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Alumina-mullite-zirconia composites obtained

by reaction sintering
Part Il R-Curve behavior
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Applying Linear Elastic Fracture Mechanics equations and sample compliance variation to
quantify the instantaneous crack length, the R-curve behavior of alumina-mullite-zirconia
composites obtained by reaction sintering, was evaluated as a function of zirconia and
mullite content. Changes in the R-curve profile as a function of the notch geometry
(Chevron and straight-through notch) was observed and discussed, based on the analysis
of the y(«) function applied to each notch type. The influence of the y(«) function in the
R-curve shape was observed in both the initial and the final crack propagation region
where, in the latter, the R-curves presented a sharp increase. In order to suppress these
effects, the R-curve values for pure alumina were deducted from those obtained for the
different composites produced. The analysis of the resulting curves highlights the influence
of the amount of zirconia and mullite inclusions in these composites. © 2000 Kluwer
Academic Publishers

1. Introduction An R-curve represents the crack growth resistance or
Strengthening of ceramic materials by zirconia parti-the resistance to the creation of a new fracture surface as
cles is widely known. Depending on processing condi-a function of the instantaneous crack length. Some ex-
tions, zirconia particle size, the presence of stabilizingamples ofR-curves are given in Fig. 1, which contains a
oxides (i.e. CaO, MgO, Y03 or CeQ), the volumet-  schematic illustration of three different types of curves.
ric fraction of zirconia in the composite [1], among The flatR-curve is obtained for perfectly brittle linear
otherfactors, atoughening mechanism known as stresslastic materials that are incapable of affording any fur-
induced phase transformation can occur. Changes in thber mechanisms that dissipate the crack propagation
above listed parameters may generate microcracks ianergy. Glasses and most fine grain size ceramics, such
the matrix, which can also dissipate the crack propagaas alumina, SiC and §\, present this behavior, where
tion energy [1, 2] by crack branching. Therefore, im-the R-values are independent of the crack length [6].
proving the mechanical properties of ceramic materials Fig. 1 also shows two other different types of rising
containing zirconia particles is feasible [3], although R-curves. The curve with an initial growth followed by
the price of high quality zirconia powders renders thea plateau, illustrates a toughening mechanism that dis-
benefits costly. plays a wake zone of constant size (i.e. stress induced
For alumina based ceramics, composites can be prghase transformation and bridging). The second rising
duced using zircon rather than zirconia as the initialR-curve model in Fig. 1 exemplifies cases where the
precursor. A dissociative reaction of the zircon provideswake zone extends indefinitely (i.e. crack branching).
zirconia and silica. This free silica reacts with alumina,When a specific toughening mechanism is prevails,
producing mullite in a process known as reaction sintera particularR-curve profile is expected, in line with
ing [4]. Depending on the amount of reactants (aluminaghat mechanism. It is, therefore, possible to infer the
and zircon), a mullite-zirconia composite (mullitic ma- toughening mechanisms by analyzing the shape of the
trix with zirconia inclusions) [5] or an alumina-mullite- R-curve.
zirconia one (alumina matrix with mullite and zirconia  Unfortunately, the relationship between the shape of
inclusions) is obtained. In the latter, it is possible tothe R-curve and the toughening mechanism is not al-
associate toughening mechanisms provided by the ziways so straightforward, since the-curve shape is
coniainclusions, as well as those related to the presen@dso affected by testing parameters. In order to obtain
of the needle-like mullite. Furthermore, the addition of an R-curve profile it is necessary to produce samples
mullite in an alumina matrix offers additional benefits having specific dimensions and geometry, to obtain a
due to its high refractoriness and lower thermal expantoad versus displacement curveXB-curve) under a
sion coefficient. stable crack propagation condition, and to work out the

0022-2461 © 2000 Kluwer Academic Publishers 2815



Rising 30 0"
R g . P8)  — C=ligp,
Ay 254 o // O%
o A B, ooeem (PB) —= Co1/ig,
Rising with 201 N o
) J / o
plateau . oS A B, °
o/ D
4 ° I,’ 7 >
oy °0
Ro Flat 1 o B ) —Ceb,
5+ I,'/, o = i m
0”“‘IIIII'I'I’I'
0 1 2 3 4 5 6 7 8 9
a a 3 (10'5 m)

