Poisson’s ratio, and «: coefficient of thermal expansion.

ness was assumed, so that oxidation at the edges was
neglected. Fourth, the density of the alloy was assumed to
remain constant throughout the protective life (7.2 mg/cm?).
Using these assumptions, the Al consumption rate and the
resulting Al content in MA956 during the course of oxi-
dation were calculated from the kinetics data. One key
piece of information necessary for the projection of oxi-
dative lifetime is the concentration of Al at the end of ox-
idative life (i.e., the critical aluminum concentration,!'s!
C.*). The C,* of MA956 calculated from Figure 1 was
about 2.7 wt pct, substantially higher than that reported by
Quadakkers et al. (1.3 wt pct).!''12) The reason for the dis-
crepancy is not understood at this point. Because the oxi-
dative lifetime is dependent on the amount of aluminum
available, which in turn is dependent on the alloy thickness,
it 1s useful to plot the oxidative lifetime as a function of
the alloy thickness. Figure 9 is a plot of the estimated life-
time vs alloy thickness for MA956 (C,* of 2.7 wt pct was
used in this calculation). Solid lines are the projected life-
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time for paralinear oxidation behavior. For a comparison, the
lifetime for an ideal case, when parabolic oxidation continues
for the entire protective life, is shown as dotted lines. Note
that the lifetime in paralinear oxidation deviates negatively
from that in parabolic oxidation when the alloy thickness 1s
larger than 0.06 cm. This deviation is due to the transition
of oxidation mode from parabolic to linear weight loss, and
the resulting increased Al consumption rate.

1V. FINITE ELEMENT ANALYSES

This section presents the results of elastic finite element
analyses performed to understand the observed dissimilar
cyclic oxidation cracking and spallation behavior of the
MA956 and Sapphire/MA956 systems. Results being
sought are qualitative, i.e., the orientation and location of
cyclic cracking in the oxide layer formed on both material
systems. It was necessary to perform both continuum and
micromechanical analyses. The continuum approach ad-
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Fig. 7—The exposed fiber ends of Sapphire/MA956 composite at 1204
°C with 1-h cycle: (a) five cycles, (b) 150 cycles, and (¢) 1025 cycles.

dressed the orientation of cracking and why the two sys-
tems differed so drastically. On the other hand, the
micromechanics analyses of the composite system were re-
quired to understand why the oxide cracks formed parallel
to the fibers and were located in the oxide layer immedi-
ately above each valley between adjoining fibers in the out-
ermost ply. The pertinent temperature-dependent material
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Fig. 9—The projected oxidative lifetime of MA956 vs alloy thickness.

properties of the constituent materials are given in Tables
II and 1II. The discrete values listed were computed from
published equations.!'s'7] Details of the finite analyses and
the pertinent results are subsequently discussed.

A. Continuum Finite Element Analyses

Only a small comer portion of the experimental plate
(0.15 X 0.15 X 0.076 cm) needed to be modeled. The plate
model is shown in Figure 10 and consists of 1440 solid,
eight-noded, hexagonal finite elements with 1859 nodes.
The surfaces exposed to oxidation are the top, right-hand
end, and hidden back face. For the analyses, the thickness
of the oxide layer was taken as 10 um, i.e., 1/76 the thick-
ness of the substrate in the model. This thickness was se-
lected because it corresponds to the thickness at which

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table 111. Effective Properties of the Composite
Temperature

Property 20.0 240.0 460.0 680.0 900.0 1120.0 1230.0
E, 290,480 272,560 252,220 237,740 220,915 204,505 196,440
E,, 264,770 241,880 218,920 195,820 172,650 149,410 137,760
V), 0.2733 0.2638 0.2540 0.2437 0.2328 0.2212 1.1074
Vp3 0.2818 0.2723 0.2622 0.2513 0.23%96 0.2265 0.2195
vy 0.2491 0.2342 0.2181 0.2007 0.1819 0.1616 0.1509
G, 103,425 94,460 85,360 76,330 67,160 58,055 53,575
2 103,290 95,080 86,340 78,260 69,640 60,880 56,470
21 103,425 94,460 85,360 76,330 67,160 58,055 53,575
ay, 0.8131 0.9011 1.0048 1.1279 1.4562 1.5300 1.0300
o, 0.8401 0.9461 1.0075 1.2440 1.4606 1.7528 1.9404

Units: temperature in °C, G and E in MPa, and « in (10-5 °C-!).

