Functional Materials 12, No.3 (2005)

A theoretical model for calculation
of biphase composite failure energy

A.Yu. Popov, 1.F. Kazo, V.A. Makara

T.Shevchenko Kyiv National University,
64 Volodymyrska St., Kyiv, Ukraine

Received December 24, 2004

A conjunction of two approaches to the estimation of composite material strength
characteristics is reported. The first approach is based on taking into account the influ-
ence of crack front bending between two stoppers (delay sites). In this case, the strength
is increased because of the additional energy expenditure for the crack front elongation.
The second approach is based on the evaluation of the influence of physical and mechanical
characteristics of both phases as well as upon the character of the stopper overcoming. The
presented model has been used to calculate the failure energy of Si;N,-SiC composite with
different grain size ratios.

B pa6oTe mpexcraBieHo o0heluHeHNe ABYX IIOAXOLOB K OlleHKe IPOYHOCTHLIX XapaKTe-
PUCTHE KOMIIO3UIIMOHHLIX MaTepuajioB. IlepBBIfl NOAXOJ OCHOBAH HA Yy4yéTe BLITMOAHHUS
(ppoHTA TPENUHLI MEMXAy IBYyMsS MeCTAMH 3aJep:KKH (cTomopamu). IIpuw 5TOM IPOYHOCTL
NOBLINIIAETCA B pPe3yJbTaTe JO0ABOUYHLIX JHEPreTHYEeCcKUX 3aTpaT Ha yAJIuHeHue (PpPOHTa.
CyIIIHOCTL BTOPOrO IIOAXOLA 3aKJIIUAETCA B YUETEe BIUAHUA MeXaHUUeCKUX XAPaKTEePUCTHUK
obenx (az Ha XapaKTep IPEOJOJEeHHs TPEIUHON cTomopoB. IlpencTaBieHHas MOJeNb ILC-
[OJTB30BAHA JJIfl OIEHKY SHepruu paspyuieHns KommosuTa SigN,-SiC ¢ pasmeiMu coorHOIIe-
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HUAMY PasMepoB 3epeH obeux das.

The majority of composite fracture
toughness and failure energy calculations
[1-3] is based on consideration of a crack
with direct front which progressively
crosses different grains. On the other hand,
F. Lange [4] analyzing a microphoto of a
MgO single crystal failure surface, judges
that a crack front becomes curved between
the delay places before the final failure.
The size of that bend has offered the basis
for a model according to which the "over-
coming” of delay sites by a crack occurs
when the crack front between two delay
sites (stoppers) reaches the semicircular
shape. In [5], an attempt has been made to
estimate mechanical characteristics of the
stoppers. In this work, an attempt is made
to associate the approaches taken from [4]
and [5] and the model is proposed for calcu-
lation of failure energy for a biphase com-
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posite where the crack can be curved be-
tween the delay sites which have different

sizes and certain mechanical characteristics.
Let us consider a crack in a material

with structure parameter D under loading
(Fig. 1). Integrating the expression for elas-
tic energy density (W = 62/2E) in the vicin-
ity D of a crack front, we obtain an expres-
sion for elastic strain energy:

oaLDK? (1)
TL=—p—

where L is the crack front length; T, the
elastic straining energy of the material per
unit front length; E, Young modulus for

the material; o~ 9/16.
The material failure before the crack

front will take place when the stress inten-
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Fig. 1. A crack tip.

sity coefficient reaches the critical size
K]. = ch. Thus,

T, = aDyg,

where yo = K%/E is the failure energy per

unit surface area of the material. In other
words, for failure, the accumulation of elas-
tic energy is necessary "on the area”
S = LD before the front,

T.L = aSy. (2)

Let obstacles be exist before the crack
front, the sizes thereof being 2d, the aver-
age spacing of the obstacles being L. Ac-
cording to [4], the front line bends between
the obstacles (the front length f will in-
crease up to L;) before the failure begins. It
is clear that the bending will take place
when the stress intensity coefficient be-
comes sufficient for the matrix phase fail-
ure but insufficient to overcome the obsta-
cles. During the crack front bending, en-
ergy is spent not only for formation of the
failure surface, but also on the front elon-
gation, and thus, linear elastic energy T,
increasing, then:

where 7y, is the matrix phase failure energy

without taking the bending into account; yj,

the effective failure energy of the matrix
phase in view of additional energy for the
bending dissipation. The crack front shape
between stoppers is shown in Fig. 2. For the
crack front propagation between the delay
sites, it is necessary that the elastic energy
value on a site in width D before the front
had become:
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Fig. 2. Form of a crack front in matrix.

