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A model for biphase ceramic material fracture toughness prognosis is proposed based
on the estimation of influence of second phase mechanical properties and grain size and
taking into account the possibility of rounding of the second phase grains by the crack
front. The dependence of grain composite fracture toughness on high modulus grain
volume fraction is shown to have an extreme. The maximum magnitude as well as its
position is shown to be depended on matrix-inclusion grain size ratio.

IIpencraBiena mMomesnb AJsi IIPOTHOBMPOBAHUA KOI(PDHUIIMEHTA TPEI[MHOCTONKOCTH ABYX-
dasHoOro KepaMmuecKoro Marepuajia, OCHOBAaHHAS HA OIEHKe BKJAaJa B TPEI[MHHOCTOMKOCTD
3epeH BTOPOM (pasel, MCXOAA M3 UX PasMepPOB, PUBUKO-MEXAHWUYECKUX CBOMCTB M yUHUTHIBAS
BO3MOXKHOCTL Orubanmsa umx (ppoHTOM TpelnuHbl. I[I0OKa3aHO, YTO 3aBUCHMOCTH TPEI[MHOCTOM-
KOCTH B3ePHHCTOr0 KOMIIOBHUTA OT OOBEMHOrO COAEPKAaHUS BBICOKOMOIYJBHBIX BKJIOUEHMI
MMeeT dKCTPEeMaJbHBIM XapaKTrep, IPUYeM KaK BBICOTA, TAK M IIOJIOKEHHEe MAKCHUMyMa 3aBU-
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CUT OT COOTHOIIIEHUS Pa3MepOB 3ePeH MATPHUIlbl X BKJIOUEHUIA.

There are several approaches to forecast
multiphase ceramic fracture toughness (the
strength characteristic of a material con-
taining a crack defect, K;o = (nc)l/%c,
where o, is the material tensile strength;
¢, the crack length). In most cases, the
influence of second phase introduction on
the composite mechanical properties is
considered. Within the frame of an ap-
proach proposed in [1], the crack passes
consecutively and rectilinearly through
grains and grain boundaries. The problem
statement implies that the model, al-
though having an advantage consisting in
the possibility to estimate the K;, for a
multiphase composite, does not take into
account that the crack is able of rounding
obstacles as well as the failure may occur
along the grain boundaries at all.

It is just F.F.Lange [2] who has consid-
ered the fracture surface of an epoxy resin
sample containing glass beads and con-
nected the destruction energy increasing
with the crack front bending in the propa-
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gation plane due to its delay on "stoppers”
that are the second phase grains. However,
this model does not take into account dif-
ferent ability of stoppers to delay the crack
front before failure. This work is an at-
tempt to estimate the contribution of a sec-
ond phase grains to fracture toughness, tak-
ing into account their sizes, mechanical
characteristics and the possible rounding
them by the crack.

Let a crack in biphase material be consid-
ered. We shall keep the concept of quasi-
brittle failure [38] and consider that the
crack size is much greater than the compos-
ite structure parameter. Let us consider the
critical stress intensity factor:

Kic=m1Kqc,, + N22Kc,, + (1)
+M2Kye,, + N21K1c,

where N> Kqcij are the fracture toughness
characteristics and the volume fractions, re-
spectively, of the i-th phase grains limited
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by the contact surface with those of the j-th
one. The volume fractions can be expressed
via the specific contact areas of correspond-
ing phases, Sy, S19, Sg3- Then,

1 2
N11 = 25511 N2z = 25522

Ry Ry
N1z = 25512 N1 = 25521-

It is known [4] that if R;/Ry = p (where
R; and R, are grain radii and R, > Ry),
then
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(here S, is the specific area of phase 2;
Sy =38/R,), or
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and the formula (1) can be written as
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Kic= 1 -yl - P Kic |
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Here Kyy; and K9 are fracture tough-
ness factors for materials of phases 1 and 2
that can be determined in experiment on
pure materials manufactured in conditions
selected to synthesize the corresponding
composite. To estimate K9y, it is to con-
sider the behavior of a crack propagating
from the matrix (phase 1) into an inclusion
(phase 2). Let E, > E (E is the Young modu-
lus). In this case, there are two possible ways
of the crack further propagation: within the
grain and along the grain boundary.

Let the rectilinear crack front that had
place in isotropic medium be referred to as
the “efficient”™ one. The efficient front is
assumed to coincide with the real one in
areas where the crack passes within the
grain and to differ from the real one where
the crack rounds a stronger phase grain.
Proceeding from known dependences of
stresses at the crack top on the angle be-
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tween chosen direction and the crack plane
[3], we can write:

K

I
GoA8) = oy cosg\/l + 2sin%sin? + sinzg,

where ¢,(0) is the efficient stress which
may provoke the crack propagation at an
angle 6. This case is conditioned by equality
between ¢,40) and o;,,, the critical stress of
phase 1 (so-called "theoretical toughness” is
meant). On the other hand, the condition of
the crack propagation within the inclusion
is the equality between 6,40) and oy,

K
2er = onr
Then the expression for critical angle
(8g) is:

Oler _ (3)

O2¢r

70, 0
cos —\/1 + 2sm—smT + 51n2§0.

It is obviously that when 6 < 8,, the
crack will move along the grain boundary,
and when 0 > 0j, within the grain bulk.

Let V(6y) be the volume of a segment cut
from the grain by the plane o (Fig. 1); V1/2,
the grain hemisphere volume; Ko, the
stress intensity coefficient required for
moving the crack front sections around the
second phase grain; and K", the same but
within the grain. Then, similarly to (1)
Vis2 = V®) (4)
V—ch .

