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INTRODUCTION

For many years, alumina (A12 03 ) has been recognized as a potentially promising
metal matrix composite reinforcement for high-temperature and many chemically-
aggressive environmental applications.1, 2  For temperatures below 9000 C, it retains
most of its elastic stiffness, structural strength, and abrasion resistance. It is
also inert to most metals and exhibits excellent oxidation resistance.

Early attempts to utilize alumina fibers were not commercially successful due
primarily to insurmountable fabrication costs and handling problems associated with
the single crystal filaments and whiskers that were available at the time. 3 However,
in 1975 these barriers were essentially removed by DuPont with the introduction of
continuous polycrystalline alumina filaments called Fiber FP. These filaments, which
are available in a multifilament yarn, can be easily fabricated into a metal matrix
composite using conventional casting and liquid infiltration techniques. Because of
its potential low cost, 4 the polycrystalline alumina fiber is competitive with other
high performance fibers such as boron, graphite, and silicon carbide.

Aluminum3 ,5 and magnesium6 alloys have been successfully reinforced with poly-
crystalline alumina and are currently being evaluated for applications requiring
cost-effective material property improvements. These composites have excellent com-
pressive properties and exhibit transverse tensile strengths that are 3 to 5 times
greater than similar composites reinforced with graphite. 7  However, because of high
density (3.9 g/cm 3 ) and a moderate tensile 3trength (200 ksi to 270 ksi for 1-inch
gage lengths) the polycrystalline alumina fiber does not compete favorably with boron
or graphite for simple uniaxial-tensile applications.

All of the technically important metal matrix reinforcing fibers including
alumina, boron, graphite, and silicon carbide are intrinsically brittle materials
that exhibit significantly large variabilities in strength. Because of this, their
failure strengths can only be statistically defined. Typically, the coefficients of
variation in the mean failure strengths of these materials are 10 percent to 30 per-
cent or higher. 8 - I0  In contrast, metal filaments exhibit a much lower variability in
failure strength because of their ductile nature. A heavily cold-worked 304 stain-
less steel filament (27 pm diameter), for example, exhibits less than 5 percent coef-
ficient of variation at a 340 . mean failure stress. This variability in strength
primarily reflects the flaw sensitivity of these materials. Also, because of the
probability of finding critical flaws increases as their length increases, these

1. SUTTON, W. I1., and CIlORNF, J. Potential of Oxi,-Fiher Rein frrecd Metals. Fiber Composite Materials, Am. Soc. "or Metals,
Metals Park, Ohio, 1965, p. 173-222.

2. BAILEY, J. F., and BARKIR, II. A. Trial of Strength. Chemistry in Britain, December 1974, p. 465470.
3. PREWO, K, M. Fabrication and Evaluation o] Low Cost Alumina Fiber Reinforced Metal .M1atrices. United Technologies Research

Center, Fast hlartford, Connecticut, Contract N00014-76-C-0035, Interim Technical Report R77-91 2245-3, May 1977.
4. Commnereial Opportunities fbr Advanced Compositev. A. A. Watts. ed., ASTM STP 704, ASTM, Philadelphia. Pennsylvania, 1980.

* 5. CIIAMPION, A. R., et al. Fiber F' Reinfnreed Metal Matrix Composites. Proceedines of the International Conference on Composite
Materials, B. Norton, ct al., ed., Met. Soc. ot' AIMI". 1978, p. 883-904.

6. I)|IING RA, A. K., and K PUIJF;I' R, W. 11.. New ;ngineerine M4aterial - Ma.4ncsium Coating Rein firced with Il)uP? nt Continuous
,llumina Fiber lIP Presented at the World Conference on Magneziurn, Oslo. Norway. June 1979.

7. DOW. N. I :iitd DliRRY, F. Surver of'.1 etal-Matrix Tchnologe JT Fabrication ]" Bridging Structures. Materials Sciences Corp.,
Blue Bell, Pennsylvania, Contract l)AA(;46-79-C-0067. Final Report. AMMRC TR 80-53, November 1980.

8. AilIMAD. I.. et al. Silicon (arbide Filaments as Rcinforecenentv fbr tligh Temperature Allov Materials. ICCM, Proceedings of the
1975 International (onference on Composite Materials, F. Scala, ct al.. ed., Met. Soc. of AIM!, New York, 1976, p. 85-102.

* 9. STRE!T. K. N., and FRTI:, .1. P. On the Streneqth-lcn.th Iependthnre of Boron Fibres. ICCM, Proceedings of the 1975 International
Conference on Composite Materials, F:. Scal, ct al., cd., Met. Soc. of AIMI, New York, 1976, p. 137-163.

10. JONES. I. B.. et al. ,lnah-siv of 1"awv in htt Strecnth Caron tibers from tlesophave itch. J. of Materials Science, v. 15, 1980,
p. 2455-2465.



filamentary materials exhibit a decrease in strength with increasing gage length.E Typical examples of this strength versus gage length dependence are shown in Figures

I and 2 for boron, 9 graphite, l,ll silicon carbide, 8 and for comparison a heavily

cold-worked 304 stainless steel. The PAN base graphite fiber (mean strengths and

mean gage lengths) shown in Figure I were derived from individual test data reported

in Reference 11.

