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We studied the fracture behavior of alumina platelet preforms, with a global porosity of
80%, containing a weight fraction of short fibers varying between 0 and 50%. This addition
of fibers leads to an increase in the work of fracture of the preform. An experimental
method was set up to obtain a controlled rupture of these specimens and a
load-displacement curve which allowed us to measure the increment of rupture energy
due to the fiber pull-out. Experimental curves were interpreted by means of a
micromechanical model developed initially for the study of the fracture behavior of ceramic
matrix composites. This led us to estimate an equivalent friction stress between fibers and
platelets of the order of 0.04 MPa. © 1999 Kluwer Academic Publishers

1. Introduction The hybrid preform is prepared by mixing the alu-
The interest in using plate-like particles to reinforce mina platelets, the alumina fibers and an organic binder
materials has been shown both by experimental studn a slurry. The reinforcement (fibers and platelets) is
ies [1-3] and theoretical considerations [4, 5]. For andispersed by ultrasound and the blend is mechanically
identical volume fraction of reinforcement, a greaterstirred to obtain a homogeneous repartition of the fibers
stiffness is obtained than in the case of equiaxed partin the platelets. The liquid in the slurry is removed by
cles. However, preforms elaborated from these particlegacuum filtration to form a wet cake with a predeter-
are brittle and fracture during high pressure infiltration.mined shape. This wet cake is then dried at a tempera-
It has been demonstrated that this phenomenon couldire of 100°C, and heated at 62& to remove the or-

be overcome by incorporating fibers in the platelet pre-ganic binder. The mechanical properties of the obtained
form [6]. The addition of short fibers, which bridge preform are improved by a final sintering treatment of
the growing crack, leads to an increase of the fractur® h at 1300C. Preforms containing a weight fraction
toughness of brittle materials, by providing energy dis-(r 1) of fibers varying between 0 and 50% have thus
sipation mechanisms. been elaborated.

The aim of this work was to find a good experimental SEM observations show a good repartition of fibers
method to study the fracture behavior of these hybridn the hybrid preform even if their percentage is high.
fiber/platelet preforms. We set up an experimental deAn example of such a distribution is shown by Fig. 1,
vice to determine the load?)—displacementy) curve  relative to a preform witlh+ = 50%. The global poros-
(P-5 curve), during the fracture process. This enabledty of the preforms has been determined from the weight
us to evaluate the contribution of the fibers to the crackand dimensions of the sample and is about 80% for each
propagation resistance and to show the role played bpreform. Table | gives the results obtained for various
the percentage of fibers on the pull out energy of the ¢ between 0 and 50%.
hybrid preform. The pore size distribution was determined by the mer-

cury intrusion technique. Fig. 2 gives the histogram of
the mean pore size obtained on a hybrid preform with
r+ = 35%. This histogram exhibits a narrow peak, cen-
2. Materials tered around a mean value ofién, which confirms the
The materials used for the elaboration of preformshomogeneity of the material.
are hexagonal and monocrystallinealumina plate-
lets, elaborated by Elf-Atochem, and Almaxalumina
shortfibers. The diameter of the platelets ig0, their 3. Experimental techniques
thickness um and their density 3.97 g/chiThe mean  The P curve and the work of fracture were deter-
length of the fibers is 0.8 mm and their mean diame-imined from uniaxial tensile tests. They were performed
ter 10.m. They are polycrystalline, with a mean grain on samples with dimensions of 010 x 25 mn?. The
size of the order of a micrometer and thus their densitysamples were glued with epoxy to aluminum blocks to
is 3.6 g/cm, slightly less than that of monocrystalline facilitate gripping and the system was carefully aligned
platelets. to minimize bending stresses. To control the rupture,
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TABLE | Final porosities of hybrid preforms A
—>
Weight Volume percentage  Preform
percentage of (fibers/platelets) density Porosity -
of fibersr¢ (%)  in preformVs (%)  (measured) (%) = smmT [H 10 mm
—¥(—0.1-0.3 mm
0 (0/20) 0.794:0.001  80.0t0.1 — > A-A
10 (2.2/18.2) 0.8680.001  77.9:0.1 A section
20 (4.3/15.7) 0.8590.001  77.9t0.1
35 (7.5/12.5) 0.796:0.001 ~ 79.2:0.1 Figure 3 Specimen side notched on each face.
50 (10.5/9.5) 0.766:0.001  79.6t0.1
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Figure 4 P-$ curves for platelets and 35% hybrid preforms.

4. Theoretical evaluation of the equivalent
friction stress

Fig. 4 shows a typicdP—$ curve obtained for; = 35%

compared to the curve obtained with a preform con-

taining only platelets. The curve corresponding to the

preform without fibers exhibits a linear elastic increase

Figure 1 Microstructure of a hybrid preformm; = 35%.