Figure 2 Procedure used to evaluate the experimental relation between
the compliance(;) and the instantaneous crack lengdh.(The figure
displays a typicalP x § stable crack propagation curve. Thg,(s;)
points are used to work out the experimental complia@ge; 1/tgs;.

values of the instantaneous crack length leading to the

R-values. mullite-zirconia composites. The sample dimensions
The geometry and dimensions of samples are chosesnd methodologies applied to calculate instantaneous

according to the microstructural characteristics of thecrack length as well as thRe-curve were kept constant.

material and the experimental fixtures used to obtain

theP x §-curve. For brittle materials, Chevron notched

samples are recommended since this notch shape helps!- R-curve calculation method

stable crack propagation. For flexural tests, it is a|SoThe flexural test was selected for this work due to its

important to reduce the dimensions of the sample a§imple requirements for the preparation of samples. The

long as the crack extension limit exceeds fifty times thesamples were Chevron or straight-through notched. A

average grain size [7]. low displacement rate was usedgin/min) to obtain
Regarding determination of the instantaneous cracktable crack propagation.

length, Table | presents some of the possibilities towork  The instantaneous crack lengghwas indirectly ob-

it out. tained by the change in complian€&[10]. Assuming
There are several different testing modes to obtain &he linear elastic behavior, straight lines were drawn

sampleR-curve. The precise relation between tRe  from the origin up to differentR}, ;) intersections of

curve shape and the toughening mechanisms requiregfe P x §-curves obtained under stable crack propaga-

comprehensive knowledge of the influence of each tedfon conditions (Fig. 2). The slope of these lines, given

parameter on thB-curve shape. Based on this perspec-bY td(8i) = P/, defines the instantaneous stiffness of

tive, this study evaluates the variation of tRecurve  the sample which, in turn, is the reciprocal of the in-

shape for different notches and testing geometry, agtantaneous complianc€;. Applying this technique

well as the influence of thg() function for alumina-  for the samples® x §-curves theexperimental com-
pliance valuesC;(a) were obtained. The instantaneous

crack lengthg;, was calculated comparing the values
TABLE | Possible tests and methodologies to obtain an experimentadf Cj(a;) with those obtained theoretically. An iterative
R-curve fitting method was used to make this comparison.

The following statements were taken into account
[11] to obtain thetheoretical compliance value€on-
sidering the samples’ dimensions shown in Fig. 3, and
defining Young's Modulus ak, it follows that:

Figure 1 Schematic drawing of three different typesdturves: rising,
rising with plateau, and flaR is the crack resistanc®y its initial value,
ap is the initial crack length and its instantaneous length.

Determination of the
instantaneous
crack length

Calculation

Tes of the R-values

Compliance 1. Continuous 1. LEFM (linear elastic
change loading fracture mechanics) 2 2
2. Loading- g Ki _(P7) dC _ (1)
unloading “ € \20) da
3. CMOD and
continuous . . .
loading where G is the elastic energy release ratg, is the
4.CMODand 2. Energetic method stress intensity factor at the crack ti|s the load and
loading- b is the sample’s width. The expressié= G, given
, _ unloading by equation 1, represents the stable crack propagation
Direct observation 1. Continuous 1. LEFM i
loading 2. Energetic method condition when &/da < dR/da. .
CMOD (Crack Mouth 1.Loading- 1. Fracture mechanics of The stress intensity fact_or can be de’Fermlneq at any
Opening Displacement) unloading two parameters [8, 9]. point of theP x §-curve using the following relation:

aThe testgeometry (i.e., flexural test under three or four-point bending) as
well as the notch geometry (i.e., Chevron and straight-through notches)

can also be elected.
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TABLE Il Composite formulation and estimated amounts of alumina,
mullite and zirconia [12]

