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Abstract

The effects of matrix cracking, fiber/matrix interfacial debonding and fiber fracture on the nonlinear constitutive
behavior of SiC/SiC minicomposites were studied. An in-situ tensile test was performed to detect the matrix cracking
in real time. The macroscopic tensile test was also performed on the SiC/SiC minicomposites to obtain their stress-
strain responses. Based on the test results, models of these types of damage were developed. The shear-lag model was
adopted to simulate the stress-strain response of SiC/SiC minicomposites. The contributions of these types of damage
to the nonlinearity were discussed. The experimental and numerical results showed that fiber fracture occurs near
the ultimate stress of minicomposites and that the nonlinear behavior of SiC/SiC minicomposites is primarily caused
by matrix cracking and interfacial debonding. In addition, the mechanical behavior will recover its linearity after the
saturation of matrix cracks and the complete debonding of the interface.
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I. Introduction

Owing to their excellent mechanical behavior at elevated
temperatures, SiC/SiC composites are the materials with
the highest potential for use in high-temperature parts of
aeronautical vehicles 1. The SiC/SiC minicomposite is de-
fined as the combination of a SiC fiber bundle, the SiC ma-
trix that surrounds the fibers and the interface between the
SiC fiber and the matrix 2. The minicomposite is the most
important component of the SiC/SiC composite because
it bears most of the external load 3-7. Moreover, since the
composite can be seen as reinforced by the minicomposite,
its mechanical behavior is influenced by that of the mini-
composite. Thus, inrecent years, the mechanical behaviors
of minicomposites have received substantial attention.

Sauder 8, Jacques?, Morscher 10 and Bertrand 11 per-
formed tensile tests on minicomposites and found that
they had a nonlinear constitutive behavior. In addition,
they found that there is a second linear region after the
nonlinear region on the stress-strain curve. For a bet-
ter understanding of the nonlinear constitutive behavior,
some researchers have studied the microscopic damage of
minicomposites upon loading.

Chateau et al. 12 observed matrix cracking at various
strain states using an in-situ scanning electron micro-
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scopic (SEM) tensile test. They also observed a few fiber
failures using an in-situ X-ray microtomography tensile
test 13. Maillet et al. 1# proposed a testing protocol that
combines acousto-ultrasonics (AU) and acoustic emis-
sion (AE) monitoring and provided a global measure of
matrix cracking damage. Jacques et al. ? found debonding
in the fiber/matrix interface based on SEM observation of
the failure surfaces of minicomposites.

In these works, it was observed that matrix cracking,
fiber/matrix interfacial debonding and fiber fracture were
the primary damage patterns for minicomposites. Howev-
er, effects of these forms of damage on the nonlinearity of
minicomposites were not studied due to a lack of damage
models.

Other researchers focused on the effects of constituents
on the mechanical behavior of minicomposites. Sauder et
al. 8 studied the influence of interface characteristics on
the mechanical properties of minicomposites. Morscher et
al. 19 studied the mechanical behaviors of minicomposites
reinforced by several types of SiC fibers. They found that
fibers affect the ultimate strength, the strain to failure and
the interfacial shear strength of minicomposites.

However, constituent properties have no direct connec-
tion to the damage patterns and therefore these works have
not revealed the amount that these damage patterns con-
tribute to nonlinearity. This is important to better under-
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stand and model the damage of minicomposites. More-
over, the cause of the second linear region has not been
demonstrated theoretically.

