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Abstract

The composites consist of alumina matrix with 0.05wt% MgO and
20voi% Nb with an average particle size of 30 and i00 microns

produced by dry mixing and sintering to near their theoretical
densities. Fracture toughness tests were carried out in three

point bending on chevron notched samples. The results indicate
that R-curve of the composites exhibited more than a 300%

increase in the crack growth resistance compared to the crack

growth resistance of the alumina produced with the identical

procedure. The crack growth resistance curve of the composites

increased with increasing Nb particle size. The metallographic

investigation indicated that the failure of the Nb particles in

the crack path ranges from full interface separation without any

significant deformation of Nb particles to cleavage failure C_

without any evidence of interface separation.
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Introduction

_,i(, e is ,.i .....i11_r _ ',,_ increasing i_it£rest in developing l<)w (l(_l_::;Jt:y

advanced maLt,_a]_ systems for service temperatures up to ]400"C.
These materials should have good fracture toughness at low and

intermediate temperatures combined with good creep resistance at

elevated temperatures. Recent experimental studies have shown
that brittle materials such as intermetallics and ceramics can be

substantially toughened by the incorporation of ductile

reinforcements (1-8). The primary mechanism responsible for the

enhanced toug_mess appears to be bridging of crack faces by

intact ligaments of the ductile phase behind the advancing crack

tip. Other effects such as crack deflection and crack trapping
]my ductile phase may also contribute. It is also observed that

the toughening contribution of a ductile phase can be further

increased by modification of the interface characteristics to

promote debonding between the reinforcement and the matrix (4).

The analyses available on the toughening behavior due to the

ductile reinforcement are, in general, based on the assumption of

small-scale bridging of an infinite crack in infinite geometry(9-

13). However, the bridging zone is often a significant, fraction

of crack length. Moreover, in most modelling studies the
influence of the ductile phase is directly related to its vo].ume

fraction and its geometrical parameters such size, shape,

orientation and distribution are not implicitly included in the

analyses.

In this study, the fracture behavior of alumina containing 20

vol% Nb par<icles with two dif[erent mean size distributions is

experimentally investigated and compared with the failure
characteristics of alumina. The observed fracture behavior is

also discussed within the framework of the most recent models of

ductile reinforcement toughening.

Experimental Studies and Results

The alumina powder used in the preparation of the samples had a

mean particle diameter of 0.36 microns and contained 0.05wt% MgO ('_
as a sinte_J!_o ,Jd Two different mean size dj;!_t_Jb_iI_ions of

irregularly .s!_ap<,dNb powders, approximately 30 and ]0(I luic_.or_s,

were used t,, produce 20voi% Nb reinforced coI_posJtes. A _

relatively _olnogenous mixing of the two powders was achieved by n)

ball-milling for five hour,.:, in an alumina media. 'Phe mix was

cold isosta' J_<,al]y (CIP) p__osed_(e_' at 200 MPa fo_ a_)out 30_ secorld:i_

to obtain (-t _',. <_;'{mately.............. 50% dense grr_en bodJ,+:-.!, t:,"o_ ,:-<_+p.,--,o'it-e:<;.,t_..,._,-
and the ma' ' .: :'.eater deiisit, jes than 99% _)i i ]:_.-,c,_ ,., i<:al ,..,e_, ;_.

achieved b,. ...... . :: ._,Jntering at: 16_.,0C for fo_lr ]l(i,_:-..<. "I']i_ fi:_al
forms afte. _ ; . ng were .rod::, ai,p_-oxirItat:e]y <,/ti_, :i'., iengt-]_ ,_,,t
40rnm in di, :_,, ' ,_, . These rods v,'_-e subsequent]7 _,_,_:]_J_ed into

-'.," i_ }"g ] 'micro,:,truc ,: t-]--l(:(_. 1.... ,, r'r Ilil.:_ ::.]J t*6;f:-] ar_ ;_tlfJwil ./-.,

can }.,, se, ' :;trJl._u* :i.',_; , : ' ]_ I_]b pica:,,. ',..,:. : .. . _;:_' ! ,: :'
for- both _ [:-_:r;:_:. . : '.: " .',, !..,t_t_ :__i _ '_,. ' : :: :_,',_,' ' !.'
interface i_,i, Nb l::,:_z" i ,,:i ,_> ,_nd tt_e aluiI_i.n,._ !_,.,,! : i:.: J :-_;_'_{,'.,.._

in Fig. lc. i-,M and x-r._u_., ,uvi,:,,ly,ses did not j.,,_ir:._,_-,., t-)resents.;
of any re(:.,._ ., _a.se betv:een the Nb partic]e::._ ,:.,.:_._it]:e inat_-:i>.:.
Additiona]J , ;i interface separation between Il_e Itv(_ pha.s_-;

during the ,:o ;(_ssing was noticeable. SoH_<: dislocatioI_



substructure was observed in the Nb particles in spite of

extremely close thermal expansion coefficients between the two

phases (for Nb 8.4xi0 '_ and for alumina S.5 x]0 -_ nm_/mm/ C).
!