W
Amounts of alumina, zirconia
I l notch and mullite expected after
b Raw materials the reaction sintering proéess
) I Composite  A}O3z  ZrSiOy  Al»03 ZrOy Mullite
! designation  (wt-%) (wt-%) (vol-%) (vol-%) (vol-%)
(a)
0 100 0 100 0 0
Y N 1 95 5 88.5 2.7 8.8
2 920 10 78.2 5.3 16.5
3 85 15 67.7 7.9 24.4
w 4 80 20 575  10.3 32.2
a; 5 75 25 47.6 12.7 39.7
ag ap l
aThe percentages of each phase were calculated based on the chemi-
> cal equation: (3-x) Al203 + 2ZrSi0Oy — XAl 203 + 2ZrO; + 3Al,03
b b - 2SI,

(b) (©)

Figure 3 Sample dimensions. (a) View in perspectivéengthb, width ~ Of the R-curve in the region where the crack extends to

andw, height. (b) Cross-section of a straight-through notched sample. (cthe remaining 20% of its course.
Cross section of a Chevron notched sample, whergthe height where

the crack changes from Chevron to straight-through notch geometry

during its propagation. Thay denotes the notch depth for both notches.

The angle at the Chevron notch tip is°90 2. Experimental procedure

Alumina (A-16 SG) and zircon (A-1000) powders
where ; is the instantaneous relative crack length,were used to produce the alumina-mullite-zirconia
given by aj/w, y(«) is a geometrical factor depend- composites. The zircon powder was previously ball
ing ona andw corresponds to the sample’s height. Themilled up to an average particle size of 2m
y(a) function is chosen according to the test, notch and100%< 10 um). Table Il presents the five different
sample geometry. From Equations 1 and 2, it can beomposites produced, in which the amount of zircon

deduced that: ranged from 5 to 25 wt-%. The composition designated
as “0” is pure alumina and was used as reference. Light
2 (Y o N ball milling followed by spray-drying was used to pro-
Cle) = Cloo) = bE J,, yile) der ®) duce the alumina, zircon and water mixture. Bars of

62 x 5 x 6 mn? were produced by uniaxial compaction
whereC(xp) is the initial compliance of the notched under 60 MPa pressure. Reaction sintering was carried
sample with a relative notch depth equabtp=ap/w.  out at 1650C for 2 hours. The sintered samples were
If y(ar) does not present analytical integration, a numermachined and parallel surfaces were obtained. Further
ical one can be applied based on the sum of the smaihformation about the composites’ processing steps, as
rectangular areas, represented by: well as their physical characterizations, can be found

in Mazzei and Rodrigues [12].

))2 . 2 To determine th&-curve, initially, theP x §-curves
C(a) — C(xo) = biEZ {[(y(a,)) +2(y(a]_l)) } under stable crack propagation condition were ob-
i tained. These curves were the result of flexural tests un-
der three and four-point bending with straight-through
(o — aj 1)}, (4)  and Chevron notched samples (Fig. 3b and c, respec-
tively). Both types of notches were produced with a

o ' 150m thick diamond disc and a depthagf/ w = 0.35.
where ¢ —«; 1) assumes small values and defines the " i stantaneous crack length, was worked out

error of the integration. The integration is performed on :
) T : through theP x §-curves, by the change in the com-
2 m )
the (y(e))” function with limits ranging from to the pliance, C, and the numerical integration given by

requested:. :
: . Equation 4. The&, («) andR(«) values were evaluated
\lN'tlh tthde |n'stantanet<.)us 2va|udes_ otf Ki(e) tﬁan bre] using Equations 2 and 1, respectively, after introducing
calculated using equation 2 and, in tuR(e), throug the E-value previously obtained by the three-point

Eq;a}flwi:. the mentioned above st this w rkbending test [12]. All the calculations mentioned ear-
resc,)egts t%eR?cur\?e geﬁavi?)roo? :OerEZ’ alusming- lier were done using a software in the Visual Basic
P language developed by Zamprogeioal. [13]. All the

Eﬁgﬁ:ggg%ﬁﬁi?gqiﬁglslgcs)nvg't?_ﬁ:f&?vrgsa&?;gf dOf mechanical tests were conducted in an MTS machine
' éSlO series, MTS, Minneapolis, USA).