Because of the limited amount of data available on Fiber FP (polycrystalline

alumina)3 ,5 an experimental study was conducted to define the gage length dependence
and the statistical strength of this material. These results were then used to pre-
dict the failure strengths of uniaxially reinforced FP/aluminum and FP/magnesium com-
posites with an analysis proposed by Zweben.

12
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Figure 1. The effect of gage length on filament tensile failure

stresses of boron and graphite.
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O Figure 2. The effect of gage length on filament tensile failure

stresses of 304 stainless steel and silicon carbide.

II )11 I I NI )RI . R. I.. l I , K ARSK'. I . Ihnh I'r/irma wc ( arh n Fihr. Ilyonir I ngincerine, and Scice , v. 15. no. 3, 1975,
I). 150-159

12. L/ I III N. vi '1,. Ih t I ,, d or 17dwr I lcot ib" Slrn'i, th. ( nn,iPer, vi e I ural lih ihlls. and I ror rtics / Ijbhrie-Rcih mi-cd

/dIPa11alna %. ( olli s, ~l tl rialt: l exnlim utiel t1 ,,l'n (I tlh ( ou.)ll . ASIM SI' 074, S. W. I'sai. ed.. Am. Soc. for le tin M iteriak.
1979. 1p.22 -6
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EXPERIMENTAL PROCEDURE

The polycrystalline alumina used in this study was obtained from a single
bobbin of Fiber FP yarn containing approximately 197 filaments purchased from
DuPont. These filaments have a circular cross section and do not vary appreciably

" in diameter along their length. Typical SEM views of the "as-received" filaments
• (Figure 3) illustrate *this diameter uniformity. Also shown is an organic residue

that was found on most of the fiber surfaces examined. The residue is probably an
acrylic that is used by DuPont in its fabrication process and can be easily burned
off without damaging the filament. It was necessary to remove this residue in order

*to minimize filament breakage during the separation of individual filaments from
* the yarn.

Optical microscopic diameter measurements were obtained from metallographically
mounted and polished cross sections and from longitudinal surveys of individual test
specimens. The average of 54 fiber diameter measurements obtained from 1,000 magni-
fication photomicrograph. of the mounted yarn cross sections was 19.6 Am (0.772 x
tO- 3 inches) with an 8.9 percent coefficient of variation. The average of 186 diam-
Qter measurements made from longitudinal filament surveys at 660 magnification with
a calibrated filar eyepiece micrometer was 20.4 Am (0.803 x 10- 3 inches) with an
8.0 percent coefficient of variation. These results are in agreement with the 20 pm

* (0.787 x 10- 3 inches) mean diameter specified by DuPont.

Filament tensile specimens were individually mounted on paper tabs to facili-
tate gripping and minimize grip failures. The tabs were made by cutting narrow
slots equal to the fiber gage lengths in strips of paper, I-inch wide and 1-inch
longer than the slots. Each filament was placed along the center of the slot and
secured at each end of the tab with adhesive tape. The specimen mounting method,

'

10 AM 40 m

Figure 3. As-received polycrystalline alumina fibers illustrating diameter uniformitV and evidence of organic

residue along the surface.
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as well as the testing procedure used, were similar to that specified in the ASTM
standard D3379-75, "Tensile Strength and Young's Modulus for High Modulus Single
Filament Materials."

After gripping both tabbed ends of the mounted specimen in the tensile machine

and before applying any load, the side strips supporting the fiber were severed.
The test was then performed at a constant crosshead rate of 0.2 inch per minute.
During the test, tensile loads to failure were recorded using a full scale range of
100 grams (500 gram capacity load cell) at a chart speed of 10 inches per minute.
A minimum of 30 filaments was tested with gage lengths of 0.5, 1, 2, 3, 5, and 10
inches.

ELASTIC MODULUS

The static elastic modulus test method1 3 utilizes crosshead deflections meas-
ured for several different gage lengths at a constant stress to determine a unique

tensile strain. From the constant elastic stress level chosen and the corresponding

tensile strain measured, the elastic modulus can then be directly calculated.

Experimentally measured crosshead deflections, 5t, obtained in the tensile test
may be expressed as

6 6 + 6 + 6 (1)
t n c II

- where 6 n the deflection due to the gage length, I n; 6 c = the deflection due to the
grip penetration length, I.; and 6 m = the deflection due to the load weighing system
and the grips. Assuming 6 c and 6m are constant for constant loads and are indepen-
dent of gage length, the equation for 6t may be rewritten as

t cn + 60 (2)

where E = the filament tensile strain. It is obvious that for constant stress, 6 t

is a linear function of In whose slope is E. Summarized in Table I are the experi-
mental 6t data that were obtained at an extrapolated tensile stress of 453.2 ksi
which corresponds to a 100 gram constant load. A least squares fit of these data
(Figure 4) gave the following slope and intercept values:

*O E = 8.07 x 10- 3 inches, and

6o = 5.24 x 10- 3 inches.

i ]Using the above strain, a static elastic modulus of 56.2 x 106 psi was calculated
which is within the range of a recently reported 14 value from DuPont of 58.2 ±2.6x
106 psi.

Assuming the load cell deflection was the only factor contributing to 6m, it
was also possible to obtain the grip penetration length, 1c, whose absolute value
could then be used to derive a better estimate of the actual fiber gage length, If.

