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FUNDAMENTAL ASPECTS OF AND FAILURE MODES IN HIGH-TEMPERATURE COMPOSITES

Christos C. Chamis and Carol A. Ginty
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

Fundamental aspects of and attendant failure mechanisms for high-
temperature composites are summarized. These include: (1) in-situ matrix
behavior, (2) load transfer, (3) limits on matrix ductility to survive a given
number of cyclic loadings, (4) fundamental parameters which govern thermal
stresses, (4) vibration stresses and (5) impact resistance. The resulting
guidelines are presented in terms of simple equations which are suitable for
the preliminary assessment of the merits of a particular high-temperature com-
posite in a specific application.

INTRODUCTION

NASA 1s currently involved with several programs such as the National
Aerospace Plane and the High Speed Civil Transport which will challenge the
current state of technology in both materials and structures. To meet the
aggressive goals set forth in these programs, high-temperature materials,
including metal matrix composites (MMC) and ceramic matrix composites (CMC),
are being investigated. The high-temperature nonlinear behavior of these
classes of materials is very complex with limited observed characteristics
(experimental data) to base a design upon.

As a result, an attempt has been made to identify the fundamental aspects
and variables that will affect the high-temperature behavior of these materi-
als. Of primary influence to the composite response is the behavior of the
constituents and their interactions with each other. In particular, attention
is given to the thermal properties - coefficient of thermal expansion (CTE),
thermal conductivity (K), and heat capacity (C) - as well as the mechanical
properties: modulus of elasticity (E), shear modulus (G), Poisson's ratio (v),
and strength (S). In addition, other factors such as density (p) and fiber
volume ratio (FVR) also play a role in the behavior of these materials. The
picture is further complicated in that these properties are directional, are
changing continuously with temperature, stress, and time, and are dependent
upon the fabrication process.

Therefore, the task of identifying the fundamental characteristics and
failure modes in high-temperature composites is accomplished by applying fiber
composite principles, suitable math models, and acceptable approximate analy-
sis methods to discuss the effects of parameters such as fiber shapes, tensile
strength, and matrix ductility. Critical issues are fracture toughness, impact
energy, cyclic loads, and thermal stresses. In summary, it is hoped that the
simple equations presented will constitute a set of guidelines to conduct a
preliminary assessment of the merits of a particular high-temperature composite
for a given application. For convenience of reference, the equations are pre-
sented in chart form with appropriate schematics. The notation used in the



equations is not uniform, but it is evident from the schematic and the context
of each chart.

SIMPLIFIED COMPOSITE MICROMECHANICS

Application of the simple composite mechanics concepts (refs. 1 and 2)
leads to the observation that a matrix has a negligible effect on composite
longitudinal tensile strength and that fiber fracture is the dominant fracture
mode. However, the matrix may control the longitudinal compressive strength,
especially at high temperatures. In the high-temperature case the compressive
strength will be significantly Tess than the tensile. The governing equations
and respective schematic are summarized in figure 1. Note the equation for the
modulus is also included in the summary. The matrix contribution will also be
negligible when the matrix is strained to respond nonlinearly. Combinations
of temperature and nonlinear effects will degrade the longitudinal compressive
strength substantially.

FIBER SHAPES

Elementary considerations of fiber/matrix load transfer lead to the con-
clusion that circular cross-section fibers require the shortest length to
develop the full stress in the fiber. However, in the case of an incomplete
interfacial bond, irregular shapes can be selected that can develop the full
stress in the fiber within the same length as circular fibers under complete
bond. The governing equations and respective schematics are summarized in fig-
ure 2. As will be described in a later section, the length of the fiber to
transfer the load is also application dependent. For example, composites for
fmpact resistance benefit from longer lengths while static tensile load appli-
cations benefit from shorter lengths.