as afunction of the differentamounts of these inclusion
is discussed, based on the toughening mechanisms. It

is also verified that théR-curve shape is altered ac-

cording to some test parameters. Moreover, it is ShOWR | coa s/A, Pazos de Caldas, MG, BR.
that they(«) function has a strong influence at the endf NUCLEMON, Barra Funda, SP, BR.
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The y(«) function used is given below: 80]
P(N) _ . N
70 | Composite Designation
(S - %) 3?2 607 1% .
= . -11.99—- 1.33 1F- o
y(a) 2(1 _ a)3/2 50_ . R
1 1 -
—(3.49— 0.68x + 1.35?) - [“(—0‘2)“ (5) ol & A
n.loo
207 k|
This equation can be applied for flexural tests undel 107 %nﬂ-.._.
three or four-point bending configuration and samples 1 Wé;m%mumm\‘_
with straight-through notch [14]. In EquationSG,is the o T T T T T T T T

lower span and; is the distance between the centers
of the upper rollers. In this works = 40 mm flexural
fixtures were us_ed, Whl|$2 =20 mm was used in the Figure 4 P x §-curves for composites 1, 3 and 5 obtained with Chevron
case of four-point bending. For the Chevron notchedotched samples under three-point bending.

samples, they(«) function given by equation 5 was

corrected by a factor, considering the Chevron geome-

try [13]: 3.1. R-curve behavior as a function of the
flexural test and notch geometry
To evaluate the test geometry, three and four-point

1/2
y(@)chevon= Y(@) - <“1 — 0‘0) . (6)  bending configurations were considered, while for the
a—ap notch geometry, the Chevron and straight-through were
analyzed.

In E ion 6.0 is th lative heiah h Fig. 5 shows the comparison among tRecurves

n Equation B, s the relative heig ta(l/w) WNETe  optained for three and four-point bending tests, using
the crack cha_nge_s from Chev_ron to Stra_'ght'througl'bhevron notched samples for composites 0, 1, 3 and 5.
geometry during .'ts. propagatlon (sge Fig. 3c). I:orThey(oz)(;he\,,onfunction given by Equation 6 was used
a>a, Y(a)chevronis identical toy(«) given by Equa- to calculate theR-values.

tion 5. The R-curves obtained fronP x § curves under

In ord_er to assoclate th&-curve shape with the three and four-point bending tests show interesting fea-
toughening mechanisms, the fracture surfaces obtalne[ res since the loading application location changes

under the stable crack propagation condition were Obbetween these two configurations. For the three-point

served with a scanning electron microscope (SEMy . 4in ; :
. A ) g, the upper loading roller might generate an
model 440, Leica Cambridge Steoreoscan, Cambridgey, ., compressive field against the crack propagation

England). SR :
As a standard reference for tHe-curve, bars of Eﬁggt.although the results in Fig. 5 do not show this

50 3x 2 mn? of commercial glass [estimated com- ™ 56 ¢an see, from Fig. 5, that tRecurves obtained
.. -0 . . ! ) ! - .

E/losg'og (1\”;\ /8' 72'(11 gl(z)ZF’ 13.6 NaO©, lO.ZdCaOd, 2'6from P x 8 curves under three-point bending, as well

hg » tl)z 3d_an pe §93]0 \éVSerEr;[este un T}r as those obtained from x § curves under four-point

three-point bending. Ardo/w = 0. evron notc bending, show a strong rise toward high values:of

was used for these experiments. Furthermore, one can also observe that the test geom-
etry does not significantly affect thB-curve shape
in the range ofwg <« <0.8. Therefore, considering
these results and the fact that crack propagation stabil-
3. Results and discussion ity is more easily attained under three-point bending,
P x §-curves, under stable crack propagation, usind,his arrangement was chosen for the overall CompOSite
straight-through notched samples, were only obtainegharacterization.
for composites 3, 4 and 5. Chevron notched samples, on With respect to the notch geometry, a compari-
the other hand, allowed stable crack propagation unde¥on among theRk-curves obtained with Chevron and
three and four-point bending for all composites. Fig. 4straight-through notches is shown in Fig. 6. The cor-

presents som@ x §-curves obtained in this work. respondingy(«) and y(e)chevron functions used for
The following analyses were carried out after Straight-through and Chevron notches are those given
R-curve evaluation: by Equations 5 and 6, respectively.

