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Simulation of composite fatigue resulting
from chemical attack of bridging fibers
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A numerical simulation that predicted fatigue-like behavior resulting from chemical attack
of bridging fibers in a cracked composite was developed. Chemical attack of bridging fibers
led to mechanical failure of bridging fibers, and a corresponding reduction in the closure
stress. As the closure stress decreased, the crack grew to form new bridging fibers. Crack
growth rates were predicted to increase linearly with increased applied stress, and a fatigue
exponent of 0.62 + 0.06 was predicted. The predicted fatigue exponent was approximately
an order of magnitude less than fatigue exponents reported for SiC/SiC composites in the
literature. The low predicted fatigue exponent may indicate that mechanisms other than
chemical attack of bridging fibers are operable in high-temperature experiments reported
in the literature. © 2000 Kluwer Academic Publishers

1. Introduction composite, and determine if such reaction would result
High specific strength, stiffness, and toughness of cein fatigue-like behavior.
ramic matrix composites make them ideal candidates

for high-temperature structural applications. The resis:
tance of brittle materials to tensile failure is enhance . . ; . . L
he simulation described in this communication mod-

considerably by reinforcing with high strength fibers, eled quasi-static crack growth resulting from chemical

such as SIC fibers. The micromechanisms that lead tglttack of bridging fibers in a rectangular tow that was
improved fracture resistance include microcrack tough- 9ing 9

' ) . . o externally loaded. It was assumed that 492 fibers were
ening, transformation toughening, and fiber bridging [1, ™. " o X
uniformly positioned within a rectangular composite

2]. Fibers br!dglng crack sur_fa_ces ha; been repprted 2 Fibers by 41 fibers). A schematic representation of
a very effective mechanism in improving the resistanc . Y : o
he composite containing a matrix crack and bridging

of b.”“.'e m"?‘tef'a's to failure [l]'. fibers is shown in Fig. 1. Fibers to the left of the crack
Limited lifetimes under applied load and tempera-.. e
tip are bridging fibers.

ture have been experimentally observed for SiC fiber Fig. 2 shows the flow chart of the computer simula-

reinforced ceramic matrix composites [3-8], and >®Vion to model the effect of chemical attack of bridging

eral degradation mechanisms have been identified in: ; : ) .
oS . : ibers. The details of chemical reaction analysis have
cluding fiber/environment reaction, creep, and wear o ; ;

een previously reported [15]. The computer simula-

fiber surfaces during cyclic loading. Microstructural ev- . . . )
. . L X . on was comprised of three main components: prepro-
idence of fiber damage in failed specimens conS|stentf

with chemical attack has been reported [9]. Howevercessor’ crack growth, and chemical reaction. The chem-

: . : - . ical and physical characteristics of individual fibers
only arelatively small fraction of the fibers in any single : L .
; : were determined and verified using Monte Carlo meth-
sample showed evidence of substantial attack.

Chemical reactions of SiC fibers in oxidizing envi- ods. The details of the development and verification of

ronments have been reported [9-14], and were genet[rje Monte Carlo variables has been previously reported

ally related to attack of fiber coatings. Two common 15]. The Monte Carlo parameters used in this siudy are

fiber coatings are carbon and BN. The presence ogiven in Table I. Crack growth was modeled using the

. o . rinciples of fracture mechanics. Bridging fibers car-
golé gg{{;gﬁgﬁcg g,:teacekn \(/)'fr %r;?;ir;]t goa;e%eg?cszggrﬁed loads that diminished the effect of external loads.

at temperatures as low as 40D [9, 13-14]. BN coat- The influence of the bridging fibers was determined

ings that are not fully crystalline have been reportedfrom:

to be susceptible to oxidation at temperate@50°C. Fbridge

The oxidation of fibers has been reported in ceramic Obridge = (12C)(41)2 1)
matrix composites when applied tensile stress are high

enough to result in matrix cracking [14]. The purposeWhereoy,iqge = effective bridging stres$prigge= sum
of this communication is to report the numerical simu-of forces carried by bridging fiber§ = column loca-
lation of chemical attack of bridging fibers in a crackedtion of crack tip,r = mean fiber radius.

. Numerical approach
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TABLE | Monte Carlo variables used in the present study

Standard Weibull Characteristic
Characteristic Mean deviation modulus strength Ref.
Fiber radius 6.9m 1.3um 17,18
Fiber modulus 145 GPa 30 GPa 19
Fiber strength 3.6 1.1 GPa 17,18
Reaction rate 1% per timestep +.1% 15
Force distribution exponent 2 +1 15
Fracture 4.0 MPan!/2 0 MPam?/2 1,2
Toughness
Crack Tip —~ Crack Growth WhereK, = effective stress intensity factafappied=
External ! Diteeton external applied stres¥,= geometry constant(-/? for
SR e I " I an edge loaded surface crack).
fé’fﬁ’l;fl‘;:’ The stability of the crack was determined by compar-
Side View ing the stress intensity factor to the fracture toughness
II | I I using the following stability conditions:
T\ Stable—no crack extension expected
Bridging Fibers : / ey Unstable—crack extension expected
sy I
copooee .
:;E;;;: If the crack was determined to be unstable, the crack
bt i ﬁ 12fibers  length was increased by one column, and twelve new
B b bridging fibers were created. Additional bridging fibers
§:§ se EE decreased the effective stress intensity even though the

«— 4l fibers ——

crack length increased slightly. This process was re-
peated until the crack was stable.