13. NJNES, J., and KLEIN, W. A Method for Determining Tensile Strains and Elastic Moduli of Metallic lIaments. Trans. of ASM.
v. 60. 1967, p. 726-727.

14. |lACK. J. V.- and STREMPEK, G. C. Fabrication and h'valuation of Low Fiber Content Alumina iher!Ahnzinuto Composites.
Fiber Materials Inc.. Biddeford, Maine, Contract NAS3-21371. Final Report CR-I 59517, June 1980.
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Table 1. CROSSHEAD DEFLECTIONS, 
6 t, OBTAINED FOR

VARIOUS POLYCRYSTALLINE ALUMINA FIBER -
NOMINAL GAGE LENGTHS

Std.
1n  6t* Dev.

Series (in.) N (10-3  in.) (10-3 in.)

FP-l 0.5 36 9.8 1.7
FP-7 0.5 37 9.5 1.6
FP-2 1.0 31 14.7 1.3
FP-3 2.0 33 21.3 2 5
FP-4 3.0 29 28.2 3.3
FP-5 5.0 28 45.7 5.0
FP-5A 5.0 31 43.4 6.6
FP-6 10.0 27 87.2 13.6

"6t was obtained by extrapolating the linear elastic
load-deflection curve to 100 grams and measuring the
corresponding deflection.

100

90

_ 80

70

60
C
* 50

S40

30

& 20

10

0
-1 0 1 2 3 4 5 6 7 8 9 10 11 12

Nominal Gage Length, in (inches)

Figure 4. Crosshead deflection,6T, versus nominal gage

length, n , of polycrystalline alumina fibers. (Based on
extrapolated elastic tensile load of 100 grams.)

* 6 m = 3.0 x 10 - 3 inches at a 100 gram load,
6 c = 6o - 6m'

~c = 10.281 inch

(by definition 6c = E7c), and

If = Ic + Pn"

An accurate determination of the fiber gage length becomes critical at the shorter

nominal gage lengths; e.g., the zero nominal gage length is actually a true gage

length of 0.28 inch for the polycrystalline alumina filaments tested.

! In order to obtain a second independent measurement, the elastic modulus was

K determined dynamically using a sonic pulse test method. The sonic velocity, C, was
determined at an excitation frequency of 5 kHz on several individual filaments. A

dynamic tensile elastic modulus, Ed, of (57.1 ± 3.1)106 psi was calculated from the

following equation using a density, P, of 3.90 g/cm 3 :5,6

b5

b7
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2
E = Pc (3)
d

Both static and dynamic moduli agree within 2 percent of each other.

All of these moduli values, including the recently reported DuPont data, are
higher than what had been published earlier 5 ,6 and may be indicative of further
elastic property improvements.

FILAMENT TENSILE STRENGTHS

Filament tensile strengths were determined both directly and indirectly. The
indirect method involved dividing the mean breaking load, L, obtained for each gage
length by a representative fiber area to find the mean failure stress, am- In
filament testing, this is the method usually employed by investigators.

The direct method uses the individual filament area and breaking load to detel
* mine the failure stress,Uf, and subsequently the mean failure stress, 16f, of all ti

specimens tested. For statistical failure analysis of brittle fibers, the direct
method of determining failure stress is preferred, particularly when large diametei
variations are present. The importance of examining each filament was further dem
strated by the discovery of "crooked" fibers in each population tested.

Typically the "crooked" filaments failed at very low loads at one of the bent
*sections (Figure 5) due to the superimposed bending stresses that developed in those

areas. Similar observations for this type of failure with Fiber FP were made by
Prewo. 3 Examination of both straight and "crooked" fiber breaks did not reveal any
differences in fracture surface appearance. However, most of the fracture surfaces
examined appeared to be granular (Figure 6) which would indicate a predominantly
intergranular failure mode.

Listed in Table 2 are all the cm and ff filament test data obtained and the
corrected gage lengths, If, tested. Very large standard deviations (25 percent to
45 percent coefficient of variation) for both Um and "0 f are evident. As with other
brittle filaments, the polycrystalline alumina also exhibited a strong gage length
dependence with failure stress. This is shown in Figure 7 for Zm versus the cor-
rected gage length, If.

Using Weibull statistics,15, 16 Coleman 17 proposed the following equation for

describing the filament gage length mean failure stress dependence:

- -1/rn
Gf a o if r [1 + 1/m] (4)

whe re

Of = mean failure stress, m = flaw sensitivity constant, and

f = gage length, r = gama function.

o = normalizing constant,

15. WEIBULL. W. A Statistical Distribution Function of ide Applicabditv. J. AppI. Mech.. v. 18, 1951, p. 293-297.
16. IDSALVO, (. J. rheorr of Simitural Design Application of Wrihul! Statistics. Wcstinghousc Hlcciric Corp., Astronuclcar Lab.

Pittsburgh, Pennsylvania. Report WAN[.-TME-2688, 1970.
17. COLEMAN, B. D. On the Strength of Classical Fibers and iber Bundles. J. Mecli. and Phy. Solids, v. 7. 1958. p. 60-70.

.._.
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Figure 5. "Crooked" polycrystalline alumina fibers after tensile failure.

Figure 6. Typical granular fracture surface appearance for polycrystalline alumina.