Tqly = aSyvi- (4)

Then the effective value of matrix fail-
ure energy from (3) and (4) is:

Nn=r1+aSyi/ LR =>1i= (5)

Let us consider that the delay site has
spherical shape of radius d and mechanical
characteristics E,, v5, K;cg. For failure of a

stopper, the elastic energy should be accu-
mulated on S, (Fig. 3) :

Tyoly = aSgys- (6)

The condition of the crack propagation on
the whole front is the simultaneous fulfill-
ment of conditions (4) and (6), that is,

T4, Si4
Toly  Ssly

eXp((xSl/llRl) (7)

Let us replace the real crack front by a
front which shaped as a broken line (Fig. 4).
Let the linear energy on sites L; and L, be

designated as T7 and T5. The relation be-

tween T7 and T3 depends on parameter A

which let be selected so that L{h; and Lghy
are equal to areas of the respective seg-
ments. We shall put, according to (5):

Tl = Tl{(1 — exp(-BL;/2h)), (8)
Tolg » T(lg + lyexp(—BLq/2h))
where T, and T, are linear energies on the
curved sites [; and [y, respectively;

Having accepted the above assumptions,
we shall write down a condition (7) as:
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Fig. 3. A crack front between two stoppers

L,/ Lg + exp(—pBLy/2h)
1 — exp(-BL,/2h) -

_ Sars
S171

-exp(-oS1/L{R;)

1 — exp(-BL,/ 2h)

S

exﬂ—aSI/LlRl) = 1.
2¥2

Here,
R, = (L—d-sin®)/2sin®, S; = OD(2Ry+D).

The expression (9) is in fact a condition
of the beginning of catastrophic propaga-
tion of a crack along the whole front. On a
site [y, area Sy (see Fig. 4) should be calcu-
lated as formula S, =©d2. But it is obvi-

ous that, when we have a rectilinear front
(at the beginning of bending), S, has the
rectangular shape at width D. Considering
that in the course of bending, the shape of
S, is approached a sector rather fast, but
without jumping, we shall write:

Having calculated ® from (9), it is possi-
ble to estimate the effective failure energy
of a composite:

Sy = 20d(D + %(d - 2D)(20 /) 1/16

Ly Loy
Veff = Tylexp((xsl/llRl) + T’YI. (10)

Here, it is necessary to consider a situ-
ation when y94 < v19- As it follows from [5],
in case of presence of inclusion having a
higher Young modulus (Egp> Eqy) and a
lower failure energy (y99 < Y10) than those
of the matrix, the stopper effect is realized
at the matrix/inclusion boundary. In this

case, at insignificant differences between

Y2 * Y1020/ E10 (11)
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Fig. 4. Replacing of a real front with broken line.

where, under the condition of strong con-
tact between phases 1 and 2, yj is the fail-

ure energy of the pore-free matrix material.

Thus, inclusions of the second phase can
serve as delay sites for propagation of a
crack front (if it is stopped in the face of
the inclusion at its boundary) and as areas
of the material weakening (if the front is
inside the inclusion). To simplify the taking
into account these effects, it is possible to

consider that the certain part (6;) of second
phase grains has failure energy vy, and the

other grains, energy vgg. Thus, the matrix
"phase” consists of particles with mechani-
cal characteristics y;o, £, and y9q, Egp-
Let us consider a composite consisting of
two phases with certain mechanical charac-
teristics. There is a critical angle 6 (from
(9)) and the parameter of deflection 7 at
which a stopper is broken. Let us construct
a rectilinear front line in the material. The
average distance between particles of phase
2 which will be crossed with this line will

be L = 2d/6 (where d is the paerticle radius,
0, the content of the 2-nd phase particles).
At h>2d, all the particles which are crossed
with a front line of a crack are stoppers. At
h < 2d, those particles which fraction of total
will make ~h/2d will be the delay places.
Then the fraction of stoppers 0; ~ 6k/2d. In
this case, an average distance between stop-
pers is L=d/6; = 2d2/6h. Under the condi-

tion A~ LO/6, L~ d(12/00)1/2, Then the
value y; (from (10)) can be appreciated as:

Lyio — dvap — (y10 — Y200L  (12)
= L-d

Similarly,

5 - LE|y - dEyy — (E1o — Eog)OL  (13)
L= L-d

Thus, Ey = Egy, Yo = Y10E20/ E10-

In [4], the failure energy of SizN4-SiC
composite is investigated depending on SiC
contents at various ratios of the average
grain sizes of both phases. On the plot (Fig. 5),
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Fig. 5. Destruction energy of Si8N4-SiC com-
posite. The theoretical dependences obtained
with formula (9) - (13) and experimental points
from [4].

the experimental points and the depend-
ences obtained with formulae (9)—(13) are
shown. In calculations, the following char-
acteristic values for the materials are used:
Y10 = 70 J/m?2 (failure energy of pure SigNy
obtained by F. Lange [4] for material synthe-
sized under conditions identical for all re-

searched composites), yjo = 100 J /m? (failure

energy of pore-free SizNy [7]), 799 = 20 J/m?
(failure energy of SiC [7]), E{¢ (SizgNy) =~
320 GPa, E,y(SiC) ~ 440 GPa. From the
plots, it is seen that the proposed model
displays the qualitative picture of experi-
mental data rather well. Insignificant quan-
titative deviations for the composite with
the inclusion size of 2d ~ 32 pum can be
connected with the choice of interrelation
between T; and T, (8), and with a margin
error in measurement of the phase 2 aver-
age grain size. The deviation of the curve
for the inclusion size of 2d ~ 5 um can be
connected with almost full absence of mu-

tual connection between SiC grains under
the conditions of synthesis (taking into ac-
count significant differences between syn-
thesis temperatures of SizN, and SiC), the
contact probability increasing sharply [8] at
the identical sizes of SizN, and SiC grains.
Moreover, the residual microscale stresses
connected with distinction of thermal ex-
pansion coefficients of different phases are
not taken into account in our work.

Thus, the model proposed makes it possi-
ble to estimate qualitatively and quantita-
tively the failure energy and fracture tough-
ness of fragile multiphase ceramic materials.
Consideration of the crack front bending has
enabled to explain the fact of the material
strengthening due to introduction of inclu-
sions with lower value of failure energy, and
also to explain dependence of the effect on a
ratio of matrix/inclusion grain sizes.
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TeopeTHuHa MOeJb PO3PAXyHKY eHeprii pyiHyBaHHS
aBO(Pa3HOT0 KOMIIO3MTA.

0.10. Ilonoe, 1.®d. Ka3o, B.A. Makapa

V pobGori npeacrasneno o6’emHAHHA ABOX IIAXOMIB 10 OUMIHKM MIIHICHHX XapaKTepHCTHK
KoMmmosulliinux marepiaais. Ilepmumii migxix sacHoBano Ha ypaxyBaHHI BUTMHAHHA (DPOHTY
TpimuHn Mimk gBoma Micusamu saTpuMiKu (cromopamu). IIpm nmpomy MimnHicTs migBuIyeThCs
Yy pesyabTaTi LOJATKOBUX EHEePreTUUHMX BUTPAT Ha BULOBMeHHS (pouTy. CyTHicTs mpyroro
HiZXoqy IIOJfArae y BpPaxyBaHHI BILIMBY MEXaHIUHMX XapaKTepUCTHK o00x (as Ha xaparrep
nomoJaHHAa TpimuHOIO cromopie. IlpencraBiaeHa Mogenb BUKOPHCTAHA IJsS OLIHKH €Heprii pyii-
HyBaHHA KommoauTa SigN,-SiC is pisaumu cnisBigHOmenHAME posMipis sepen o6ox (das.
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