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The failure process of unidirectional BN-coated HI-NICALON™ SiC fiber reinforced glass
matrix composites was examined under tensile loading. In situ observation of the mean
matrix crack interval was conducted by the replica observation during tensile testing.
Axisymmetric cylindrical models extended to the system considering the strength
distribution of fibers were proposed to predict the whole stress-strain curve for comparison
with the experimental results. © 1999 Kluwer Academic Publishers

1. Introduction stress-strain curve for the composites with multiple ma-
It is now well known that failure modes in continuous trix cracks, using Hutchinson and Jensen’s analysis.
fiber-reinforced ceramic matrix composites (CMC) in- The interfacial properties also influence the dam-
volve initial and multiple matrix cracks, since the matrix age progress after matrix cracks are saturated [9, 10].
has a lower failure strain than fibers. Then, fiber/matrixCurtin [10] proposed a model for the ultimate tensile
debondings occur from the tip of matrix cracks due tostrength prediction considering both bridging and pull-
weak fiber/matrix interfaces (Fig. 1), so that fibers canout forces of fibers, and showed that the theory had
bridge the crack and support further loads before th& good agreement with experimental data. Since these
final fracture. Therefore, the optimization of interfa- studies are based on the theory of the ideal single fiber
cial design is necessary for the structural reliability of composites, the conditions of interfacial behavior (such
CMC [1-3]. as debonding) for the composites are neglected. Thus

Many analyses have been proposed to characterizznew model should be constructed to connect interfa-
the damage progress in CMC, considering the “weak’tial properties with the behavior of fibers. To this end,
interfaces [4, 5]. Hutchinson and Jensen [5] used axmore experimental supports are necessary to quantify
isymmetric cylindrical models for stress analysis inthe micro-mechanical damage progress.

CMC and quantitatively showed the effects of the in- The objective of the present study is to experimen-
terfacial debonding and sliding friction on the matrix tally examine the tensile damage growth process in
cracking. Marshall [6] examined the use of Hutchinsonunidirectional BN-coated HI-NICALORM SiC fiber
and Jensen’s analysis to deduce interfacial propertieinforced glass matrix composites, and to compare
from experimental measurements of fiber sliding andhe experimental results with the theoretical predictions
provided explicit relations for the relative displacementbased on a new model which considers matrix cracking,
as a function of increasing applied stress. debonding, and fiber strength distribution.

Most approaches for measuring mechanical prop- The remainder of this paper is structured as follows:
erties of interfaces have used micro-model tests [7]In Section 2 experimental procedures are described. In
including pushing and pulling of fibers. In such micro- Section 3 a new model is described for the prediction
model tests, it is difficult to reproduce the micro- of the stress-strain curve. In Section 4 experimental re-
mechanical damage in real composites, which has aults are shown. In Section 5 comparison of theoretical
wide variety of damage stages including matrix crack,and experimental results are presented. And further dis-
debonding and fiber failure. Then, to estimate thecussion is conducted.
micro-mechanical damage in real composites, the pre-
diction of the stress-strain curve is considered to be
attractive. This analysis can provide a quantitative es2. Experiments
timation of not only the micro-mechanical damage butHI-NICALON ™ (Nippon Carbon Co. Ltd.) is an im-
also the mechanical properties of interfaces. Vagagginproved high-temperature SiC fiber with low-oxygen
et al. [8] proposed a model for the prediction of the content. Two types of HI-NICALON fibers were
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Figure 1 Schematic of crack deflection.

used to fabricate unidirectional fiber reinforced borosil-
icate glass (PYREX') matrix composites: (1) fibers =
without coating, and (2) fibers CVD-coated witlutn-
thick BN. Prepregs were prepared by a glass slurry
method and hot-pressed at 10@for 60 minutes, to T
fabricate 100< 100x 2.5 mm plates.