50

:! 400
E 9911 Confidence Intervals

lb 300

S200

S001 0.2 0.3 01.5 1. 2. 3. 4. .0 1. 20.0

Corrected Gage Le~ngth, if (inches)

Figure 7. The effect of gage length on filament tensile failure stresses
of polycrystalline alumina.
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Table 2. MEAN TENSILE STRENGTH RESULTS OBTAINED ON VARIOUS
POLYCRYSTALLINE ALUMINA FIBER - CORRECTED GAGE LENGTHS

Std. Std. Std. Std.
If If Dev. L Dev. am Dev. f Dev.

Series (in.) N (10-3  in.) (10-3  in.) (grams) (grams) (ksi) (ksi) (ksi) (Ksi)

FP-l 0.78 36 * * 44.9 11.1 211.5 52.3 * *
FP-7 0.78 44 0.797 0.058 55.2 17.8 243.9 78.6 242.2 65.4
FP-8 0.78 45 0.802 0.062 54.8 18.6 239.1 81.2 235.7 67.2
FP-2 1.28 34 * * 49.3 16.8 232.2 79.1 * *
FP-3 2.28 34 * * 45.6 14.8 214.8 69.7 * *
FP-4 3.28 33 * * 44.2 16.5 208.2 77.7 * *
FP-5 5.28 31 * * 44.0 13.2 207.2 62.2 * *
FP-9 5.28 47 0.791 0.064 42.0 14.1 188.4 63.2 187.8 59.5
FP-6 10.28 33 * * 38.5 16.1 181.3 75.8 * *
FP-10 10.28 40 0.824 0.074 37.7 16.9 155.8 69.9 150.6 55.4

df (0.772 ± 0.069)10-
3 in. Average diameter based on

metallographic measurements of 54 filaments.

N Number of filaments tested.

df Average filament diameter.

E = Average filament breaking load.

om Average filament failure stress (indirect method).

af Average filament failure stress (direct method).

of Individual filament failure stress.

Many different types of fiber materials can be adequately represented by Equation 4.

For comparative purposes, graphically determined values of o and m are listed in

Table 3 for the materials shown in Figures I and 2.

The flaw sensitivity constant, m, reveals the degree of flaw homogeneity or

distribution which is related to the scatter exhibited in the filament test results.

High m values signify a uniform distribution of very homogeneous flaws. Low m

values signify a flaw severity that is highly variable or a nonuniform dispersion

of Zlaws. Brittle materials characteristically have low m values while tougher

materials, such as 304 stainless steel, exhibit much higher m values. As m

approaches infinity, the scatter approaches zero and the normalizing constant, 0o ,

can then be used to obtain the flaw free failure stress. This stress is not neces-

sarily the ideal strength of the filament; rather it is the volume or surface area

independent failure stress

Table 3. TYPICAL WEIBULL CONSTANTS
FOR VARIOUS FILAMENTS

(i
n  0

0

Material (ksi) (ksi-in.l/l) IIi

304 SS 345 350 40

Boron 530 556 11.4

Si I ico' i ,arbide 600 639 ".6

Graph i tV 325 346 i.6
(Pitch Base)

Graph i I e 260 . 5.6
(Pan Bast)

4 Mean fai lure ttres, i n 1

Nor ni I i/ riq c (iii,!, iii

;1 F lIw ,te 'I , I liv I I of' iI t

"| -'8



In Equation 4, it was assumed that the following two-degree-of-freedom (Oro and
- m) Weibull distribution function adequately described the failure probability of

most filaments.

[ml

P = 1-exp f (5)

For a given fracture stress,Uf, Weibull determines the failure probability as

p =_n (6)Ni-I

where n = number of filaments that fail at or below 7f, and

N = total number of filaments tested.

A graphical solution of ao and m can be obtained by plotting the following
linearized function of Equation 5.

en en = men a f + Zn Lj (7)

Using Equation 7, the failure probabilities were plotted versus Off for filament ten-
sile test results obtained on 0.5-, 5.0-, and 10.0-inch nominal gage lengths (Fig-
ures 8 through 11). Weibull probability has been used to show the failure proba-
bility percentages, rather than the actual logarithmic values. The individual data
points have also been tabulated in the Appendix. Two sets of data are shown in Fig-
ures 8 through II which represent (a) all test results including straight and
"crooked" filaments, and (b) test results only for the straight filaments. As men-
tioned earlier, each of the gage lengths tested contained "crooked" filaments
(approximately 12 percent). Because the "crooked" filaments could fail under a
superimposed bending stress, they would not reflect the uniaxial tensile strength
population and would not be representative of the filaments' in situ composite be-
havior. All of the figures show that a reasonable linear fit to the data was ob-
tained when the suspected filaments were excluded from the distribution. Weibull
parameters, o and m, obtained from these linearized curves are summarized in Table
4 with the corresponding mean failure stresses. A least squares fit of Of versus If
(Figure 12) gave an m of 6.5 and (To of 266.9 ksi-in. I /m which compares favorably
with the constant gage length, measurements of m and ).

Table 4. WEIBULL PARAMETER AND MEAN FAILURE STRESSES FOR POLYCRYSTALLINE
ALUMINA, EXCLUDING "CROOKED" FILAMENT DATA

Std. Std.
df L am nev. of Dev.