In the present study, the effects of matrix cracking, in-
terfacial debonding and fiber fracture on the nonlinearity
of SiC/SiC minicomposites were studied. An in-situ ten-
sile test was performed to detect the matrix cracking in real
time. The macroscopic tensile test was also performed on
the minicomposites to obtain their stress-strain responses.
Based on the test results, the models of these types of dam-
age were developed, and the contributions of these types
of damage to the nonlinearity were discussed. A compari-
son of the stress-strain responses of different fiber fracture
processes showed that the fiber fracture occurred almost
simultaneously in the present study, which was not the
same as the phenomenon observed in the mentioned stud-
ies. Both the experimental results and the theoretical cal-
culation indicated that fiber fracture does not contribute
to the nonlinear behavior of the present minicomposites
and that the nonlinear behavior is mainly caused by ma-
trix cracking and interfacial debonding. In addition, it was
demonstrated that the mechanical behavior will recover
its linearity (the second linear region on the stress-strain
curve) after the saturation of matrix cracks and the com-
plete debonding of the interface.

II. Materials and Experimental Procedure

(1) Materials

The SiC/SiC minicomposites were provided by the In-
stitute of Metal Research, Chinese Academy of Sciences.
The samples were manufactured using the chemical vapor
infiltration (CVI) process, which deposited the pyrocar-
bon interphase and SiC matrix onto the SiC fiber bundle.
The material property data of the samples are listed in Ta-
ble 1.InTable 1, the subscripts f and m denote the fiber and
matrix, respectively. In addition, £ is the elasticity modu-
lus, v 1s the volume fraction, ais the coefficient of thermal
expansion, 7 is the diameter of SiC fiber and AT is the varia-
tion between room temperature and the operation temper-
ature. Note that in Table 1, the volume fraction vfand v,
were determined from the mass of each constituent. E{was
obtained with the tensile test on the SiC fiber bundle, E
was obtained with the nanoindentation experiment and r¢
was measured by means of SEM. The standard deviations
of these parameters are also provided to reflect the scatter.
ag, ap, and AT were quoted from the literature 8,15,

Table 1: Material properties of SiC/SiC minicomposites.
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(2) Tensiletest

A unidirectional tensile test on the SiC/SiC minicom-
posites (Fig. 1) was performed at room temperature un-
dera constant displacement rate of 0.05 mm/min. The load
was measured by a 300-N load cell, and the deformation
was measured with an extensometer with a 25-mm gauge

length.

Load cell

Minicomposite

Fig. 1: Tensile test of the SiC/SiC minicomposites.

(3) Real-time matrix crack detection

Real-time matrix crack detection was conducted using
the in-situ tensile test. The minicomposite sample (with
a 25-mm gauge length) was clamped in a specific load-
ing apparatus that could hold the sample and measure the
load. The loading equipment was placed below the lens of
a digital microscope (Fig. 2). The tensile process was in-
terrupted at various loads to observe and record the num-
ber of matrix cracks until the ultimate failure. At each step,
the load was measured using the load cell and the matrix
cracks were observed through the digital microscope. The
present study was focused on the gauge length, which al-
lowed the observation of a significant number of matrix
cracks. After the number of the matrix cracks was counted,
the tensile process was continued. On the basis of the di-
vision of the number by the gauge length, the matrix crack
densities under different stress levels can be obtained.

Item Mean value Staqd%rd Item Mean value Standard deviation
deviation

E¢/GPa 160 7.0 E /GPa 190 22.7

v 0.23 0.03 . 0.77 0.03

af/x1076/°C 3.1 - a,/%x1076/°C 4.6 -

re/pm 6.5 0.12 AT/°C -1000 .
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Fig. 2: Real-time matrix crack detection.

III. Modeling of the Micro-Damage
(1) Interfacial debonding

Owing to its low fracture toughness, the ceramic matrix
first cracks under the tensileload. In the plane of the matrix
cracks, the fiber carries the entire load, which causes fiber/
matrix interfacial debonding to occur near the plane of the
matrix cracks. In the debonded region, the interfacial shear
stress tis constantand transfers the normal stress back into
the matrix. According to the shear-lag model 16,17, 18 the
distribution of the fiber’s normal stress in the debonded
(L/2-d<|x|<L/2) and bonded (|x|<L/2-d) regions is shown
in Fig. 3 and described by Eq. (1).