Fracture toughness values were determined in three point bend

using a span length of 35mm on the chevron notched samples

having a thickness of 5mm and a width of !0mm. In the samples

the tip of the chevron notch is located 3rnm below the top surface

and the chevron angle was 45 degrees. The advantages of using
chevron notched samples in the assessment of fracture toughness

of the brittle materials are well documented. A sharp crack is

produced during the loading, therefore, neither fatigue
precracking nor the measurement of the crack length is required

and the resulting fracture toughness is estimated from:

_ax A
K_c = (i)

where Pmax is the maximum load measured during the test, A is a

constant, B is the thickness and W is the width of the sample.

For this test geometry, the crack resistance curves can also be

estimated with a procedure based on the J-integral concept as
described in ref. (14) . In order to determine the value of

constant A in eq. (i). specific to our chevron notch geometry and
also for the estimation of the crack lengths from the unloading

compliance values, the compliance analysis was carried out by the

procedure outlined in ref. (15). The tests were carried out on 20

KN screw driven Instron testing machine with a loading rate of
0.01 mm/min. The observed load versus load-line-displacement

(LLD) curves are shown in Fig. 2 for the alumina and the Nb

reinforced composites. The unloading-reloading cycles which were

used to determine the crack lengths can be seen in the figure.

After the maximum load, large and unstable crack extension were

observed in the alumina samples. In the case of the Nb

reinforced composites the crack extensions were stable and even

after large crack extensions the unloading-reloading cycles were

successfully completed. The maximum load values for the

composites were not significantly higher than the ones observed

for the alumina; however, the composite with larger Nb particles ,_
gave the highest maximum load levels. Substantial increases in .
the total energy required for complete failure of the composites _,_

can be seen in Fig. 2. The resulting R-curves for the alumina

matrix and composites with t<_e procedure described in ref. (14)

are summarized in Fig. 3. From these results, the steady-state

flacture toughness value for the alumilla Js det:erlnined to be 4.2

MN m : ::whJc]l is very close to the reported value(16) for alumina

with a similar grain size. On the ot:]_e_ hand, R-c_Irve:_ were

still rising at the conclusion of the tests for both composites,

thus indicating that steady state fr<_cture was not achieved.

Nonetheless, w_len a comparison is inadc f,o_ final crack lengths,
a net i!:.<;. _,_ _:::(:{-"of Jtl-)ol..lt -_ :-:_< [i! ' }._' t<_,_.!,_}_._.,:.</_v._]l.l_::: <,i: Ill(:, ]..flYge

The role ol the reinforc_.men! and tile s iz;_ e._fect was _:_]llcidated

with examination of the f_.actu_e D<_tl_s (::,I_ill<.,interrupted tests

and with fractographic studies of the fract_ire surfaces. These

samples were in standard three point: bendi_g configuration and



polished before the introduction of the macroscopic cracks. An

example of the interaction between the Nb particle and the crack

path is given in Fig. 4. The figure indicates that there is

almost no evidence of interface separation or extensive
deformation of the Nb particle. On the other hand, Fig. 5 shows

a Nb particle at the crack path and the failure is completely due
to the interface separation and particle pull-out. The evidence

of large scale interface separation combined with the partial

cleavage failure of the Nb particle is shown in Fig. 6. The

impression of the neighboring alumina grains decorates the Nb

particles. Interface separation to a lesser extent accompanied

by complete cleavage failure of the Nb particle can _e seen in
Fig. 7. The failure of the matrix material betwe n the Nb

particles was identical to that observed in alumina alone and

composed of multiple cracking, crack branching and grain pull-
out.