* S 'ie (in.) N (10- 3  in.) (grams) (ksi) (ksi (ksi) (ksi) (ki-in.I/m) m

FP-/ 39 0.(04 60.? 261.4 54.3 260.2 42.9 268.0 6.8

F _Q- 0.7. 40 0..06 59.? ?55._ 60.5 253.8 4?.3 260.0 6.6

FP-9 5 .2 4 0. 95 44.9 199.4 48. 0 ?00.? 45.o ?98.4 5.3

F -l' . 35 0 30 4).? 171.9 50.9 1U. l 30.4 ?65.0 6.2
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Figure 8. Weibull distrioution curves for 0.5-inch nominal gage length,
polycrystalline alumina filaments (FP-7 series); (a) results for all filaments

tested, and (b) results with suspected filaments excluded.
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Figure 9. Weibull distribution curves for 0.5-inch nominal gage length, poly-

crystalline alumina filaments (FP-8 series); (a) results for all filaments tested,

and (b) results with suspected filaments excluded.
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COMPOSITE TENSILE STRENGTHS

A number of failure mechanisms have been proposedl2, 18 -2 0 to describe the frac-

ture of continuous uniaxially aligned fiber-reinforced composites. At least three

failure modes have been recognized for the case of tensile deformation along the

fiber axis. The failure modes and several relationships that have been developed

for brittle fibers using Weibull failure statistics (Equation 5) are as follows:

I. A bundle fracture mode that is characterized by very weak or no interfacial

bonding between fiber and matrix. When this condition is present the composite ten-
sile strength is controlled by the bundle strength of the fiber. The following

equation by Coleman17 describes the mean bundle strength 0 b for brittle filaments:

= ohm) (8)

where f = gage length, and e = Naperian base number.

2. A transverse cracking mode that is characterized by a crack propagating

from the site of the first fiber that fails. Zweben 2 1 has proposed a lower bound
solution for determining the stress, al, required to break the first fiber as fol-

lows:

(I-')1/ m

-ri 0 o -N- : (9)

where Q is the composite gage length and N is the total number of fibers. Although

the transverse cracking mode may not be common to most composites, it appears to
have occurred in some boron/aluminum systemsl2,22 where the presence of very large
diameter brittle fibers in a well-bonded matrix appears to have promoted this type

of failure. A wel l-bonded, brittle-fiber, brittle-matrix composite would be the

simplest case where Equation 9 could be expected to apply.

3. A statistical failure mode that is characterized by the accumulation of
fiber breaks throughout the entire' stressed composite volume. Zweben proposed12,20

that the stress. 09 , required to break the first ove rs tressed fiber leading to fiber
break propagation is a lower bound for composit 's that exhibit the statistical fail-

urt mode. Random fiber breaks are assumed to dleve lop localized stress perturbations.

Stresses in the vicinity of the broken fibers are reduced over an ineffective gage
length, j.2 3 Str'ss concentrations also leve'lop in the unbroken surrounding fibers

increasing their f-,-ailtre probabilitv Zw'ben proposed that these ov'rstressed
fibirs subsquintlv trigger fib'r br'o2k prop;gation when 2 is rachid. This lower
bound str,,ss r,'lat ionu hip is

19.{

18g. RO)SI N. Ii,. \ , Ili,'rm ,ti''hann al I'r, qwritu-' ,i I'-,br,,i uq (',,,'i. l'rot. R. S.t. I orril. Si'c. -\ 319q. 197)). pt. 79-94.
19. I1..l I . I). K.. mlld HI I Y Al .\ .%r,l .'th.,/ €If I'ihpi, C ou;~,ui,' ' Ild, rhe/i. \rinui. Rci . M|u'riI Scicici'. i,. 2. I1972, p. 4 )5-462.
2)). i' I IN. (.- ito/i, Xtr-pu, iih Ilvthrid C ip,, l,'l. .o I. ut acriali Si it,mcc. '.. 12. 1977. p. I1325-I1337.

21. /W 1 I N. " . Iatc I, ir, i flhr A ,lt/'ii I. V\A \ I.. 6, 11065. p. 2325 2311.l ~2 2 . / % 1' 11 1 N .( I I1, ,in d, ii, " i Ip r , ,ac h I , - i r, S i r ,m .-hl' , 'i ( ' , t o , l la hc r iw l I i1! , I r~ io .M c k h . .( 4 ci t' l B r it a in , k .4 , 1 9 7 2 .p .1 ...

23. R( )SI N. I. 0. Ch hu , '1 C" lIi ut, SP'tri lhtritt i I t 1c 1',m,,,\ i ah'r/u. \!ucri n Sot. tor Mok' Moak Park. Ohio,
1461 , 17 75.



The stress concentration factor, k, is assumed to be 1.146 for a square array of
fibers 24 and the ineffective gage length, 6, is obtained from the following equa-
tion proposed by Friedman;

2 5

1/2
= f ()

where

dF = fiber diameter,

Ef = fiber elastic tensile modulus,

Gm = matrix elastic shear modulus, and

Vf = volume fraction fibers.

*" Zweben also suggeststhat the following relation proposed by Rosen 2 3 predicts the
* upper bound stress, au, for composite failure by the statistical mode. In this

case, stress concentrations are neglected, therefore
1:4 -- /

u = a (6me) 1/r (12)
U 0

Although the physical significance of Equation 11 has been questioned, 19 it
has been successfully used for evaluating both polymeric12,22 and metal matrix 12

composite strengths.