Figure 1 Schematic representation of composite system containing ONCe crack stability was attained, the bridging fibers

crack bridged by fibers.

were chemically attacked. This chemical attack resulted

in a reduction in radii of bridging fibers. The mechan-
ical stability of individual fibers was determined by

i _, Generate Monte

: Carlo \1ariables
Check Generation

and Correlation

comparing the fiber stress to the fiber strength [15].
As bridging fibers failed, the load was redistributed to
remaining fibers based on position [15]. The combina-
tion of crack growth to maintain stability and chemical

reaction of bridging fibers was repeated until all fibers

failed. It should be noted that the matrix was assumed

Crack Growth

> Check Crack Stability

Check Fiber \ :
Stability < A% 1 YS  No

Increment Crack |

Length
No Yes

Redistribute Loads
to Unbroken Fibers

Timestep variable is
incremented each time

i 1 Reaction
subroutine is called.

Environmental Reaction —»> el
Stresses

Chemical Reaction

Figure 2 Flow chart of computer simulation of chemical attack of bridg-
ing fibers showing the relationship between the three components.

3. Results

. i The number of simulation results necessary to pro-
l vide meaningful information is always a concern with
‘ Monte Carlo simulations. The rate of convergence of
the simulation reported in this study was determined,
and is shown in Table Il. The simulation converged
very rapidly, and a set of 5 simulation results provided
information equivalentto a set of 100 simulation results.

to be non-load bearing, and load from failed fibers was
distributed only to fibers. This assumption simplified
the computer simulation described in this study.

TABLE Il Test for convegence of simulation used an applied stress
of 10% of the characteristic fiber strength

A planar crack front and a uniform fiber spacing of Number of simulation Mean Standard deviation
twice the mean fiber diameter was assumed in the deresults lifetime of lifetime
velopment of Equation 1. The effective stress intensity 1a4a 104
factor for the cracked composite was calculated from: 25 144.9 105

50 145.9 13.0
= 1 144.1 10.
Ki = Y(Uapplied - Gbridge) VamrC (2 00 08
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Figure 3 Typical results for an individual simulation of crack growth in 1 : L = r = = = e -
1

a composite resulting from chemical attack of bridging fibers.

Figure 4 Mechanical state of fibers on initial mechanical loading with
no chemical reaction.

Therefore, all data sets described in this communication
were pased on5 simulgtiqn runs. . Crack Tip e

Typical results for an individual simulation are shown \ Direction —————>
in Fig. 3 with crack position (column position of crack 12
tip) plotted as a function of timestep (number of it- 11
erations through the environmental reaction subrou- 10
tine). Several distinct regions are apparent in Fig. 3.Bridsing o

. . Zone
At low numbers of timesteps, the crack position is con-
stant. This region was labeled incubation, and resultec
from an initial amount of chemical reaction necessary
to cause the failure of sufficient bridging fibers. Only
after sufficient bridging fibers had failed did the crack
extend due to instability. The second region was the
crack growth region, and was observed as in increase
in crack position as a function of timestep. During this
crac!< growth reg-ion’ the crack e_xte_ndec_j asa reSUIte-d OFfigure 5 Mechanical state of fibers at an intermediate stage (after chem-
Con_tmued chemical attack of bridging fibers. The thlrdical attack of bridging fibers has resulted in crack growth).
region occurred once the crack extended completely
across the composite (crack position of 41). During this
third stage, known as complete bridging, the two crack Crack Tip\
surfaces were held together by any fibers that remained ' ' ' ' ‘ '
The simulation then continued chemical attack of all re-
maining fibers until all fibers had failed. The lifetime
of the composite was determined as the point where all
fibers failed. Typically, the incubation period lasted for
25-75 timesteps, and complete bridging occurred aftel
approximately 10% of the fibers failed.

Fig. 4 shows the mechanical state of fibers on ini-
tial mechanical loading after crack stability has been
attained at the beginning of the incubation stage (no
chemical attack of bridging fibers). The triangular re- ; \ /
gions indicate broken fibers. The initial mechanical e & o B
loading had the effect of breaking the weak fibers in
the composite, and it was expected that 1-2 percent dfigure 6 Mechanical state of fibers in the region of complete bridging.
fibers would fail on this initial loading [16]. The posi-
tion of broken fibers was random throughout the com-
posite, and this random fiber failure was expected fronfailed. A larger fraction of the fibers in the original
a Monte Carlo approach [15]. The crack tip (dashedbridging zone near the left-hand edge have now bro-
vertical line) was set initially to 10% of the composite ken. Additional fibers ahead of the crack tip have bro-
dimension, and this system was determined to be stabl&en. Itis interesting to note that fibers ahead of the crack
All fibers to the left of the dashed were bridging fibers. are not exposed to the environmental reaction and have