E,, = E,,, ay, = ay,, and G: shear modulus.

10 um thick oxide

0.076 cm

L[] T]]

0.15cm
Y \
Fiber direction
X T

Fig. 10—The finite element model used for the continuum finite element
analysis (1440 elements, 1859 nodes).

parabolic oxidation ends and linear begins. We will con-
centrate our attention on the top layer of oxide.

The continuum analyses were performed using the finite
element program MARC.*!"¥! The temperature-dependent,

*MARC is a trademark of MARC Analysis Research Corporation, Palo
Alto, CA.

effective orthotopic properties of the composite plate were
generated using the program METCANU! and the proper-
ties of individual constituents. The computed composite
properties are listed in Table HI. Only elastic mechanical
properties have been considered for the finite element anal-
yses. Justification for the adequacy of this selection will
become apparent as the analytic results are discussed. The
imposed thermal loading consisted of uniformly heating
(i.e., imposing negligibly small thermal gradients) the
model from 21 °C to 1204 °C. Some of the most important
computed results sought from the finite element analyses
are the magnitude and orientation of the cyclic ranges of
mechanical strains imposed in the thin upper oxide layer
by the much thicker, stronger substrate. These cyclic me-
chanical strain ranges are of interest because they are re-
sponsible for the observed oxide cracking and spallation.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The mechanical strains result directly from the thermal ex-
pansion mismatch between the oxide and substrate.

The basic laws of mechanics that govern elastic super-
position of stresses and strains can be used to show that the
elastically calculated range of mechanical strain in the ox-
ide is independent of the assumed magnitude of the initial
residual stresses in the oxide and substrate. Consequently,
the computationally simplifying assumption could be made
that any residual stresses and strains within the substrate
and oxide layer can be considered to be zero at 21 °C. This
assumption is also justified in the ensuing discussion of
analytic results. Upon heating to 1204 °C, the higher CTE
of the substrate composite material (compared to the oxide)
causes it to expand a greater amount than the oxide layer
(which expands naturally on its own, but not by as much).
Hence, the thicker, stronger substrate mechanically forces
the thin initially adherent oxide layer to follow along and
traverse the same displacement as the substrate. This causes
the oxide to be mechanically strained in tension. Upon
cooling, the oxide layer is mechanically strained in the
compressive direction by the same amount that it had been
stretched, etc. for continued thermal cycling. Hence, the
range of elastically calculated mechanical strain experi-
enced by the oxide is numerically equal to the magnitude
of the tensile mechanical strain elastically computed for the
initial heat-up portion of a cycle.

B. Results of Continuum Analyses

The calculated mechanical* strains induced throughout

*Mechanical strain is the total strain minus thermal expansion strain
(CTE times temperature change) and is further subdivided into elastic
(stress/modulus of elasticity) and inelastic (width of stress-strain hysteresis
loop at zero stress).

the model in the three coordinate directions by heating from
21 °C to 1204 °C are shown in Figure 11, along with the
elastically calculated stresses in the x direction (i.e., parallel
to the fibers). Of greatest importance is the magnitude of the
strain induced in the upper oxide layer. In the x direction,
the strain is +0.00271. For repeated thermal cycling, this
becomes the value of the cyclic strain range of the oxide in
the x direction. Correspondingly, the x direction strain in the
bulk of the substrate coupon is only —0.00097. In this di-
rection, the magnitude of the oxide strain exceeds the sub-
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Fig. 11—The stress and mechanical strains produced in the oxide layer and the Sapphire/MA956 composite plate due to the CTE mismatch between the
10-mm-thick oxide (top, right-hand end, and back surface) and the composite substrate under thermal cycling from 21 °C to 1204 °C: (a) x stress, (b)

mechanical x strain, (c¢) mechanical y strain, and () mechanical z strain.

strate strain by a factor of 27. This clearly shows that the
thicker, stronger substrate is forcing the thin, weaker oxide
layer to follow along in a slave/master relation.

Were the oxide to behave elastically, the induced stress in
the x direction would be + 1700 MPa (Figure 11(a)). Similarly
high stresses were also elastically computed for the y and z
directions. These stresses exceed literature values of the 0.2
pet offset yield strength for pristine ALO, oxide, implying
significant inelastically induced in the oxide. Literature values
range from as low as 60 MPa (single crystal?%) to as high as
480 MPa (polycrystalline!?V) at temperatures in the range of
21 °C to 1204 °C. The oxide strength is nominally independ-
ent of temperature within these limits.