Using the Weibull parameters (m = 6.5 and (o = 266.9 ksi-in.1/m) determined in
this study, a theoretical compari on was made between the various failure modes

*" and exgerimental fiber failure stresses obtained from reinforced aluminum 5 and mag-
nesium9 composite tensile results. The statistical failure mode, lower bound stress,
072, appears to give the best correlation with the experimental data as shown in
Table 5. Although the bundle failure stress, Orb, also appears to correlate reason-

. ably well, it cannot be considered valid because there was no evidence reported of
fiber pullout or debonding for the composites evaluated. Both the lower bound
stress, axl, (transverse fracture mode) and the upper bound stress, au, (statistical
failure mode) differed significantly from the experimental data. However, the
attainment of Uu is conceivable provided a well-bonded, fracture-resistant matrix
is utilized. In the opposite sense, a well-bonded brittle matrix could conceivably
have resulted in the attainment of a71.

Referring to the cxf data in Figure 12, it can be seen that at a 4-inch gage
" length a mean failure stress of 200 ksi is obtainable. Because the experimental

composite test specimen gage lengths were 4 inches, this stress was used for a
rule-of-mixtures strength prediction that assumed failure at a uniform fiber stress.
Obviously, in this case, a rule-of-mixtures prediction based on 9f would give un-
realistically high composite tensile stresses.

24. iII)GIPITII, J. M.. and VAN I)YK. P. Local Stress (ocentrations inI Imperi-ct rIlamentary Conposite Materials. J. Composite
* Materials, v. I, 1967, p. 294-309.

25. FRI:IDMAN. F. Proceedings of the 22nd Annual Conference of the Society of the Plastics Industry. Reinforced Plastics Division,
Paper 4A, 1967.

!.3
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Table 5. COMPARISON OF THEORETICAL BOUNDING STRESSES WITH
EXPERIMENTAL COMPOSITE FIBER FAILURE STRESSES

Exp. Fiber
Vf 

0 u a1 eb a2 Failure Stresst

Composite* (M (ksi) (ksi) (ksi) (ksi) (ksi)

A1203/Al 60 479.9 38.7 138.6 150.6 148.9(5 )

A1203/Mg 50 454.7 39.8 138.6 148.7 146.0(6)

*Where applicable: If = 4 inches I

NI = (Vfuc/af)

c = Composite volume (0.2 in.
3 )

af = Fiber area (df = 0.8 x 10 - 3  in.)

Ef 
= 57 x 106 psi

Gm (Al) = 3.4 x 10
6  psi

Gm (Mg) = 2.4 x 10
6 psi

tExperimental fiber failure stresses determined from composite and
matrix tensile stresses in References 5 and 6 as follows:

ac (A1203/Al) = 95 ksi, 0m = 14.2 ksi

ac (A1203/Mg) 
= 77 ksi, om = 8 ksi

Fiber failure stress = [ac-am(l-Vf)]/Vf

Figure 13 shows the experimental composite tensile strengths for the polycrys-

talline alumina (Fiber FP)/aluminum composites obtained from Reference 5 versus the
volume fraction. The theoretical curve obtained from Equation 10 for 0r2 gives

excellent agreement with the data. Also shown is the rule-of-mixture curve that was

derived from the 4-inch gage length data. A decrease in composite tensile strength

with an increase in the composite volume tested can also be obtained from Equation

. 10. This is schematically shown in Figure 14 for the same composite system (Fig-

* ure 13) at 50 percent volume fraction fiber.

150

,I /
,I /

00 , Figure 13. Experimental compos-

= ite tensile strength comparisons

_, with theoretical curves derived

from the lower bound statistical
C failure stress," 2 , and the uniform

./ failure stresscf, (4-inch gage length)

& 0 - for a polycrystalline alumina-

reinforced aluminum alloy.//

//

0 0.5 1.0
Fiher Volump Fraction. VF
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150- Figure 14. Schematic illustration of the theo-

retical effect of specimen volume on the tensile

Istrength of a 50 percent volume fraction poly-
crystalline alumina-reinforced aluminum alloy.

1% is the composite strength and 02 is the
50 C filament lower bound statistical failure stress.)

. 50
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SUMMARY AND CONCLUSIONS

As with most brittle materials, this study has shown a significant gage length
dependence and a large variability in the failure strength of polycrystalline alu-

mina (A1203) fibers (referred to as Fiber FP by the producer, DuPont).

Some filaments in the test population contained a processing defect consisting
of rigid bends along the fiber. These "crooked" filaments failed at very low loads
due to the development of superimposed bending stresses at the bent sections. This

change in stress state was reflected by a second linear region in the logarithmic
Welbull distribution curve of failure probability versus stress.

A two-parameter Weibull distribution function was found to adequately describe

the gage length dependence and failure probabilities for most of the filaments
tested.. (Crooked filaments were excluded from the test population as their stress

state was assumed to be unrepresentative of in situ composite behavior.) The Wei-

bull parameters that best described all the gage lengths evaluated were 6.5 for m

(the flaw sensitivity constant) and 266.9 ksi-in. 1/m for gl (the normali"ing con-
~stant).