E+E(X_%)’ L/2-d < |x|<L/2

— A% r
of(x)=q ¥t M (1)
Oto» x| <L/2-d
o
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1 \ X
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Fig. 3: Stress distributions in the debonded and bonded regions.

In this equation, L is the matrix crack spacing, i is the
normal stress if the composite is undamaged and d is the
length of the debonded region.

Ofp = g—ic +E; (o - ap)AT (2)
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d=3t <§’f —%) ©)

where E . is the composite elasticity modulus and «, is the
composite coefficient of thermal expansion.

Ec=viEf+VvinEn 4)
oeViEr + 0 VimEm
O = fVELAf T (5)

As shown in Eq. (3), the length of the debonded region
increases with the increase in the applied stress until the
interface is debonded completely, i.e. d = L/2. When the
interface is debonded completely, the stress distribution is
expressed as follows:

oi(x)= 2+ 2 ( I;) X <172 ©)
f

(2) Fiber fracture

Fig. 4 shows the stress-strain curve of SiC/SiC minicom-
posites obtained with the above tensile test. The curve
can be divided into three regions: the initial linear elas-
tic region, the nonlinear region and the second linear re-
gion. The stress range of the nonlinear region is approx-
imately 75 ~ 200 MPa. In contrast to the results of previ-
ous studies 19,20, a second nonlinear region was not ob-
served before the fracture. This result shows that the grad-
ual fiber fracture is not obvious for the minicomposites in
the present study. A detailed analysis regarding the effects
of the fiber fracture is presented in the Section Effects of
fiber fracture.

Fig. 4: The stress-strain curve of the SiC/SiC minicomposites.

The fiber fracture process is well described by the
Weibull distribution 21. For a two-parameter Weibull dis-
tribution, the percentage of fractured fibers Pis as follows:

P:l—exp{—((?f) ] 7)
0

where 6} and mare the statistical parameters. Once a fiber
is fractured, it is no longer capable of carrying the load.
Therefore, the volume fraction of fibers can be regarded as
(1-P)vg.
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(3) Matrix cracking

The matrix crack densities (number of matrix cracks per
unit length) under different loading levels can be obtained
by means of the above real-time matrix crack detection.
Fig.5 shows a representative image of matrix cracks ob-
served with a digital microscope.

200 pm

Fig. 5: A representative image of the matrix cracks.

The matrix crack densities under different stress levels
are presented in Fig. 6. The evolution rate of the matrix
cracks initially increases and then decreases as the satura-
tion of the cracks (i.e., when the crack density remains un-
changed) is reached rapidly. The stress range for the matrix
cracks to propagate rapidly in Fig. 6 is 75 ~ 200 MPa. Note
that this range is also the range of the nonlinear region of
the stress-strain curve (Fig. 4). This result shows that the
nonlinearity of the unidirectional tensile behavior is relat-
ed to the evolution of matrix cracks.

Fig. 6: The crack density versus applied stress plot.

There are some failure criteria in the literature 16,22 24
for modeling the matrix cracking process. In the present
study, matrix cracking models are also based on the
Weibull distribution. The matrix crack density at the ap-
plied stress o can be expressed as follows:

{3 ] o
0
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where m,, and 6 are the statistical parameters, and D, is
the final density when crack saturation is reached. In the
present study, m, =5,=160 MPaand D, =2.5 mm-1. As
shownin Fig. 7, the predicted crack density versus applied
stress plot matches well with the empirical data.

Fig. 7: The predicted crack density.

IV. Results and Discussion

(1) Stress-strain response

The minicomposites’ average strain € can be seen as
equivalent to the average strain of the undamaged fibers
&.