To assess the stress-strain response in the upper oxide
layer under conditions of yielding, we adopt a cyclic stress-
strain curve with elastic-perfectly plastic behavior. The as-
sumed yield strength is taken as 480 MPa, although other
values could be chosen without altering the quantitative end

3286—VOLUME 27A, OCTOBER 1996

results being sought. A realistic approximation to the x-
direction stress-strain hysteresis loop (Oaebcde) is con-
structed in Figure 12 using the total strain range of 0.00271
computed from the elastic modeling. Because of yielding
in tension on heating (Oaeb), the stresses in the oxide be-
come compressive upon cooling to 21 °C (bcd). A stable,
repeating hysteresis loop is established after the first cycle.
With the amount of inelastic deformation incurred, any re-
sidual stresses that might have been present initially would
have been completely ‘‘washed out’” and, hence, knowl-
edge of their magnitudes would be unimportant to the cur-
rent analyses. This phenomenon is illustrated in Figure
13(a) wherein three initial residual stresses are considered:
0 (zero), 0' (tensile), and 0" (compressive). The size and
shape of the resultant hysteresis loop (bcde) are seen to be
independent of the initial starting stress. Had the initial
starting point of the analyses been at the highest tempera-
ture of 1204 °C, the resultant hysteresis loop (ghij) would

METALLURGICAL AND MATERIALS TRANSACTIONS A



2000 —
bl
,0
& 1500 — <
= ol 700 MPa)
5 A
g 1000 [— et '
e -7 s
B -~ !
>'< 500 [— a_,”——» e i t_)
[ ]
- |(1 204 °C)
= 0 Y
) (21 °C) H
_500 l l ] '
0 0.001 0.002 0.003
Strain in x-direction
Mechanical total strain
range = 0.00271

Fig. 12—Stress-strain hysteresis loop in the x direction in oxide in
thermally cycled Sapphire/MA956 composite plate for elastic-perfectly
plastic behavior; yield strength = 480 MPa.

500, ,/.(/E % /

0'¢v7”d a— | C [ |

Stress in
x-direction,
MPa
1)

-50
500 0 0.001 0.002 0.003
Strain in x-direction
(a)
> ';o 500 -
! =31
e % 2GS
Q
0 QS
- ' —1"_500
g - jff - f f
(217°C) (1204 °C)
-0.003 -0.002 -0.001 0
Strain in x-direction
®)

Fig. 13—Stress-strain hysteresis loops in x direction in oxide showing lack
of influence of initial residual stresses: (a) starting at 21 °C and (b)
starting at 1204 °C.

appear as shown in Figure 13(b). The only difference be-
tween the hysteresis loops of Figures 13(a) and (b) is a shift
in the arbitrary zero strain starting point. It must be em-
phasized that an inelastic stress-strain analysis would not
appreciably change the magnitude of the cyclic mechanical
total strain range in the oxide layer.*

*For the current analyses, plastic flow in the oxide layer would lower
the range of stress in both the oxide and substrate causing a small increase
in the oxide mechanical strain range. The increase is a second-order effect
amounting to just less than 10 pct; an amount far too small to alter the
qualitative results sought herein.

The preceding cyclic stress-strain analysis considered
only the x direction. Duplicate analyses could be performed
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for the y and z directions, but they would not add to the
understanding gained so far. The strains in these other di-
rections are important, however, because they are larger
than the strain in the x direction. Figures 11(c) and (d) show
the mechanical strain in the upper oxide layer for the y and
z directions. The magnitudes of mechanical strain range are
found to be 0.00397 and —0.00387, respectively. The in-
elastic stress-strain hysteresis loops for these two directions
would be very similar, but obviously larger in strain range
(by over 40 pct) to that in Figure 12 for the x direction.
Because the maximum mechanical strain range in the oxide
layer is in the y direction perpendicular to the fiber, the
direction of greatest potential for oxide cracking will be
perpendicular to this strain, i.e., nominally parallel to the
fiber in the x-z plane. This is in exact agreement with the
experimental results of Figures 3 and 4. Close examination
of Figures 4(b) and (c) also reveals progressive upheaval