1/2

G
1, =y, e

Let us consider now area dS; before the
real front which bends the phase 2 grain
(Fig. 1), corresponding to area dS before
the efficient front. Then the stress intensity
factor in dS;: are

K3 = Vncosinfcodsing

K3, = Vnc osinfcosbeosng,

where ¢ is the crack size. Accordingly to the
general energy criterion of Griffits [3], a
crack front advancement starts if

%2
K7 + K7 3 Kj’H Kig,
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Fig. 1. Areas before real and efficient front
elements.

where £ =38 — v/(1 + v) (for planar stressed
state). For brittle materials, v = 0.2, so for

generalization, it is assumed that 4/(1 + E)~1

and thus K{o~VK}2 + K37 + K}%;.
Let us assume that the front segments

which bend around the second phase grains

start to move if and when the average value
Kjc reaches Kjc, (fracture toughness of

phase 1) that is possible when the phase
interface strength is equal to or higher than
that of the phase 1. The average value

<Kjc> of Kj, along all the crack front seg-
ments rounding the second phase grains is:

<K% = I\/K 2+ Ki3dV,
®p
or
_ 2R31

=76 )K 1c _[60 cos0,cos?0 — cos0)dcosh,

(\/7;0 equiv Kq'). After integration, taking

6
into account that %tR:gsin“?O(lJchoszGO)

we get

<Kic> = f(GO)ch', )
where
f(6g) = {4 s1n4—°(1 + 2cos200)

4, when 0

Ml:u

(

28

The factor 1/a in (5) is introduced to
take into account the non-sphericity of a
real grain and is a ratio of sphere specific
area of to that of corresponding figure.

Thus, o = 1. Therefore, K, = (xK]Cl/f(GO).
K- in (4) is in fact KIC , i.e., fracture

toughness of nonporous sample of the phase 2.
Then,

_ V(B V6 (6)
131~ Vv, of©) Vi) 16
where
V(©p)

V1o = 4sin4970(1 + 200s290).

When the joint between phases 1 and 2
is strong (e.g. due to sintering), then KICIZ
= Kic,, and it is just the fracture toughness
of nonporous material of the phase 1.

For a metal-ceramic composite, =20
(the ceramic phase grain are not in contact
with each other), K]CH = K]CI’ and the for-
mula (2) takes the view:

Kyc=mKyc, + N2Kqe, - ()

To conclude, let us consider some inter-
esting cases of component selection for a
composite at various ratios of mechanical
characteristics.

1). Let we have two nonporous phases
having KICH = chzz and 6,1 = O..9- Let at
the selected synthesis conditions Kic,, =
K1C22 = 0.75K1C = 0'75K1C . Let at the

same synthesis c0111ditions we 2have ideal mu-
tual contact between grains of different
phases due to chemical interaction. In this
case, the enhancement in mechanical char-
acteristics due to the second introduction
can be referred to as a "purely chemical”
one. Proceeding from (2), it is seen that
Kic, = Kic,, ~ 4/3KICH- The results for

R{/Ry =10; 1; and 0.1 are presented in Fig.
2

2). Let Kic,, = Kic,, as in the previous
case, but E, = 8E;. In this case, chlz
4/3KICH' The K1021 value can be obtained
from formula (6) where 65 > n/2 and o ~1.2

(cube-to-sphere specific surface ratio). Then
KIC21~1.63KICH. Thereby,
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Fig. 2. Fracture toughness as a function of
the second phase volume fraction (ny) (K;q

11
= KIC22 and E; = E,).
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The results for R;/Ry =10; 1; 0,1 are
presented in Fig. 3.

Thus, the dependence of composite frac-
ture toughness on its composition at a good
chemical compatibility of different phases
includes an extreme. The optimum second
phase concentration, as well as the maxi-
mum fracture toughness, depends on corre-
lation between grain sizes of different com-
ponents. Thereby, the presented model al-
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Fig. 3. Fracture toughness as a function of the
second phase volume fraction (n,) (K;r =

11
KICZZ and 3E; = Ej).

lows to forecast two-phase ceramic system
fracture toughness, proceeding from me-
chanical features of its components and
their boundaries, taking into account the
case when a crack rounds high-strength
phase inclusions.
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Metallurgia,

Po3paxyHoK KoeginieHTa TPIiIIUHOCTIMKOCTI
naBo(a3HOT0 KepaMiuHOT0O MaTepiany

0.10.Ilonoé, 1.9.Ka3o, B.A.Maxapa

IIpexcraBieHo momenb AJs IIPOrHO3yBaHHA Koedimienra rtpimuHOCTiiiKOCTI mBO(dasHOro
KepaMmiuHoro marepianay, mo 0a3yeTbCs Ha OIiHIIL BKJAAy y TpimmHOCTifiKicTs 3epeH mpyroi
¢asu, BUXOASYMN 3 IXHIX posmipiB, (qhisuKo-MexaHiUHHX BJIACTUBOCTEIl Ta BPAXOBYIOUH MOIK-
nuBicTs ormHaHHs 1X (pouTom Tpimmuu. Iloxasano, 1o B3ajekKHicTh TpimumHOCTIHKOCTL
3ePHUCTOr0 KOMIIOBUTY Big 06’€MHOro BMiCTy BHCOKOMOIYJBHUX BKJIIOUEHL Ma€ €KCTPEeMAJib-

HHUH XapaxkTep, IPUYOMY $HK BeJIUUYHUHA,

TaK 1 IIOJOKEHHS MAaKCHUMyMy 3aJIeKUTh BirT

CIIiBBiZIHOIIIEHHS MiK po3MipamMuy 3epeH MATPHUIl Ta BKJIIUYEHb.
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