S

2 L/2
“EL /O S(x)dx + (04 - 0 )AT

2 L/2-d L/2 o m L
“EL [/o oodcs [ (v+ 5 (+3)) d"] ®

+ (04 - 0 )AT
2
“EL [ d—r d? + o (— d)} + (alpha; - 0. )AT

When the interface is completely debonded, the average
strain is expressed as follows:

Ec=€¢

L/2
:EZ_L / G(x)dx + (0 - 0 )AT

L/2 ) ZTC
EfL/ [ Vi orp (X_

+ (04 - 0 )AT

Y] e e -aa 1o

VfEf erE

The stress-strain response can be calculated using Egs.
(9) and (10). The percentage of fractured fibers P and the
matrix crack spacing L are determined with the models
in Sections Fiber fracture and Matrix cracking. As shown
in Eq. (10), t can be determined from the intercept of the
second linear region. In the present study, t = 15 MPa.
For the fiber fracture model in the present study, 65 and
mg=24. A comparison between the stress-strain response
determined with the presentanalysis and the experimental
results under monotonicloadingis presented in Fig. 8. The
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present analysis and the experimental values are in good
agreement.

Fig.8: The predicted stress-strain response and the experimental
results.

The first turning point in the stress-strain curve occurs
near o=75MPa, followed by a decrease in stiffness, which
is caused by the propagation of matrix cracks. The second
turning point is near ¢ =200 MPa, and then, the stress-
strain curve recovers its linearity due to the saturation of
matrix cracks and the completely debonded interface.

(2) Effects of fiber fracture

To verify the effects of fiber fracture, the stress-strain re-
sponses of different o} values are presented. As shown in
Fig. 9, the fiber fracture has no effect on the first nonlinear
region and primarily affects the second nonlinear region.
With a high of, the second nonlinear region is not obvi-
ous because all the fibers fracture almost simultaneously.
This result also indicates that the fiber fracture does not
contribute to the nonlinearity of minicomposites in the
present study.

Fig.9: The stress-strain responses of different fiber fracture pro-
cesses.

(3) Effects of matrix cracking

The stress-strain responses of different saturated matrix
crack densities are calculated. As shown in Fig. 10, the
nonlinearity is not obvious with alow crack density. With-

out matrix cracking (D,=0), the minicomposites will re-
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main linear until they reach the ultimate strength; thus,
the matrix cracking substantially contributes to the non-
linear constitutive behavior of minicomposites. Note that
for Dg,; = 2.5 mm-! and Dy, = 4 mm-1, the slopes of the
second linear regions are the same because the slope will
recover to v{Ey after the interface is debonded complete-
ly, as shown in Eq. (10). For D, = 0.4 mm-1, the interface
will not be debonded completely before reaching the ul-
timate strength due to the relatively longer crack spacing.
Therefore, Eq. (10) is not valid, and the slope of the stress-
strain curve will not recover to v¢Ey.

Fig. 10: The stress-strain responses of different saturated matrix
crack densities.

(4) Effects of interfacial debonding

Eq. (3) indicates that the debonded length is inversely
proportional to the interfacial shear stress. To verify the
effects of interfacial debonding, the stress-strain respons-
es of different interfacial shear stresses are presented in
Fig. 11.

Fig. 11: The stress-strain responses of different interfacial shear
stresses.

As shown in Fig. 11, the nonlinearity is not obvious with
a high interfacial shear stress. When the interfacial shear
stress tends to infinity, the debonded length is as follows:

_4 (O __ 4 (O -
d_ZTF (Vf GfO) ~ 2(c) (Vf GfO) =0 (11)
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The minicomposite average strain determined with
Eq. (9) is as follows:

€= EfL { d——d2+csfO (——d)} + (0 - 0 )AT

= E—f + (0 - 0 )AT
1
TE
c
E.

Eq. (12) demonstrates that the constitutive behavior will
always be linear when there is no interfacial debonding
(i.e. the interfacial shear stress tends to infinity). Thus,
the interfacial debonding substantially contributes to the
nonlinear constitutive behavior of the minicomposites.