Exceptionally good agreement (within 2 percent) was obtained from a theoretical
lower bound stress prediction based on a statistical failure mode and published ten-

, sile strength data on Fiber FP/aluminum and Fiber FP/magnesitim composite castings.
However, no correlation could be obtained when the same experimental data was com-

pared to a rule-of-mixtures pred ict ion based on the mean fiber fai lure st ress. This
further demonstrated the importance of obtaining accurate statistical strength data
when dealing with brittle fiber reinforcements. Also inherent in the statistical
fai lure mode, lower bound stress analys is. is a composite volume-fail Iire st ress
dependence. Additional experimental studies are needed to confirm this analysis as
well as establish the actual volume sensitivity for this type of material. Part icu-
lar emphasis should be directed toward the metal matrix composite systems currentlv
being evaluated for helicopter and bridging applications.

15
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APPENDIX

Table A-I. FILAMENT TEST DATA FOR 0.5-INCH NOMINAL Table A-2. FILAMENT TEST DATA FOR 0.5-INCH NOMINAL
GAGE LENGTH POLYCRYSTALLINE ALUMINA (FP-7 SERIES) GAGE LENGTH POLYCRYSTALLINE ALUMINA (FP-8 SERIES)

df L f p df L Of P
Sample (10- in.) (grams) (ksi) N (%) Sample (10- ' in,) (grams) (ksi) N (%)

58a 0.865 90.2 338.4 39 97.5 27 0.794 71.7 319.2 40 97.6
4 1a 0.726 61.0 324.8 38 95.0 23 0.956 97.6 299.8 39 95.1
79a 0.855 84.6 324.8 -- -- 4 0.791 66.3 297.4 38 92.7
91a 0.818 75.2 315.5 36 90.0 30 0.798 67.0 295.0 37 90.2
84a 0.717 57.6 314.5 35 87.5 45 0.848 75.5 294.7 36 87.8
4 2a 0.824 75.8 313.4 34 85.0 43 0.888 82.5 293.7 35 85.4
81a 0.755 62.6 308.2 33 82.5 55 0.805 67.2 291.1 34 82.9
4 6a 0 755 62.3 306.8 32 80.0 49 0.766 60.4 289.0 33 80.5
78a 0.824 72 8 301.0 31 77.5 40 0.862 76.2 287.9 32 78.0
77a 0 794 67.1 298.8 30 75.0 51 0.809 67.1 287.8 31 75.6
lOa 0.714 52.1 292.6 29 72.5 5 0.831 70.7 287.4 30 73.2
89a 0.723 54,2 291.0 28 70.0 39 0.747 57 0 286.7 29 70.7
62a 0.816 68.8 290.0 27 67.5 41 0.695 48.0 278.9 28 68.3
65a 0.789 61.6 277.8 26 65.0 6 0 795 62.8 278.9 -- --
56a 0 829 67.5 275.7 25 62.5 44 0.875 75 8 277.9 26 63.4
61a 0.887 77 2 275.4 24 60.0 24 0.842 69.9 276.8 25 61.0
44a 0.776 58.0 270.4 23 57.5 15 0.874 74.8 274.9 24 58.5
49a 0 926 80.9 ?64.8 22 55.0 37 0.737 52.6 271.8 23 56.1
73a 0.769 55.5 263.4 21 52.5 38 0.768 57.0 271.3 22 53.6
4a 0.816 58.3 260.2 20 50.0 3 0.795 60.8 270.0 21 51.2

57a 0.717 47.5 259.4 19 47.5 19 0.788 57.9 261.7 20 48.8
51a 0.858 64.6 246.3 18 45.0 25 0.835 65.0 261.7 -- --
48a 0.789 54 5 245.7 17 42.5 28 0.815 60.5 255.7 18 43.9
64a 0.963 80.4 243.4 16 40.0 52 0.794 57 0 253.8 17 41.5
70a 0.782 53.0 243.3 15 37.5 1 0,756 49.9 245.1 16 39.0
37a 0 794 54.5 242.6 14 35.0 46 0.845 62.3 244.9 15 36.5
66a 0 849 62.3 242.6 -- -- 11 0.779 52 4 242.4 14 34.1
59a 0.878 64.6 235.2 12 30.0 33 0.792 54.0 241.7 13 31.7
16a 0.765 47.0 230.8 11 27.5 13 0.752 48.5 240.7 12 29.3
la 0.770 45.6 224.0 10 25.0 29 0.878 65.0 236.7 11 26.8

76a 0 801 51 0 223.1 9 22.5 7 0.756 48 1 236.2 10 24.4
3a 0.827 49.3 212.5 8 20.0 54 0.846 56.1 220.0 9 22.0

74a 0.774 45.0 210.8 7 17.5 53 0.815 50.8 214.7 8 19.5
71a 0.804 48 2 209.3 6 15.0 9 0.733 41.0 214.2 7 17.1
47a 0.823 50.0 207.2 5 12.5 42 0.788 44.2 199.8 6 14.6
Ila 0.723 52.1 206.9 4 10.0 50 2.702 35.0 199.4 5 12.2
83a 0.872 54 8 202.3 3 7.5 48 0 734 36.6 190.7 4 9.8
I5a 0 808 41 9 192.3 2 5.0 35 1.003 61.2 170.8 3 7.3
40a 0 794 37 5 167.3 1 2.5 36 0.777 32.J 148.8 2 4.9