Tens"e test Spec|mens W|th dimensions Of l@o Figure 2Axisymmetric cylindrical cell model.
3x 2.5 mm were cut from the fabricated plates and

tapered GFRP tabs were glued at both sides to pragyrength distribution. In order to consider fiber failure,

vide a gauge length of 30 mm. Tensile tests were pefine present analysis is used under the condition that

formed at a constant cross-head speed of 0.4 mm/Mihe axial fiber stress is given By at the matrix crack

at room temperature in air. A computer-assisted dat%lane.T is given as a function of the overall stress

acquisition system was used to obtain the stress-strajfin Section 3.4). Marshall [6] modified the expression

curves from a strain gage placed on the specimen a”&ven by Hutchinson and Jensen, usingn this paper,

aload cell. The specimen surfaces were polished Wity arshall’s expression is used to explain a model.

fine diamond pastes. Loaded specimens were period- The present model forms a repeating unit of a uni-

ically stopped under tension to replicate the damaggjrectional composite with a fiber volume fraction

progress on specimen surfaces using polyacetate film§,4r — (Rr/Rm)2 and consists of debonded (lengfrom

This technique provides thie situdamage monitoring  poth matrix cracks) and bonded regions. Here, the ma-

and the quantitative measurement of the matrix crackiy crack spacing igl, and the sliding stress is Al-

spacing or density. though Hutchinson and Jensen give solutions for fibers
In-situ fiber strength is expected to decrease due tQyhich are anisotropic, the present analysis assumes that

degradation during the high-temperature fabricationfjpers are isotropic.

So, thein-situ fiber strength data were obtained by |, the bonded region (denoted by a superscrp)

single fiber tension tests (gage lengt5 mm) using  {he stresses and strains are given by solving ad.am’
fibers extracted from fabricated plates. The fabricategyoplem as,

plates were dipped into acid solutions for 3 days to dis-
_solv_e the gla_ss matrix, Wa_shed in water, and then dried of = VT —a Emng (1)
in air to obtain extracted fibers.

e = as(VfT/Em) + ase, (2)
\Y
+ _ T
3. Analysis om = (Em/Eq)VAT + v Eme, (3)
3.1. Axisymmetric cylindrical models with AT
two matrix cracks o] = / (o — e cl @)
The analysis of stress and strain distribution near a ma-

trix crack with fiber/matrix debonding is necessary to

establish a model for the damage initiation and growthwheree] is a residual strain due to the thermal ex-
behavior with the interfacial properties. Hutchinson andpansion mismatch between a fiber and mataias
Jensen [5] proposed an axisymmetric cylindrical modeblre non-dimensional parameters given by Hutchinson
for a single matrix crack in an infinite body, using a and Jensen [5], and shown in Table I. The subscripts
Lamé problem. Inthis paper, the analysis is extended fof, m, and ¢ denote fibers, matrix and composites, re-
a new model with two matrix cracks, which representsspectively.E anda are Young’s modulus and thermal

a general model for multiple matrix cracks (Fig. 2). expansion coefficient, respectiveliyT is a difference
Although the expression of Hutchinson and Jensen ifn tested and fabricated temperatures.

appropriate for stress and strain distribution near a ma- In the debonded region, the differences in stresses
trix crack, their analysis does not consider the fiberand strains relative to those in the bonded region (i.e.
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TABLE | Summary of constants

p— Ef

T E

g — L= VDA + v+ (1+v)(Er/Ec)
2= A4+ v)(Ef + (1 — 2v)Ee)

ai

az=0

(- WA+ v)E

&= A 0)(E + (1— 20)Eo)
Em

a5 = —

5= E.

a —VEf

5 = TEC

Ec = ViEf + (1 — V1)Em
E*=(1—-V)Ef + VtEnm

_ (L= v)E* 4+ (1 — v)2Em — (1 +v)[2(1 — v)2Es + (1 — 2v)(1 — v + V(1 + v))(Em — EN]}

by 20(1— WL+ V)E* + (1 — v)Em]
b, — (1+)Em{2(1— v)?Es + (1 — 20)[1 — v + V§(1 + v)](Em — Ef)}
2” A= VELL+ )E + T - 1)En]
be Vi(L+ v){(1 — Vi)(1 + v)(1 — 2v)(Ef — Em) + 2(1— v)?Em}
°T @)@~ VI + V)E* + (L v)Enl]
o = A= Via)(bz + bg)*/?
1= 2V
ap(bp + bg)?
= —
2
Ec
C3 = ?m

Aot = of — ot Aer = & — &,) are also given by

solving a Lane problem.