E, (12)
[E o+ E¢(o. - oaf)AT] + (0 - 0 )AT

V. Conclusions

When under loading, SiC/SiC minicomposites exhibit a
nonlinear behavior along with matrix cracking, fiber/ma-
trix interfacial debonding and fiber fracture. To study the
effects of these forms of micro-damage on nonlinearity,
a macroscopic tensile test was performed on the SiC/SiC
minicomposites. Real-time matrix crack detection was al-
so conducted using an in-situ tensile test. Based on the test
results, the characteristics, models and effects of these mi-
cro-damages were discussed.

The following conclusions were drawn regarding the ef-

fects of these forms of micro-damage on the nonlinearity

of SiC/SiC minicomposites:

1) Fiberfracture has no effect on the first nonlinear region
of the stress-strain curves and primarily affects the sec-
ond nonlinear region. A comparison of the stress-strain
responses of different fiber fracture processes showed
that all the fibers fractured almost simultaneously in
the present study. Thus, fiber fracture does not con-
tribute to the nonlinearity of the present minicompos-
ites.

2) Without matrix cracking, the minicomposites will re-
main linear until they reach the ultimate strength. This
behavior indicates that the matrix cracking process
contributes to the nonlinear constitutive behavior of
minicomposites.

3) The interfacial debonding also contributes to the non-
linearity because the constitutive behavior is always
linear when there is no interfacial debonding.

4) The mechanical behavior will recover its linearity af-
ter the saturation of matrix cracks and the complete
debonding of the interface.

Acknowledgements

This work was supported by the National Natural Sci-
ence Foundation of China [51575261], the Aeronautical
Science Foundation of China [2015ZB52015], the NUAA
Fundamental Research Funds [INS2013022], the Fun-
damental Research Funds for the Central Universities
[NZ2014402], the Funding of Jiangsu Innovation Pro-
gram for Graduate Education [KYLX_0300], the Funda-
mental Research Funds for the Central Universities and
the Priority Academic Program Development of Jiangsu
Higher Education Institutions.

Vol. 7, No. 4

References

1

10

11

12

13

14

15

16

17

18

Naslain, R.: Design, preparation and properties of non-ox-
ide CMC:s for application in engines and nuclear reactors: an
overview, Compos. Sci. Technol., 64, 155170, (2004).

Naslain, R., Lamon, J., Pailler, R., Bourrat, X., Guette, A.,
Langlais, F.: Micro/minicomposites: a useful approach to the
design and development of non-oxide CMCs, Compos. Part
A., 30, 537-547, (1999).

Gélébart, L., Chateau, C., Bornert, M., Crépin, J., Boller, E.:
X-ray tomographic characterization of the macroscopic poros-
ity of chemical vapor infiltration SIC/SIC Composites: effects
on the elastic behavior, Int. J. Appl. Ceram. Tec., 7, 348 - 360,
(2010).

Xu, YJ., Zhang, W.H., Domaszewski, M.: Microstructure
modelling and prediction of effective elastic properties of 3D
multiphase and multilayer braided composite, Mater. Sci. Tech-
lond., 27, 12131221, (2011).

Yanjun, C., Guigiong, J., Bo, W., Wei, L.: Elastic behavior anal-
ysis of 3D angle-interlock woven ceramic composites, Acta.
Mech. Solida. Sin., 19, 152-159, (2006).

Tang, C., Blacklock, M., Hayhurst, D.R.: Stress-strain re-
sponse and thermal conductivity degradation of ceramic ma-
trix composite fiber tows in 0—90° uni-directional and woven
composites, J. Compos. Mater., 45, 1461 —1482, (2011).

Morscher, G.N.: Modeling the elastic modulus of 2D woven
CVI SiC composites, Compos. Sci. Technol., 66, 28042814,
(2006).

Sauder, C., Brusson, A., Lamon, J.: Influence of interface char-
acteristics on the mechanical properties of hi-nicalon type-S or
Tyranno-SA3 fiber-reinforced SiC/SiC minicomposites, Int. J.
Appl. Ceram. Tec., 7, 291-303, (2010).