Fig. 6 clearly shows the difference between the
R-curves obtained using samples with different
i. changesinth&-curve as a function of the flexural notches. The curves associated to the straight-through

test and notch geometries; notch showed a rising behavior right from the start. On
ii. influence of they(«) function on theR-curve the other hand, the curves corresponding to the Chevron

shape, especially at the region where 0.8; notched samples presented an initial plateau. For both
iii. R-curve profile as a function of the amounts of notch geometries, thB-curves presented an exagger-

zirconia and mullite inclusions. ated increase at the end portion of thecale. Selecting
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Figure 5 Average R-curves obtained under three and four-point bending tests for Chevron notched samples. (a) Pure alumina; (b) composite 1;
(c) composite 3; and (d) composite 5.
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Figure 6 Average R-curves obtained under three-point bending test using Chevron and straight-through notched samples. (a) Composite 3;
(b) composite 4; and (c) composite 5.
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Figure 7 The shape of thg(«) functions used to calculate thevalues oo (a)
obtained from three-point bending test for straight-through and Chevron
notched samples (Equations 5 and 6, respectively). The values used f ) 250
ap anda were 0.3 and 0.98, respectively. R(J/m*)
200
one of these different behaviors is essential if associe 1501
tion with possible toughening mechanism is sought.
100] -
. . o} oo
3.2. R-curve behavior as a function of y(«) dgoooo°°°°°°°°°°°°°°°
Equations 5 and 6 are plotted in Fig. 7. T¥(@)chevron 50| ¢
function presents a flatter behavior than théy) §
function for the straight-through notch in the interval o T T~ T 7 - - -
0.4 <« <0.9. Therefore, it is assumed that the shape OT-3 04 05 06 07 08 09 10
shown by theR-curve derives, in large part, from the oo a

y(«) function (see Fig. 6) and is not due solely to the
toughening mechanisms.

Another relevant aspect related to @) function  Figure 8 (a) R-curve obtained for pure alumina using a Chevron notched
for the Chevron notch is its influence on tRecurve sample and three-point bending test. TR@alue comes from the infi-
shape forae = ag. According to Fig. 8a, theR-curve it Wheh”a DO;?] (@0 =t0~?;,tir? éhis case). Thde ho(;i;orwttr?l e:jryow in this

. . ure snows the part o -curve considered In the discussions.
th_a'”ed for Chevron notched samples presel_ﬁts hig ) R-curve obtainrt)ad for composite 4 using three-point bending test
initial R-values. The same occurs for thgr) function and straight-through notched sample. In this curve, one can observe the
for the Chevron notch (see Fig. 7). This singularity atinitial rise of theR-values in the region wheke .
the beginning of th&®-curve does not have any physical
meaning considering the microstructure of the compos- Against the first supposition there is the fact that
ites and the fact that the value Kic is finite. There- Fig. 5 shows either no difference among three and
fore, this work used the following criteria to analyze four-point configurations or the opposite tendency for
the R-curves obtained from Chevron notched samplese > 0.8.
the first value ofR (@ = «gp) was considered the one Inorder to investigate the second supposition, bars of
closest to the plateau of the curve, as exemplified ira commercial glass were tested under the same condi-
Fig. 8a. The problem inherent in this assumption lies intions used for the composites. Fig. 9 shows thatthereis a
the difficulty of discovering the re®-value in regions  strongrise in thd&R-values forx > 0.8. Itis awell known
where« is very close taxg (at the beginning of the fact that commercial glass does not have any kind of
R-curve). On the other hand, it is possible to define thaoughening mechanism allowing such crack energy dis-
beginning of the curve obtained with straight-throughsipation. Moreover, there are no grains for a possible
notched samples (see Fig. 8b), since the correspondingterlocking process. Theoretically, this material must
y(«) curve has no singularity far =« (see Fig. 7). show a flatR-curve behavior in theg <« < 1.0 range

The high R-values fora > 0.8 were also investi- [16]. Hence, it might be concluded that a sharp artificial
gated. There are three possible reasons to explain thisse of the calculated values of R, considering 0.8,
feature: also results from thg(«) function shape, as shown in

Fig. 7.