Discussion

In the modelling of the fracture toughness of the composites due

to crack bridging by the ductile particles, the stress intensity

factor due to the applied stress is usually described as

K_j;plied + K_ (2 )----mbridq_ ip

At any given applied stress, the magnitude of Kb,.id_:is calculated
from the work of fracture of one ligament taking into account the

volume fraction, V_ of the ductile reinforcement. The work of

fracture, per unit area of the crack face is given as (2)

U '

AG = Vt I} (u )du (3)
0

where (_(u)is the nominal stress required to stretch a ligament by
u and u" is its failure stretch. When (_(u) is constant from u to

u* (i.e., if there is no significant work hardening in tile ductile
particles) the result is:

AG = V,g,,,,:.:u" (4)

and

E AG] _':: (5 )
K ''I'_i'''- K._:+[ (i-\')'

'Pilesame result J_:;<>b):ained by consideYing the reductiori in K'''I'1:'''i

ca_ised by a dist:]ibution of G(x) of closing str e.<s, acting

between the c_;_:':,k!iD and a dJstali(::e I, (the steady-state bridging

]_<,ri__]_,)},<:]!J:!,"l")i,,."::_:I.;!;i!:. "I-']i:i:<.l,_,].at.J.<)i-iis gJv<:Ii ,!J.::,(17)

") , " . ,

]"; : ("") '_' _ " I '_') (,I. . (6'

J_



For a constant bridging stress , c_(x)=(:,,.,:.:fro:[: x _ _ _ x=[,,

= (_81,)_ _i..O,,,:.: (7)
KI. i,lg,, T[

As car: be seen in both approaches the quantitativ{:_ dettotunination
of the br:idging contribution requires an e.:<t:il::,:_t-:i(:)l:of tl_e

failure stress of the particles. Usually this i:i;L<_ken as the

bulk yield strength of the non-work hardening ducti.le reinforcing

phase. By using the experimentally measured fracture toughness

values and by taking the (_,,_×for Nb paz-ticles as i_00 MPa(3), tire
estimated crack bridging zone for large Nb contaiili.ng composite
is found to be about 8mm which scales with the exl)eti:llents (i.e.,

the lack of plateau in the reinforced composites is due to

smaller crack ].ength than the estimated bridging lengths) .
However, caution should be exercised in the quantitative

estimation of the fracture toughness values result, ing from crack

bridging. As can be seen from the above _lla]yses, the

contribution of the ductile phase is included in terms of only

volume fraction and its geometrical parameters such as size,

shape, orientation, distribution and interracial bel:avior are not

implicitly considered (except in ref(10,11)) . As demonstrated in

this study, for a given volume fraction, the size of the

reinforcing phase plays a significant role in the toughening
behavior. Also, a recent numerical analysis(18) indicates that

a considerable amount of hydrostatic stress build-up occurs in

the ductile particles as result of constraint induced by the

matrix which may cause failure of the part. Jcles before any

significant deformation such as is seen in Fig. 4. In this case

the value (:,n_xcould be several times the yield st_:ength of the
ductile reinforcing phase. In the light of tl:ese analyses we

expect a larger increase in the steady state fracture toughness
value of the Nb reinforced composite than the ones observed in

this study.
Conclusions

In this study, the fracture behavior of alumina contail_irlg 20voi% ( )

Nb particles with two different mean size d i..:l_i})utions is
! _-_ , _ _ °experimentally investigated. Ph__ results ind:i(,,: ,t_ _,

i. The R--cu:ves of the composites exl:ibJted :_ _:. Ill_lla };00%
increase in the crack growt]: resistance , .,., I !_,:t of t t:{-:
alumina produced with the identical proce(i:_: :..
2. The crack growth res:i.:star:ce (:'::_:.,'f-,,,' _I_{, _'omi_(,:;:it:,'

inc:eases witl: increasing Nb pa_:t::[c]_(-:-.:::i",

3. Tl:e failure of the Nb patticles it: tl:L,: : i. :.,,i: :<,:_(j{.(.i

from ful] interface separation wiL} . ' I::JI ::',,::I

defo:rr:at:.i o:: of Nb partic]es l:c) cleEiv,-i(.](, ::: . 'v,,:lt }:<,1li
evidence of interface sepa:at:ion.

Ack now ]edq __.m..::t

:l']:i,.::wo_ k '.,..',_:-: l,:_fo:ur:ed fo_ t:l:(:_U::it:.ed f:;t:_ '::_(,::_..:

'l'tiis reseaL(:'t: w,, ; supported 1%, tlie DJ. recto: :.): .',.::(.,:_,'::,

Off:ice of Ba:-;ic t!:r:ergy Scie::ces.
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Fig. 3 R-curves for alumina and

Fig. 2 Load versus load-line-displacement (LLD) Nb reinforced co.mpos -es.
curves for alumina and Nb reinforced

composites.
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