30 up to the maximum load, followed by an abrupt load
drop corresponding to a rapid propagation of the crack
25 - leading to the brittle failure of the specimen. On the
& contrary, three characteristic steps can be observed on
i the P—3§ curve corresponding to: = 35%: i) the same
2 15 linear increase as previously described, ii) an abrupt
5 load decreasé P corresponding to the rapid propa-
;;: 10 gation of the crack in the section of the sample iii) a
5 steady decrease of load corresponding to a controlled
rupture of the sample, due to the pull-out process of
0 . crack-bridging fibers. The following parameters were
1 10 100 derived from these curves:
Pore diameter (L m) —Prmax, Which is the maximum load

Figure 2 Pore volume histogram of a hybrid preform,= 35%. v which is defined by the ratia P/ Prmax

To analyze quantitatively the effect of the introduc-
and thus measure the work of fracture, it is necessar{jon of fibers, we assume that these preforms are similar
to notch the tensile specimens. The classical geometri@ a ceramic matrix composite, the ‘matrix’ being con-
(compact tension sample) was not successful and a pl&tituted by the platelet preform and the ‘reinforcement’
nar crack was obtained with a specimen side notched oBy the fibers. The total work of fracturé/,.r for a
each face with a 0.3 mm saw and a razor blade (Fig. 3)steady state crack growth may be expressed by [7]:
We noticed that the width of the notch may have an _
effect on the measurement of the work of fracture. So, Waor = W + Wpi +Wa + Wp + Wr @)
when the fiber percentage decreasges{ 10%) it be- whereWs is the energy associated with the creation of
comes necessary to reduce the notch width to 0.1 mmrmew free surfacedVy the matrix and the fibers plastic

The specimens were loaded on an INSTRON madeformation energyy the fiber—matrix debonding en-
chine with a 0.3 mm/mint crosshead speed so as to ergy, W, the fiber pull-out energy, andl; the released
yield fully stable fractures. The displacement was mearelaxation energy of fibers.
sured using a LVDT transducer and the load applied Owing to the particular microstructure of the mate-
with a 100 N cell. rial, the bonds between platelets or between platelets
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and fibers occur only at particular points. So, whenTo take this effect into account, the model introduces a
fracture of the platelet ‘matrix’ occurs, creating a pla- snubbing friction coefficienf, correcting the load by
nar rupture surface in this matrix, we can consider that factor €. The bending of the fiber, which may be
the bonds between the fibers bridging the crack and thenvisaged for a bulk matrix, is less probable in the case
platelet ‘matrix’ are also broken. In this particular case,of a porous material such as that studied here. We will
the energy\y given by the area under the linear part of thus assume no supplementary stress and tak®.

the P—$ curve may be considered as includivig and The loadP(8) corresponding to a crack openidg
Wy. Moreover, due to the brittle nature of the materi- may then be expressed by [8]:

als, Wy can be considered as negligible and the same

conclusion seems to be valid fo¥, due to the very P(8) = o(8) - Swith o'(8)

IQW value of stresses involved du_rln.g the rupture of this 20Vy 20V LtV
kind of material. We can thus write: = S 8% — -6+

df L f df 2df

Wwof ~ WO + Wp (2)

®3)

. being the section of the ligamen¥; the volume
yggtzfénggsgﬁfg}toe: d%i?;airs;ggfgzrt\t‘s (?:(i)gtra,o)”e action of the fibe_rs in the sgmpIE,f, d¢ the_mean

In ceramic matrix compositeSy, is due to the fri.c- ) !ength a_nd mean dlameterqfflbers, arttie equivalent
tion between the debonded fibeprs and the matrix. Ir%nt_?Lfac:latl shiar stress de??ﬁd@bqveth : by:
the case of our material, this friction is due to the lo- € extraction energy of b€l 1S then given by
cal forces exerted between the platelets and the fibers )
through their contact. This force can be modeled by a _ TL Vs
uniform interfacial shear stregsat the interface be- P71
tween the fibers and the matrix of the platelets.