Fig. 5 shows the mechanical of fibers at an intermebroken from purely mechanical response.
diate stage in the crack growth region, with the crack Fig. 6 shows the mechanical state of the fibers at the
tip position approximately one-third of the way acrossonset of the complete bridging stage, and the crack tip
the composite and approximately 5% of the fibers haveposition was column 41. All fibers were now bridging
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Figure 7 Effect of applied stress on the length of the incubation stage.Figure 9 Fatigue plot of simulation results for chemical attack of bridg-
The data points are the average of 5 simulation results and the error baig fibers. The data points are the averages of 5 simulation results and
are standard errors of the mean. the error bars are standard errors of the mean.

fibers, and all fibers were exposed to the environmentahigh crack growth rates for these stress levels is thought

reaction. Approximately 10% of the fibers have failed, to result from significant chemical attack of bridging

but a region of complete failure now exists in the origi- fibers prior to the onset of crack growth.

nal bridging zone near the left edge. For the remainder Fatigue behavior is typically demonstrated by the fol-

of the lifetime, crack extension had completed, and théowing characteristic equation:

composite behavior was dominated by fiber reaction

and corresponding failure [15]. tite = A(Gapplied” A3)
The effect of applied stress ranging from 6.5% to

15% of the characteristic fiber strength on the length o T R o

the incubation stage is shown in Fig. 7. Long incuba—(/\/he.ret“fe N I|fet_|me,_ A=fatigue constantgappiiea=

. . 2 . . applied stresg) = fatigue exponent.

tion periods and highly varlab_le lengths were evident The simulation results for applied stress levels rang-

at the two lowest levels of applied stress. At higher Iev-ing 6.5% to 15% of the characteristic strength are plot-

els of applied stress, the length of the incubation stag? d in Fig. 9 according to the linear transformation of
gradually decreased in a linear manner with increaseéquation 3 The Fatigue exponent was calculated to be
applied stress. In addition, t_he length .Of the incubatio .62+ 0.06lwith anR? value of 0.95. While simulation
stage was much more consistent at higher levels of AResults indicate fatigue-type behavior was predicted for
pl'e.d stress. . chemical attack of bridging fibers, the predicted fatigue
Fig. 8 shows the effect of applied stress on the Cradéxponent was approximately an order of magnitude

growth rate in the crack growth region. Relatively high lower than those observed experimentally observed for

crack growth rates were predicted for the two lowes iC/SiC composites [5, 6]. Three possible explanations
stress values. At higher stress values, the crack grow

. . . 2 = "1or the difference in predicted and observed fatigue ex-
rates increased in a gradual linearly manner with in-

; onentexists. First, the simulation reported in this study
creased stress levels. Since the two lowest stress Va|u§§sumed that the matrix phase did not carry mechanical
resulted in a prolonged incubation stage, the relativel)f

oad, i.e. all load was carried by fibers. In SiC/SiC com-
posites, the matrix phase can indeed will carry some of
the applied load. Second, a simple model of the effect
of bridging fibers was used in the present study. A non-
linear effect based on the strain in individual fibers [1,
2] may be more appropriate. Third, additional mechan-
ical response mechanisms, i.e. creep, may be operable
in SiC/SiC composites.

4. Conclusions
A numerical simulation predicted that fatigue-like be-
havior would result from chemical attack of bridging
fibers in a cracked composite. Monte Carlo techniques
were use to develop fiber characteristics, and stochas-
0.07 009 o 043 0415 tic parameters were based on reported literature values.
Fraction of Characteristic Strength The rate of reaction with environmental species was
Figure 8 Effect of applied stress on the crack growth rate in the crackChosen_ at a Iev_el to Perm't obs_ervatlon of flbe,r ffr’“l_
growth stage. The data points are the averages of 5 simulation resud’€ during the simulation. Chemical attack of bridging
and the error bars are standard errors of the mean. fibers led to mechanical failure of bridging fibers, and

Crack Growth Rate (columns per timestep)
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a corresponding reduction in the bridging stress. As the

bridging stress decreased, the crack grew to form news.

bridging fibers. Crack growth rates were predicted to
increase linearly with increased applied stress. Crackg
growth was typically observed when approximately
5% of the fibers had failed, and crack growth contin-

ued until the crack extended throughout the compos-7-

ite. At this point, the crack surfaces were completely
bridged, and the composite behavior was dominated

by chemical reaction of all remaining fibers. Approxi- g

mately 10% of the fibers had failed at the development

of a completely bridged crack. A fatigue exponent of 9.

0.62+0.06 was predicted. This predicted fatigue ex-
ponent was approximately an order of magnitude less

than fatigue exponents reported for SiC/SiC composq.
ites. The lower predicted fatigue exponent may indicatei2.

that other mechanisms are operable in high- temperature
experiments reported in the literature.

14.

15.
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