VOLUME 27A. OCTOBER 19963287



)

0.010—
Maximum local 0.008—
mechanical 0.006
strain in oxide (.004
layer 0.002
0 >
z
y
X
A
0.010—
Maximum local 0-008/— e, €
mechanical 0.006—
strain in oxide 0.004}— /
layer 0.002}— /
0 —
z
y
X l
)

Fig. 15—Maximum mechanical strains in the oxide layer: (a)
Sapphire/MA956 plate—unequal biaxial straining; and () MA956
plate—equibiaxial straining.

of material adjacent to each surface crack. This plastically
upset material could only result from substantial inelastic
compressive strains induced in the oxide during each cool-
down portion of the thermal cycles. Such inelasticity has
been shown by the analysis to be present, further demon-
strating the understanding provided by the modeling efforts.

It is now necessary to examine some results for the un-
reinforced matrix plate with an oxide layer. The dimen-
sions, loadings, etc. for the matrix plate are identical to
those for the composite plate discussed previously and
shown in Figure 10. The mechanical x and y strains pro-
duced in the oxide layer by the matrix plate due to CTE
mismatch between the oxide and matrix materials are
shown in Figure 14. The magnitudes and signs of the me-
chanical x and y strains are found to be 0.00637 (equibiax-
ial) in the oxide layer.* There is, thus, no preference for

*Because the unreinforced matrix has a higher CTE mismatch with the
oxide layer than does the MMC, the magnitudes of mechanical strains in
the oxide layer of the unreinforced matrix plate are appreciably higher
than those for the oxide layer of the MMC plate. These results are
summarized in Fig. 15, which depicts the magnitudes of maximum
mechanical strains in the oxide layer of the MMC (Fig. 15(a)) and
unreinforced matrix (Fig. 15(b)) plates.
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Fig. 16—The unit cell finite element model used for the micromechanical
finite element analysis (450 elements, 658 nodes).

the cracking direction and, hence, random orientation of
cracking would be expected. In fact, random crack ori-
entation is what was observed for the thermally cycled
coupons. The analytic modeling and the observations are
in perfect qualitative agreement. The maximum thermally
induced mechanical strain in the oxide layer of the un-
reinforced plate is much larger (between 1.6 and 2.3
times, depending upon direction) than that experienced
in the oxide layer on the composite. Because of these
considerably higher strains, there is an increased propen-
sity for oxide cracking in tension during heating and sub-
sequent oxide buckling (i.e., popping out) and spallation
during the cooldown portion of the cycle wherein the x-
y plane of the oxide is placed in a highly compressed
biaxial stress-strain state. It is to be noted that only the
monolithic MA956 suffered from spallation. This is at-
tributed to three factors: larger strains, random crack ori-
entation, and the resultant closer oxide crack spacing for
the monolithic coupons.

For the qualitative purposes of analytically predicting the
direction and extent of cracking in the oxide layer (either
composite or monolithic substrate), it was found acceptable
to rely on (1) elastically computed mechanical strain
ranges, (2) starting the stress-strain analysis at 21 °C, and
(3) assuming zero initial residual stresses.

To analytically predict the location and spacing of crack-
ing in the oxide layer for the composite coupons, it is nec-
essary to resort to micromechanics analyses to examine the
distribution of strains across the surface of the oxide.

C. Micromechanical Finite Element Analyses

Figure 16 shows the finite element model that was con-
structed to perform the micromechanical finite element
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analyses. The unit cell model consists of one-quarter of a
repeating volume element. The diameter of the fiber is 127
pm, and the fiber volume fraction is 0.35. The oxide layer,
appearing only on the upper exposed surface, i.e., perpen-
dicular to the z direction, is also modeled. The 0.85-um
thickness of the oxide layer for the micromechanical model
intentionally was selected to be considerably less than the
thickness for the continuum model in order that the oxide
layer not exert an undue influence on the significantly
smaller volume and, hence, strength of the micromechani-
cal unit cell. Fortunately, the precise choice of thickness is
not crucial for the qualitative answers being sought. The
most accurate value for thickness would have resulted in
the same average stress in the oxide layer as was found for
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the macroscopic continuum mechanics analyses. The model
consists of 450 solid, hexagonal elements and 658 nodes.
Thermal exposure conditions were the same for the micro-
mechanical model as for the continuum model.