1) the strong rise of th&-curve could be the result
of compressive fields at the crack tip, generated by the
test geometry; 3.3. R-curve behavior as a function of

2) it could be a consequence of some microstructural ~ zirconia and mullite inclusions amounts
aspect, such as graininterlocking between both fractur€ig. 10 shows théR-curves obtained for the Chevron
surfaces; or notched composites 1 to 5 under three-point bending.

3) it could be due to thg(«) function. The figure also presents the correspondiagurve for

(b)
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Figure 11 Recurves obtained substracting tRevalues of pure alumina

Figure 9 Average of theR-curves obtained for commercial glass using from the R- curve of each composite. The tests were conducted with

Chevron notched samples and three-point bending tests. A strong rise &h?WO” notched samplgs under three-poipt benfﬁng..The numbers as-
the R-values in the region wheke> 0.8 can be observed. sociated to the curves indicate the composite designation (Table I1).

pure alumina (composite designation “0”). Each result-

ing curve in Fig. 10 represents the average of 5 experifABLE 11l Mechanical properties and the linear thermal expansion

ments obtained from different specimens with the samegoefficient () for the composites [12]

composmqn. . Composite  of K& E ath
Concerning pure alumina, the-curve was not flat  gesignation  (MPa) (MPan'/2)  (GPa) «10-8°C1)

for « > 0.8. Considering that the microstructural anal-

ysis revealed an average grain size qih, a flatR- 0 332+25 5.34£0.28 37842 877
curve forag <a < 1.0 was expected since the grains ! 295£20 525014 29610  8.39
are rather too small to produce any friction or inter-2 29537 SAE031 29512 833

. ! : . 3 317+£35 557£0.03  255:44 7.44
locking between the grains. Furthermore, this material, 204+ 65 354-022 1736  7.44
did not suffer any microcracking during processing. As 118420 3.36+0.14 17830 7.39

flat R-curve behavior for pure aluminas with grain size
under 7um was observed in the literature [17].
As previously discussed, a strong rise of Bygalues

for « > 0.8, as well as thék-curve shape, are affected  Fig. 11 shows a slight increase in tRecurve values

by the y(a) function. Thus, in order to examine the for composites 1 and 2 compared to that obtained for
variation of theR-curve behavior as a function of the pyre alumina. The initiaR-values for these curves are

obtained for pure alumina were deducted from Bie  gpserved.

values obtained for each composite. This subtraction The highest toughening effect was verified for com-
might suppress the influence of ther) function, gen-  posite 3, which was produced with 15 wt-% of zircon.

erating R-curves where only the toughening mecha-The improvements observed can be divided into two
nisms present in the composites prevail. Fig. 11 showggpects;:

the resultingR-curves.

aA straight-through notch thickness of 2@0n was used.

1) The initial level of theR-curve is higher, indi-
cating that the crack propagation initiation energy in-

_. 350 creased as a consequence of toughening mechanisms
NE 1 | Composite Designation o X that operate at the crgck tip. One of theseT mec_ha_lmsms
58001 . o o 3 ° ¥ may be crack deflection caused by the zirconia inclu-
~ 250 e 1 x 4 o ;x‘ & sions. Moreover, the zirconia inclusions can display
i 2 a 5 <§>° X ,‘ reinforcement components since their phase transfor-
200- S Xx" . mation can build up compressive stresses in the matrix
o0 X taps and also promote decreases in the average grain size of
150+ . o° f% 2 the alumina phase (comparing pure alumina with com-
0% X u _FAT posite 3, a reduction of 20% in the average grain size
1007 oee0 %y X 0at/ was observed). The proof of these statements are the
50 S dhaat, (o o, 9 0 ettt higher values oby and K¢ verified for composite 3
' . ' ' ' ' . (see Table 111) [12];
03 04 05 06 07 08 09 10 2) There is a considerable slope increase inRxe
o curve, indicating toughening mechanisms which the

o 10ch R habe due to the initial Cof process zone continuously develops with increased
igure 59 ~hanges in fe-curve snape cue fo me inial amoun’ ot a0k length. These mechanisms, among them crack
zircon (the figure shows the composite designation according to Table 1)