STATISTICAL-LONGITUDINAL TENSILE STRENGTH

The critical length (2.y) is an important parameter in evaluating the load
transfer at the interface and, thereby, incorporating the statistical variables
that influence longitudinal tensile strength (ref. 3). Application of elemen-
tary shear-lag theory explicitly relates Q. to constituent material proper-
ties and their respective ratios in the composite. The governing equations and
a representative schematic are shown in figure 3. The parameter ¢ 1is a ratio
of the stress transferred in the fiber compared to the fully developed stress.
It is given by ¢ = og11/keSFT and at fracture @ = of);/Se7. Ideally this
ratio should be almost 1.0. The most significant parameter in the 2. equa-
tion is Gy, which is the shear modulus at the interface usually taken as that
of the matrix or coating. In cases where there is a lack of interfacial bond,
Gm = 0, ¢y s infinite. For this case the longitudinal composite modulus
(Egqy, fig. 1) is equal to that of the matrix with holes. For any composite
(polymer, metal, or ceramic matrix), if the longitudinal composite modulus is
approximately equal to that predicted by the rule of mixtures, then complete
load transfer takes place at the interface. This indicates that Gp # 0, and
Qcr s relatively small. One way to verify this is to lTeach out the matrix of
fractured specimens, measure broken fiber lengths and compare them to Q.. If
the broken lengths are substantially larger than ., then the interface bond
fs poor and vice versa. -



PLY MICROSTRESSES - STRESSES IN THE CONSTITUENTS

The fabrication process induces residual stresses in the constituents
(ply microstresses). These can be estimated from the explicit equations sum-
marized in figure 4 (ref. 4). Note that these microstresses: (1) can be in
tension or compression, (2) depend on relative thermal expansion differences,
(3) depend on the temperature change, and (4) depend on the local constituent
moduli. These equations can be used to perform parametric studies and identify
fiber and/or matrix thermal expansion coefficients for minimum residual stress
or for assured durability at service operating conditions. One approach is
illustrated in the next section where it is used to estimate the in-situ matrix
ductility (strain-to-fracture) required for the composite to survive thermal
fatique without matrix cracking.

The microstress equations previously described can be used to estimate
the "in-situ matrix ductility" for the matrix strain to withstand a given AT.
Suitable equations are summarized in figure 5. This strain value is about
3 percent for the MMC-P100/Cu which is processed at about 1366 K (2000 °F).
Also an estimate on the fiber CTE can be obtained. For the same composite
(P100/Cw)

af]] = -1.62x10-6 mm/mm-K (-0.9x10-6 in./in.-°F)

or greater. By selecting ranges for ey, comparable ranges for af]y can be
determined. Combinations of ranges for a«p and afjj] can also be determined
for selected ey values. These combinations of ranges provide guidance for
material research directions. A rule of thumb is to select matrices with an
in-situ fracture strain which is greater than 1.5 times the residual strain
due to processing.

LOCAL (MICRO) FRACTURE TOUGHNESS

The local fracture toughness can be determined and the significant parame-
ters identified using elementary composite mechanics with fracture mechanics
concepts. The procedure is summarized in figure 6. These lead to an equation
for the local strain energy release rate (G) as shown at the bottom of the fig-
ure. The significant variables in this equation are: (1) the fiber tensile
strength S¢r and (2) the displacement u. The equation indicates that the
local fracture toughness is mainly due to the lTocal elongation (u) of the fiber
prior to fracture. This finding is in variance with the traditional belief
that fiber pull-out is the most significant event. However, the fiber reces-
sion in the matrix absorbs/dissipates the energy released as individual fibers
fracture.

The local fracture toughness, defined previously, can be expressed in
terms of fiber parameters (df,S¢y) and interfacial bond shear strength (t). The
equations and a numerical example summarized in figure 7 show that the energy
of a single fiber breaking is quite large (103 327 J/m (590 in.-1b/in.2)). A
tough composite will sustain a relatively large number of isolated single-fiber
local fractures prior to its fracture.