V
Aoy = — 1 _fo Aot (5)
Agt = bpAot/Em (6)

where b;—bs (Table 1) are also non-dimensional pa-
rameters (Type 2 condition) given by Hutchinson and

tion is appropriate for a single fiber in matrix, such as
pull-out or push-out experiments. The Type 2 condi-
tion is appropriate for composites where all the fibers
are bridging a matrix crack. Therefore, the present anal-
ysis is used only for the Type 2 condition. If, for sim-
plicity, the constant sliding stressis assumed to act
on all debonded surfaces, the axial fiber stress in the
debonded region is given by solving a shear-lag prob-
lem with Equation 8

orf=T—2f'_?Z ®)

Jensen [5]. Their analysis provides two boundary con-

ditions. Marshall [6] discussed how these parameter3his stress distribution, as well as Hutchinson and
alter by change of mechanical properties and reportedensen’s one, has a large gapt a debonding crack tip
the difference of these conditions. The Type 1 condi{Fig. 3). This gap can be written in terms of the Mode Il

Axial fiber stress

Compressive stress

Fiber

Aof =of—0}
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~ Debonded |
region
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A

Figure 3 Axial fiber stress distribution.

Position
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interfacial fracture toughnegg and non-dimensional crack occurs. The average matrix spadirig given by

parameters; andcs (Table I). usingds.
L ds
1 1-Vi [EmGic d= T—F--= 2 (11)
14 C1C3 Vf Rf ( ) (ds 1) Pr f

Here for low densityﬁa_—;’m“ « 1), Equation 11 can be

3.2. Average matrix crack spacing converted to Equation 12

As the applied stress increases, more matrix cracks are -

generated between existing cracks, which are called d— ( Ecomo ) (12)
multiple matrix cracks. Debonding always occurs at T P\ EnVH(T — To)

the tip of matrix cracks in CMC, when matrix cracks

are generated in the composites. The length of debondvhere T, is the axial fiber stress at the matrix crack
ing also increases as the applied stress increases [1Hlane when the first matrix crack occurs. Then, Equa-

As the neighboring debondings are connected, mation 12 is the almost same expression as given by
trix cracks tend to be saturated. Therefore, the mavagagginiet al.[8] atm=1.

trix crack interval depends on the debonding length.

Curtin [10] proposed an exact theory for them with the

sliding length, which is equal to the debonding length3.3. Debonding length

(gic =0 N m™*). However, the theory requires a very The stress and strain distribution depends on the de-
complicated numerical approach which considers théonding length. Considering both sliding stress and

distribution of the matrix crack interval. The present Mode Il fracture toughness, the debonding lerigi

analysis, for simplicity, uses the Weibull expression forgiven by

matrix cracks. Similar to Curtin’s approach, this model

assumes that matrix cracks are generated in bonded I 1-V

regions. R\
If each matrix crack is assumed to have a gauge length

as long as the final matrix crack spacidig(shown in  whereg; is a function ofgi, given by Hutchinson and

Fig. 4), the probability of failure for matrix cracks in Jensen [5]. Aftet attains a half of the final matrix crack

(VfT — O'i)/203‘r (13)

the composites is given by spacing (is/2), | is, for simplicity, assumed to be equal
0 (ds/2).
ES=N
P =1—exp —<4> (10)
Tmo 3.4. Axial fiber stress at the matrix
crack plane

whereong is a scale parametan is a Weibull mod- ~ After matrix cracks are saturated, only fibers can
ulus andoy, is the stress level as the first matrix carry most of the applied stress in the composites.