Three-point bending and Chevron notched samples were used in all (J?ranching! are generated by the zirconia and mullite
these tests. inclusions.
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For composites 4 and 5, a degradation offfseurve  for composites 4 and 5. Some explanations for these
behavior is observed in relation to that obtained forchanges were given in Mazzet al.[12, 18]. Another
composite 3. It is worth noting that, for composite 5, interesting point in Fig. 11 and Table Il is to verify the
the initial plateau of thér-curve is lower than the one matching between the initid&-value andKc.
for pure alumina (see Fig. 11). Observing Table Ill, The changes in thR-curves can be attributed to the
the degradation of all mechanical properties is cleatoughening mechanisms produced by the zirconia and

300 nm
—

(c) (d

300 nm
—

(e)

Figure 12 Micrographs of the fracture surfaces obtained under a stable crack propagation condition. (a) Pure alumina; (b) composite 2; (c) and (d)
composite 3 and (e) composite 5. In micrographs (b) and (c), microcracks generated as a consequence of crack branching and grain detachment can be
seen. In micrograph (d), microcracks produced as a consequence of the tetragonal-monoclinic phase transformation of the zirconia during sintering
cooling, in a region that was probably occupied by a zirconia inclusion can be seen. In (e), the microcracks produced by the phase transformation
surround a zirconia particle.
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mullite inclusions in the alumina matrix. The investiga- was verified by subtracting thR-curve obtained for
tion of these mechanisms is based on the SEM obsepure alumina from the one obtained for each compos-
vation of the fracture surfaces obtained under a stablée resulting from reaction sintering. The highest energy
crack propagation condition. Fig. 12 shows a set of mi-consumption composite was obtained with 15 wt-% of
crographs of the most representative fracture surfacesrcon mixed with alumina. Additional increases in the
for pure alumina and composites 2, 3 and 5. zircon amount resulted in pore coalescence and also
Regarding these micrographs, itis worth pointing outcaused increased microcracking in the matrix. Pore co-
that: alescence was caused by the additional porosity that
occurred owing to the dissociative reaction of zircon.
1) Intergranular fractures at the alumina-alumina andncreased porosity and microcracking of the compos-
alumina-zirconia interfaces were observed; ites Containing 20 and 25 wt-% of zircon attenuated the
2) Microcracks were verified on the fracture surface, R-values.
which could be an indication of crack branching; The composite produced with 15 wt-% of zircon pre-
3) Fine radial microcracking in the alumina matrix Sentedasteady increase in fReurve profile asaresult
was observed in regions that were probably occupie®f the active toughening mechanisms. Inthis composite,
by zirconia inclusions (see Fig. 12d), as well as in area$he initial R-value was higher compared to the pure alu-
close to these inclusions (see Fig. 12e). It was assuméd#fina one, indicating greater starting propagation resis-
that these smaller microcracks were generated by th@nce, and its correspondirigrcurve was steeper than
tetragonal-monoclinic phase transformation of the zir-the others.
conia that occurred during sintering cooling. Moreover, Lastly, the main toughening mechanism identified
X-ray diffraction characterization of the composites re-in the alumina-mullite-zirconia composites was crack
vealed that the zirconia appears mainly as the mondPranching, due to the microcracks generated in the
clinic phase [12]. Lastly, these microcracks could alsc@lumina matrix by the resulting zirconia inclusions.
be generated during the fracture process, but this pod-etragonal-monoclinic phase transformation occurring
sibility was rejected since such microcracks were nogduring the sintering cooling was the principal cause of
found on the pure alumina fracture surface. microcracking.

Based on the above, it was concluded that the main
toughening mechanism operating in the composites
was crack branching. There were also contributions oAcknowledgements
the zirconia-zirconia interface detachment and somé&he authors would like to thank ALCOA ALUMINIO
bridging caused by casual mullite inclusions grown inS/A for supplying some of the raw materials and
a needle-like shape, leading to the inference that thEAPESP, CAPES and CNPq for their financial support.
changes irR-curve values and shapes are a function of
the amount of zirconia and mullite inclusions.
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