IMPACT: ENERGY TO FRACTURE

Elementary considerations Tead to relationships to assess impact resist-
ance and to identify dominant constituent matertal parameters. Since compos-
ites have fibers which are much stronger than the matrix, the matrix condition
at impact is insignificant, especially at high temperatures. A word of cau-
tion: The above comments do not apply to structures designed to contain
impact. The equations summarized in figure 8 include the three common combina-
tions that bracket the three different types of composite systems: metals,
ceramics, and whiskers. It is worth noting that the metal matrix composites
at high temperatures behave similarly to polymer matrix composites.

CYCLIC LOADS (FATIGUE): SIGNIFICANT PARAMETERS

The significant variables influencing cyclic-load resistance are readily
identified by applying mechanical vibration principles to simple structural
components. Governing equations and respective schematics are summarized in
figure 9. The magnitude of the cyclic stress is reduced (fatigue life
increased) by decreasing the material density (p) and/or increasing the modulus
(E). Both of these are readily obtainable with composites. Trade-off studies
can then be performed to select the most suitable combination (p/E) for spe-
cific applications.

THERMALLY STRESSED STRUCTURES - SIGNIFICANT VARIABLES

The significant variables that influence thermal stress in a structure are
identified by subjecting a panel to a uniform flux and performing a heat trans-
fer analysis. The significant variables are observed in the resulting equation
for stress in figure 10. They are modulus (E), thermal expansion coefficient
(a), and thermal heat conductivity (K). Composites provide the flexibility to
tailor these parameters in order to minimize thermal stresses for specific
structural applications.

It is worth noting that increasing the modulus increases the mechanical
vibrations fatigue 1ife while the opposite is true for thermal fatigue. It is
these competing requirements on material properties that make it appropriate,
and even necessary, to consider use of formal structural tailoring methods
(ref. 5) in order to select the optimum combination of material properties for

a specific application.

STRUCTURAL BEHAVIOR/RESPONSE

The complex behavior of metal matrix composites at high temperatures is
comprehensively evaluated using specialty purpose computer codes. Metal Matrix
Composite Analyzer (METCAN) is such a computer code under development at the
NASA Lewis Research Center (ref. 6). METCAN simulates the nonlinear behavior
of high-temperature metal matrix composites (HT-MMC) from fabrication to oper-
ating conditions using only room temperature values for the constituent mate-
rial properties while allowing for the development and growth of an interphase.
METCAN is structured to be a user-friendly, portable, stand-alone computer
code. It can be used to simulate laminate behavior and/or as a pre- and post-
processor to general purpose structural analysis codes with anisotropic
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material capabilities. The schematic in figure 11 depicts the computational
simulation capability in METCAN.

The in-situ material behavior of the constituents in METCAN is modeled by
using a multifactor interaction equation described in figure 12. This multi-
factor equation is selected to pass through a final and a reference point,
subscripts F and O. The nonlinear behavior between these two points is
simulated by the exponent. Final and reference values are material character-
istics which are generally available, while the exponent is selected from
appropriate experiments.

Typical results obtained by METCAN are summarized in table I. The results
are for three different fiber volume ratios at room temperature. Comparable
results are readily obtained at other temperatures and/or any other condition
represented in the material model in figure 12. The results in table I illus-
trate how METCAN can be used to computationally characterize HT-MMC. Another
application of METCAN is to identify the factors that influence composite
transverse strength as is described below.

FACTORS AFFECTING GRAPHITE/COPPER METAL MATRIX COMPOSITES
TRANSVERSE STRENGTH BOUNDS

The 1n-situ matrix properties are more than 1ikely to be different than
those of the bulk material. The multitude of possible combinations of factors,
influencing in-situ properties, have dramatic effects on composite properties
(ref. 7). As can be seen in figure 13, the transverse strength can be anywhere
between 14 and 152 MPa (2 and 22 ksi). The low value is indicative of a poorly
made composite with no interfacial bond, while the high value represents the
most optimistic strength property. Obviously, composites with low-transverse
tensile strength have substantial room for improvement. Parametric studies to
assess these kinds of effects and identify their respective dominant factors
can be routinely performed using METCAN.