d, d d, d, Fiber
I L [ 1 |

O «| ;| ;| || | |+»0O
| |

Matrix
Matrix crack
! ! ! :
o - l H o b | - o < — o Po i < : H- o
| | | |
dx ds ds d;

Figure 4 Matrix crack evolution.
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The mechanical behavior, then, depends on the fibe 600
strength. Curtin [10] discussed how the fiber stress i

related with both the fiber strength distribution and the 500 } o
sliding stress. In the present model, the fiber stieas »
the matrix crack plane is assumed to be that given b’ 490 } -
the Curtin model [10]. 2 &

The Curtin model assumes that the force equilibriunr § 300 b v
equation at the matrix crack plane is given by 7 7

200 /-"/’ - BN coated

2 (
= (1- R@n T)T + ()R T)  (14) 4 — uncoated
Ri 100

o

Vs

wherd; (= R;T/2t)isthe effective pulloutlengthL ) . , )
the average pulloutlength, aR2l;, T) the cumulative 0 0.2 0.4 0.6 0.8
probability of fibers broken within the effective pullout
length when the bridging fiber stressTs Then,o is
given by

Strain (%)

Figure 5 Stress-strain curves for composites reinforced with BN-coated
and uncoated fibers.

o 1/T m+1
Zo1hhi-Z(= 15
Vi { 2(%) } (15) 500 15

wherem is a Weibull modulus obtained in single fiber 400 _
tension tests, ang is a representative strength at the e
gage length of R. Then, calculating the maximum 2 1° <
value ofT, the composite ultimate tensile strengths = Z
is given by Z 3
S 200 ] 3

2 Y+l rmaq 9

outs = Vi o — 16
uts =V c<m+2> <m+2> (16) 100
0¢ 0
0 01 02 03 04 05 06

3.5. Average strain
If all matrix crack spacings are assumed to be equal, the
strain between two matrix cracks are equal to the averrigure 6 Experimental results of stress-strain curves and crack density.
age strain in the composite. Considering both bonded

and debonded regions, the average stramthe com-
posite is given by

s:sf—i—Z(/OIASde)/d a7

4. Experimental results

4.1. Composite tensile tests B

The stress-strain curves for two types of composite:

are shown in Fig. 5. Composites with uncoated fibers==

are very brittle without debonding at the tips of ma-

trix cracks and exhibit a linear stress-strain curve up tc

the final fracture. Composites with BN-coated fibers,

on the other hand, show a linear stress-strain curve upgure 7 Photographs of matrix cracks.

to about 200 MPa and becomes quite nonlinear. The

composite ultimate strength and strain are much higher

for composites with BN-coated fibers than those withthe corresponding stress-strain curve for composites

uncoated fibers. The weak interface as introduced bwith BN-coated fibers. The observed matrix cracks are

BN coating is necessary for the improvement of theshown in Fig. 7. An initial matrix crack was observed at

composite strength properties. 192 MPa, which is close to the knee point where non-
linearity appears in the stress-strain curve. The density
of matrix cracks keptincreasing as the applied stress in-

4.2. Matrix cracking behavior creased, and was saturated at about 270-300 MPa. The

The densities of the matrix cracks measured througlaverage crack spacing at the saturation was approxi-

the replica observation are plotted in Fig. 6 along withmately 157um.

Strain (%)

s
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TABLE Il M echanical properties of extracted HI-NICALON SiC TABLE I|II Mechanical properties of consituent materials
fibers