The micromechanical finite element analyses were per-
formed using the finite element program MARC. The tem-
perature-dependent material properties of the constituents,
viz. fiber, matrix, and oxide layer listed in Table III, were
used in the analyses.

D. Results of Micromechanical Finite Element Analyses

Important results from these analyses are displayed in
Figure 17. Note that the x direction continues to coincide
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with the fiber direction. Figure 17(a) shows the x-stress dis-
tribution in the MMC cell. As expected from the continuum
analyses, the x stresses (and y and z stresses) were found
to have magnitudes much higher than the yield strength of
the oxide.* The strain values, on the other hand, are real-

*The magnitude of the x stress in the oxide layer obtained from the
micromechanical analysis (Fig. 17(a)) is higher (2315 MPa) than obtained
from the continuum analysis (1700 MPa, Fig. 11(a)). This is a result of
having decreased the oxide thickness too much in order to keep it in
proportion to the smaller dimensions of the unit cell. To achieve the proper
thickness to keep the oxide stress constant at 1700 MPa would have
required a time-consuming iterative process. Because the analyses were
performed only to obtain qualitative results, higher quantitative accuracy
was not required and, hence, not justified.

istic as previously explained in the continuum analyses sec-
tion.

The mechanical x, y, and z strains in the MMC cell are
displayed in Figures 17(b) through (d), respectively. From
Figure 17(b) the maximum magnitude of the x strain pro-
duced in the oxide layer is tensile with a value of 0.00348.
Figures 17(c) and (d) show the maximum mechanical y and
z strains to also occur in the oxide layer, with respective
magnitudes of 0.00649 and —0.00584. Comparing these
figures, it is seen that the mechanical y strain has the max-
imum magnitude of all mechanical strains in the oxide
Jayer. Furthermore, the location of the maximum mechan-
ical y-strain magnitude is found to be in the valley, im-
mediately above and halfway between adjacent fibers. The
y-direction strain is the lowest immediately above the fiber.
The effective (based on von Mises criteria) mechanical
strain distribution in the MMC cell is exhibited in Figure
18. The effective strain is also found to have its maximum
magnitude (0.00817) in the oxide layer at a location half-
way between adjacent fibers. The direction of cracking
caused by the effective strain is expected to be perpendic-
ular to the direction (y) of the maximum principal strain.
Thus, cracks should be expected to form in the oxide layer
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in the x-z plane perpendicular to the y strain and parallel to
the fibers in the composite substrate. The resultant parallel
cracks would be expected to have the same spacing as the
fibers in the outer ply. Oxide spallation would be much less
likely for this case because of the lack of intersecting oxide
cracks. The analytic results are seen to be in agreement with
and qualitatively support the experimental results shown in -
Figures 3 and 4.

Y. SUMMARY AND CONCLUSIONS

MA956 exhibited a paralinear kinetics behavior, i.e., par-
abolic weight gain followed by a linear weight loss, which
is typical of alumina-forming alloys in cyclic oxidation.
Scale cracking and spallation occurred in a random pattern,
leading to the linear weight loss. Spallation occurred before
cracks progressed into the MA956 substrate. In contrast,
the parabolic kinetics of MA956/sapphire composite was
followed by a linear weight gain without scale spallation.
Massive uniform cracks parallel to the fiber axis developed
which penetrated into the substrate. The linear weight gain
was due to the increased oxidation surface created by the
penetration of these cracks. Strong interfacial bonding com-
bined with the large CTE mismatch contributed to the mas-
sive scale cracking in composites. Continuous removal of
aluminum from the alloy eventually led to a breakaway
oxidation, due to the rapid formation of iron oxide
(Fe,Cr),0O, in both MA956 and the composite.

Oxidative lifetime was calculated using the oxidation ki-
netics data. The aluminum content in the alloy at the be-
ginning of breakaway oxidation was about 2.7 wt pct,
which is a drop of 1.8 wt. pct from the initial content (4.5
wt pct). Lifetime of MA956 in the presence of scale spal-
lation was substantially shorter than that for parabolic ox-
idation.

Results of the finite element analyses proved highly use-
ful in providing understanding of the dissimilar cyclic ox-
idation cracking and spallation behavior of both the MA956
matrix material and the MA956/Sapphire fiber reinforced
composite coupons. Analytic results accurately predicted
the direction and location of cyclic oxidation cracking in
both material systems.
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