SUMMARY

Fundamental concepts and simpie equations are summarized to describe the
aspects and failure modes in high-temperature metal matrix composites (HT-MMC).
These equations are explicit and are used to identify the dominant factors
(variables) that influence the behavior of high-temperature materials.

The simple equations are in explicit form and are for: (1) strength;
(2) fiber shapes; (3) load transfer, limits on matrix ductility (strain-to-
fracture) to survive a given number of cyclic loadings; (4) parameters that
govern thermal stresses, vibration stresses, and impact resistance; and
(5) in-situ matrix behavior. These equations can be used to perform paramet-
ric studies, guide experiments, guide constituent materials research/selection
and assess fabrication processes for specific applications. In addition, a
computer code is briefly described which includes the integrated and interac-
tion effects of all these factors and which can be used to computationally sim-
ulate the history of high-temperature MMC's from consolidation to specified
service loading conditions. Many of the factors that influence HT-MMC behavior



in specific structural applications are generally competing and would be most
effectively evaluated using structural tailoring methods.
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TABLE I. - METCAN PREDICTED PRELIMINARY VALUES FOR GRAPHITE/COPPER COMPQSITE

ROOM TEMPERATURE PROPERTIES:

THERMAL, MECHANICAL, STRENGTH

fiber volume ratios, FVR

Property
0.3 0.5 0.65
P, mg/m3 (1b/1n.3) 6.9 (0.25) 5.5 (0.2) 4.4 (0.16)
agyy, mm/mm-K (Kin./in.-°F) 3.8x10-6 (2.1) | 1.1x10-6 (0.6) | -0.018x10-8 (-0.01)
ag55, mm/mm-K (Hin./in.-°F) 17.3x10-6 (9.6) | 16.9x10-6 (9.4) 16.4x1076 ¢9.1)
@33, mm/mm-K (Win./in.-°F) 17.3x10-6 (9.6) | 16.9x10-6 (9.4) 16.4x10-6 (9.1)
Kg11, W/m-K (Btu-in./*F-hr-in.2) 36.3 (21.0) 38.4 (22.2) 39.7 (23.0)
Kg22, W/m-K (Btu-in./*F-hr-in.2) 18 (10.4) 12.6 (7.3) 9.3 (5.4)
Kg33, W/m-K (Btu-in./*F-hr-in.2) 18 (10.4) 12.6 (7.3 9.3 (5.4)
C. kd/kg-K (Btu/1b) 0.42' (0.1) 0.42 (0.1) 0.46 (0.11)
Eg11. GPa (Mpsi) 303 (43.9) 423 (61.4) 513 (74.4)
€922, GPa (Mpsi) 61 (8.9) 42 (6.1) 30 (4.3)
Eg33. GPa (Mpsi) 61 (8.9) 42 (6.1) 30 (4.3)
Gg12. GPa (Mpsi) 28 (4.0) 21 (3.0 17 (2.4)
Gg23. GPa (Mpsi) 26 (3.7) 26 (2.7 14 (2.0)
Gg13. GPa (Mpsi) 28 (4.0) 21 (3.0 17 (2.8)
Se117. MPa (ksi) 938 (136) 1310 (190) 1586 (230)
Se11c. MPa (ksi) 848 (123) 772 (112) 724 (105)
Sg227. MPa (ksi) 26 (3.8) 14 (2.0) 6.2 (0.9)
Sg22c, MPa (ksi) 34 (5.0 23 (3.4) 17 (2.4)
Sg12. MPa (ksi) 25 (3.6) 19 (2.7) 14 (2.0)
Sg23. MPa (ksi) 20 (2.9) 14 (2.1) 1N (1.6)
Sp13. MPa (ksi) 22 (3.2) 17 (2.4) 13 (1.9)
Vg12. mm/mm (in./in.) 0.27 (0.27) 0.05 (0.05) 0.24 (0.24)
Vo23., mm/mam (in./in.) 0.30 (0.30) 0.30 (0.30) 0.30 (0.30)
Vo13. mm/mm (in./in.) 0.27 (0.27) 0.25 (0.25) 0.24 (0.24)
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