Material properties Values
Fiber statistical properties Values
Fiber modulus with BN coatings 230 GPa
Mean strength 2.4 GPa Matrix modulus,Em 60 GPa
Minimum strength 1.6 GPa Fiber volume fractiony; 0.31
Maximum strength 3.4 GPa Fiber radiusR¢ 8 um
Shape parametan 4.0 Poisson’s ratioys = vm 0.2
Scale parametesy 2.7 GPa Fiber thermal expansion coefficient, 3.10x 1078
Matrix thermal expansion coefficienty, 3.25x 107
Temperature chang&, T —1000°C
S 99 -
~ 8
2 901
=2
ch 70 [ A
s 50 [ - I SRRREE
) ey
230 [ = o
= = o
o > [ 4
° 10 |- & !
o S 4 /,
5} = ’
2 e .
= S ~ e Experiment
2 ) 4 <o
£ 2t ’ - =+ Prediction
Q:) 1 I I,.
| ! N BN A1 I L 1 baa 7
!
100 500 1000 5000 ald . . . .
Stress (MPa) 0.1 0.2 0.3 0.4 0.5 0.6
Strain (%)

Figure 8 Strength distribution of extracted HI-NICALON SiC fibers.

Figure 9 Comparison between predicted and experimental crack densi-
ties.

4.3. Fiber strength tests
The fiber strength distributions of extrated fibers from

the composites are shown in Fig. 8. The strength prop 150 : 1 A naifof saturated
erties and the Weibull modulus are listed in Table II. TR gie=0.ANm T A ek intorval
The mean strength of virgin HI-NICALON! is al- _ —¥— pic=0.8Nm "/

most 2.8 MPa, which is higher than that of the extrated § 100 L [~* gic=1.2Nm ! ‘

fibers. No clear fracture mirrors were not observed orz
fracture surfaces of pull-out HI-NICALON fibers.

[4)]
o

5. Discussion
5.1. Probabilistic prediction of average
matrix crack density

The average matrix crack density predicted by Equa . .

tion 11 is shown in Fig. 9. The _mechar_ucal (_jata of the ?50 500 250 300

composites used forthe prediction are listed in Table lIl. Stress (MPa)

Here the scale parameter and the Weibull modulus o: ‘

the matrix ¢imo=44 MPa,m=1.34) were obtained Figure 10 Predicted debonding length with changigig(r = 7.6 MPa).

from the replica observation results using Equation 10.

However, since these data are calculated from the ex-

perimental data, it should be noted that they may nosliding stress can be estimated by the multiple fracture

be the intrinsic fracture strength of matrix itself. The method [10, 12] using the average matrix crack spacing

prediction agrees well with the experimental data. Theat saturatiorls and given by

model proposed by Vagaggaatial.[8] does not exactly 12

fit the experimental data due to the assumption that no I'm sz EmEfV,2

matrix cracks are generated after a certain saturation =134 T EV:d3 (18)

. c Vi UYs

point. In fact, a few cracks are generated after they tend

to be saturated. wherel', is the fracture energy of matrix. The calcu-
lated r value for composites with BN-coated fibers is
7.6 MPa. The shaded region in Fig. 10 corresponds to

5.2. Determination of interfacial properties the range in a half of the saturated matrix crack spac-

The debonding lengthpredicted by Equation 13 with ing. The Hutchinson and Jensen model does not have

changinggic is shown in Fig. 10. Here the interfacial any stress recovery region of the matrix in the bonding

Debonding lengt
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Figure 11 Axial fiber stress at the matrix crack plane. Figure 12 Comparison between predicted and experimental stress-

strain curves.

region. Therefore, if we assume the matrix crack satour experimental data (shown in Table 1), the compos-
uration occurs when the neighboring debondings conite with those weaker fibers has almost the same ulti-
nect with each other, matrix cracks are saturated whemate tensile strength as our experimental results. Us-
debonding length reaches the shaded region. Since mid the strength data of fibers{= 2.4 MPa) calculated
trix cracks are saturated at about 270-300 MPa, th&0m experimentatyrs (512 MPa), the modified stress-

appropriate value fog is found to be approximately strain curve is also shown in Fig. 12. This results are
0.8 Nntl. similar to experimental results. Thus, the strength data

of fibers in real composites are found to be very impor-
tant factor to predict the stress-strain curve and ultimate
5.3. Fiber stress at a matrix crack plane tensile strength. Further investigation is necessary to es-