* 17a 0.741 25.1 131.8 -- c 18 0.793 31.9 142.4 1 2.4
13a 0.751 25.2 128.5 -- c 47 0.734 26.8 139.6 -- c
50a 0.707 19.6 110.1 -- c 12 0.724 24.4 130.7 -- c
14a 0.775 17 4 87.1 -- c 2 0 815 25.6 108.2 -- c
18a 0.726 10.4 56.8 -- c 16 0.826 14.0 57.6 -- c

10 0.715 3.3 18.1 -- c

17



Table A-3. FILAMENT TEST DATA FOR 5.0-INCH NOMINAL Table A-4. FILAMENT TEST DATA FOR 10.0-INCH NOMINAL
* GAGE LENGTH POLYCRYSTALLINE ALUMINA (FP-9 SERIES) GAGE LENGTH POLYCRYSTALLINE ALUMINA (FP-1O SERIES)

df L (if P df L 1f P
Sample (10' in.) (grams) (ksi) N (%) Sample (10- in.) (grams) (ksl) N (%)

86 0.793 61.6 275.0 43 97.7 5 0.829 54.2 221.4 35 97.2
83 0.770 56.6 268.0 42 95.4 35 0.803 50.1 218.1 34 94.4
57 0.837 66.8 267.7 41 93.2 19 0.963 70.0 211.9 33 91.7
84 0.782 57.5 263.9 40 90.9 31 0.866 55.5 207.7 32 88.9
70 0.793 58.5 261.1 39 88.6 32 0.844 51.6 203.3 31 86.1
88 0.748 51.9 260.4 38 86.4 18 0.768 42.3 201.3 30 83.3
78 0.807 57.0 245.7 37 84.1 40 0.787 44.1 199.9 29 80.6
94 0.741 46.5 237.7 36 81.8 8 0.758 40.4 197.4 28 77.8
82 0.814 55.0 233.0 35 79.5 11 0.839 47.8 190.6 27 75.0
89 0.831 57.0 231.7 34 77.3 41 0.954 61.1 188.5 26 72.2
65 0.746 45.7 230.5 33 75.0 14 1.011 68.0 186.8 25 69.5
56 0.813 53.5 227.2 32 72.7 25 0.908 53.9 183.5 24 66.7
87 0.832 56 0 227.1 31 70.4 27 0.924 54.2 178.2 23 63.9
96 0.728 42.8 226.7 30 68.2 42 0.788 39.4 178.1 22 61.1
99 0 808 52 2 224 4 29 65.9 33 0.796 38.6 171.0 21 58.3
91 0 865 58.8 220.6 28 63.6 26 0.805 39.1 169.4 20 55.6
81 0.820 52.6 219.6 27 61.4 15 0 905 49.0 167.9 19 52.8
79 0.761 44 8 218.3 26 59.1 3 0.754 33.7 166.4 18 50.0
60 0 742 42.2 215.2 25 56.8 38 0.771 35.2 166.2 17 47.2
75 0.79? 48.0 214.8 24 54.5 34 0.885 46.3 165.9 16 49.4
67 0.728 38.9 208.9 23 52.3 20 0,818 39.5 165.7 15 41.7
63 0.716 38.0 206 1 22 50.0 4 0.813 39.0 165.6 14 38.9
76 0.740 40.3 206.o 21 47.7 29 0.944 51.5 162.2 13 36.1
92 0.877 56 3 205.5 20 45.4 12 0.827 37.9 155.6 12 33.3
62 0 781 43 6 200.6 19 43.2 9 0.985 53.6 155.1 11 30.6
66 0.712 35.8 198.2 18 40.9 37 0.815 35.9 151.7 10 27.8
85 0 817 45.1 189.7 17 38.6 36 0.780 32.7 150.0 9 25.0
74 0 780 40.4 186.0 16 36.4 10 0.803 33.6 146.3 8 22.2
80 0.761 36.2 175.4 15 34.1 21 0.722 26.2 141.1 7 19.4
97 0 715 31.8 174.6 14 31.8 2 0 806 29.9 131.1 6 16.7
95 0 731 32.2 169.2 13 29.5 24 0.769 27.1 128.6 5 13.9
69 0.793 37.8 168.7 12 27.3 13 0.729 23.2 122.5 4 11.1
93 0.817 40.0 168.2 11 25.0 16 0.828 29.0 118.7 3 8.3

102 0.879 44.3 160.9 10 22.7 39 0.718 20.2 110.0 2 5.5
68 0.807 37.3 160.8 9 20.4 7 0.756 21.7 106.6 1 2.8
55 0.835 38.1 153.4 8 18.2 17 0.804 15.0 65.1 -- c
61 0.623 36.9 152.9 7 15.9 22 0 778 7.0 32.5 -- c
64 0.946 47 7 149.6 6 13.6 6 0.800 4.7 20.6 -- c

100 0 760 29.8 144.8 5 11.4 23 0.774 2.3 10.8 -- c
71 0 757 27.5 134.7 4 9.1 30 0.729 2.0 10.6 -- c

* 72 1.062 47 6 11A.2 3 6.8
77 0.728 19.8 104 9 2 4.5
59 0.788 22.0 99.5 1 2.3
98 0.737 13.4 69.3 -- c
90 0.233 12.2 63.7 -- c
73 0.761 9.4 45.6 -- c

101 0.749 8.0 40.0 -- c
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