Jacques, S., Lopez-Marure, A., Vincent, C., Vincent, H.,
Bouix, J.: SiC/SiC minicomposites with structure-graded BN
interphases, J. Eur. Ceram. Soc., 20, 19291938, (2000).

Morscher, G.N., Martinez-Fernandez, J.: Fiber effects on
minicomposite mechanical properties for several silicon car-
bide fiber-chemically vapor-infiltrated silicon carbide matrix
systems, J. Am. Ceram. Soc., 82, 145—155, (1999).

Bertrand, S., Forio, P, Pailler, R., Lamon, J.: Hi-Nicalon/SiC
minicomposites with (Pyrocarbon/SiC)n nanoscale multilay-
ered interphases, J. Am. Ceram. Soc., 82, 2465 -2473, (1999).

Chateau, C., Gélébart, L., Bornert, M., Crepin, J., Calde-
maison, D., Boller, E., et al.: Experimental characterisation of
damage in SiC/SiC minicomposites, EP] Web of Conferences.,
6, 20002, (2010).

Chateau, C., Gélébart, L., Bornert, M., Crépin, J., Boller, E.,
Sauder, C., et al.: In situ X-ray microtomography character-
ization of damage in SiCf/SiC minicomposites, Compos. Sci.
Technol., 71, 916 —924, (2011).

Maillet, E., Godin, N., R’Mili, M., Reynaud, P., Fantozzi,
G., Lamon, J.: Damage monitoring and identification in SiC/
SiC minicomposites using combined acousto-ultrasonics and
acoustic emission, Compos. Part A., 57, 8—15, (2014).

Solti, J.P.,, Robertson, D.D., Mall, S.: Estimation of interfa-
cial properties from hysteretic energy loss in unidirectional ce-
ramic matrix composites, Adv. Compos. Mater., 9, 161173,
(2000).

Lissart, N., Lamon,].: Damage and failure in ceramic matrix

minicomposites: experimental study and model, Acta. Mater.,
45, 1025-1044, (1997).

Curtin, W.A., Ahn, B.K., Takeda, N.: Modeling brittle and
tough stress-strain behavior in unidirectional ceramic matrix
composites, Acta. Mater., 46, 3409 —3420, (1998).

Chongdu, C., Holmes, J.W., Barber, J.R.: Estimation of inter-
facial shear in ceramic composites from frictional heating mea-
surements, J. Am. Ceram. Soc., 74, 2802 —2808, (1991).



December 2016

19

20

21

Chateau, C., Gélébart, L., Bornert, M., Crépin, J., Caldemai-
son, D., Sauder, C.: Modeling of damage in unidirectional ce-
ramic matrix composites and multi-scale experimental valida-
tion on third generation SiC/SiC minicomposites, J. Mech.
Phys. Solids., 63, 298319, (2014).

Curtin, W.A., Ahn, B.K., Takeda, N.: Modeling brittle and
tough stress-strain behavior in unidirectional ceramic matrix
composites, Acta. Mater., 46, 3409 -3420, (1998).

Weibull, W.: A statistical distribution function of wide applica-
bility, J. Appl. Mech-T ASME., 18, 293297, (1951).

Effects of Micro-Damage on the Nonlinear Constitutive Behavior of SiC/SiC Minicomposites

22

23

24

347

Carpinteri, A., Spagnoli, A., Vantadori, S.: A fracture mechan-
ics model for a composite beam with multiple reinforcements
under cyclic bending, Int. J. Solids. Struct., 41, 5499-5515,
(2004).

Gao, X., Zhang, S., Fang, G., Song, Y.: Distribution of slip
regions on the fiber-matrix interface of ceramic matrix com-
posites under arbitrary loading, J. Reinf. Plast. Comp., 34,
1713 -1723, (2015).

Curtin, W.A.: Multiple matrix cracking in brittle matrix com-
posites, Acta. Metal. Mater., 41, 1369—-1377, (1993).