The fiber stres3 calculated from the applied stress ~ tablish the way how the strength of HI-NICALON

by Equation 15 is shown in Fig. 11. If no fiber breaks oc-2r€ estimated. _

cur, T is equal tas/ Vi, which is also shown in Fig. 11. Fracture surfaces observed with SEM after the ten-
The arrow in Fig. 11 denotes the stress where matriil€ failure are shown in Fig. 13. Fiber pull-outs can
cracks are saturated (270-300 MPa). The differencB® found in fiber-rich regions more frequently than in
of two curves is very small until 600 MPa, but be- matrix-rich regions. It is considered that an initial ma-
comes gradually larger as the applied stress increasliX crack generated in a matrix-rich region tends to
because some fibers begin to break. The Curtin moddifopagate in a brittle manner and decreases the com-
has been developed only in the strain range after thRosite tensile st_rength. The composite _ultlr_nate tensile
matrix cracks are saturated. However, the Curtin modeftrength can be increased by the reduction in local scat-

can be appropriately used in the stress range where ontﬁr of fiber' spacial distribution in the cross-s_ection as
a few fibers break. well as by improvement of the specimen configuration.

The stress-strain  curve predicted for SiC
(NICALON)/CAS [14]is shownin Fig. 14. The mecha-
nical data of the composites are listed in Table IV.

5.4. Prediction of stress-strain curves , :
The predicted stress-strain curve is shown in Fig. 1Mt should be noted that the strength data of fibers is

Here, to compare with experimental strain obtainea?rbta“m':‘d from another paper [15]. They observed the

. . . acture mirror of the broken fibers and obtaineditu
ifgoé?\,s;rzgl gauge, effective straiy was used and fiber strength parametesg = 2.0 MPa andn=2. The

prediction has a good agreement with the experimental

results.
Eeff = € — 368;- (29)

This analysis used the strength data of fibers extractLABLE 1V M echanical properties of CAS/NICALON composites
ed from the composites as shown in Table Il, and . ierial properties values
7.6 MPa. Predicted and experimental stress-strain

curves are similar until 400 MPa. Howevegts pre-  Fiber modulus with BN coatingz; 195 GPa
dicted by the Curtin model normally provides the 'V!Et”x "‘IOdU'L;S'En) 98 GPa
ideal composite ultimate tensile strength, which isE:bz[‘r’;’d‘iﬂ;‘raCt'onm (7)'25%
larger than the experimentally-obtained tensile strengticson's ratioy = v, 0.2
(512 MPa). Fiber thermal expansion coefficien, 4.0x10°6
This is because the strength data of extracted fiber®atrix thermal expansion coefficient 5.0x 107°
exceed those in real composites. Although the exg‘igﬁpefatture changaT Izloﬁgc
: . Iding stresst a
perimental strength data of fibers (NICALON) [13] Interface toughnessic 5N

(00=1.8 MPa) used by Curtin is much lower than
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Figure 13 Photographs of fracture surfaces.

500 establishing the way to exactly measure the strength
data of fibers in real composites (such as single fiber
400 c_omp_osi_te te;sts_), reducing in Ioc_al scatter of fiber spa-
cial distribution in the cross-section and improvement
R of the specimen configuration.
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3.

The present model is applicable to the other materialsg:
which have the same damage process. In addition, when
the experimental stress-strain curve is obtained, theb.
present model is useful for obtaining micro-mechanical ”-
properties and optimazing the material design. 8.

9.

6. Conclusions 10.
The tensile damage initiation and growth behavior in**

BN-coated HI-NICALON SiC fiber reinforced glass ,,
matrix composites was experimentally clarified by rep-
lica observations. The improved axisymmetric cylindri-

cal model was used to predict the stress-strain behavioﬁ-

and the following conclusions were obtained: The im-
proved axisymmetric cylindrical models with two ma- ;¢
trix cracks predicted the stress-strain curve reasonably
well. The prediction of ultimate tensile strength con-
sidering the fiber strength distribution of the extracted
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