With these simplifications, the models initially estab-
lished for CMC could be used to determine an effectived. Experimental results and interpretation
o3 traction law for the bridging fibers and the steady Table Il gives Pnax, v, the displacement at rupture
state bridging toughness increm&Wg. The Jainmodel & and the values ofWs, W, and W,,o of the vari-
[8], is based on a number of assumptions, the followingous preforms with the different weight fractions of
being easily transposable to our case: i) the matrix crackbers. The volume fractiok’s of fibers in the preform
is planar and the fibers bridge this crack, ii) the fibersis also given. In Fig. 6 the corresponding normalized
are straight with cylindrical geometry, inextensible andload—displacement curves are plotted, WthPyax as
sufficiently strong to enable complete pull out without @ function ofs.
rupture, iii) the matrix deformation is negligible, iv)the ~ The results show that the introduction of fibers in-
strength distribution of fibers is rather narrow, v) it is creases the preform fracture toughness. This can be seen
the shorter embedded fiber segment bridging the marom the continuous increase &f, W, and of the ratio
trix crack which will be pulled out. Moreover, itis also Ws/ Wit With r ¢ which is well illustrated by the rela-
assumed in this model: tive disposition of the normalized curves of Fig. 6. The

i) that the fiber embedded lengths less than the Vvariations oW are more difficult to interpret, owing to
critical lengthL. = ot df /47, whereo is the strength  the dispersion of results due to the crack tip effect. In-
of the fibers of 2. gauge lengthd; their mean diam- deed, the introduction of fibers decreases the cohesion
eter andr the interfacial shear stress. In the case of thedf particles network and act as flaws. When the sample
materials studied, owing to the high porosity of the pre-is notched, a rather large damage zone is created. It ap-
form it can be assumed thats low. For example, ifwe —pears, however, that the total energy of rupture remains
take into account the other characteristics of the fibersoughly constant for ; > 20%.
andr is of the order of 1 MPal.. should be more than
one centimeter, which is much greater than the mean

@m?) 4

length of fibers.
i) that a fiber with an orientation angle to the pull- 10
out load, suffers a bending in this direction (Fig. 5).
0.8 - /_ r;= 0%
&E 0.6 20%
s i 35%
v Gl
= 50%
M M‘Q_Zﬂ 02
8 0.0 . ] ; x T
0 100 200 300 400 500
(a) (b) Displacement (um)

Figure 5 Pull-out of embedded fiber: (a) before loading, and (b) during Figure 6 Load—displacement normalized curves for different fiber per-
pull-out. centage.
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TABLE |l Mechanical characteristics of hybrid preforms

r (%) Vi (%) Pmax (N) y 8 (um) Ws (I m2) W (InT2) Wiof (J2) W/ Wiof
0 0 9.240.2 1.0 1091 19+1 0 1941 1.00
10 22 9.2+0.5 0.6+0.1 210420 14+3 541 19+4 0.74
20 4.3 13.2£2.2 0.8+0.1 285+15 2749 6+1 33+10 0.82
35 75 9.5£2.0 0.6+0.2 440450 16+8 1545 31413 0.52
50 10.5 7.8£0.5 0.740.1 4804100 1143 18+6 29+9 0.38
40 From these results, itis possible to evaluate the mean
equivalent friction stress between the fibers and the
platelets by means of Equation 4. The linear interpo-
30 - lation of the plot ofW, as a function oWV; (Fig. 7)
N leads to ar value of 0.03 MPa. which corresponds to
5 a maximum value of the order of 1® N for the force
> on each bridging fiber. This very low value is coherent
<

Figure 7 Fiber pull-out energy versus fiber volume fraction in the

preform.
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Figure 8 Example ofr determination by Equation 3: (a) = 35% and

(b)r t = 50%.
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with the physical origin of these forces.

Another evaluation ofc is possible from theP—§
curves by determining the value which leads to the
best fit of the stage of the controlled crack opening
by Equation 3. Fig. 8 gives two examples of the good
fitting which can be obtained between experimental and
theoretical curves for highs values (35% and 50%).
Table Ill gives the mean values af determined by
this method with the various preforms tested. For high
r¢, T values are found between 0.04 and 0.06 MPa,
i.e. close to the value found previously by considering
the evolution oWy with V;. However, determining
by this method is difficult for lowr ¢ values. In this
case, the loads measured are very weak, especially in
the final portion of the curve, which corresponds to the

TABLE IlIl Meant values obtained from Equation 3
re (%) 10 20 35 50
r(MPa)  0.29£0.01  0.0740.02  0.06£0.02  0.04:0.01

Figure 9 Fracture face of a hybrid preform showing pull-out &
35%).



14 fibers. It can be seen in Fig. 10a that thevalues are
12 distributed rather homogeneously, which confirms the
random orientation of fibers. The histogram of pull-out
= 107 lengths (Fig. 10b) spreads from 0 to 506 (approxi-
§ 8 matelyL ¢ /2), with a maximum frequency of 150m.
- — These values confirm the hypotheses made on the pull-
L out process: a variation of the fiber extracted length
41 between 0 and. ¢ /2, no breakage of the fibers during
2 the pull-out process, extraction of the shortest embed-
" ded length of a bridging fiber.
0 100 200 300 400 500 600
Length (um) 6. Conclusions
a) 1) An experimental determination of the fracture en-
10 ergy of alumina preforms is possible, using quadruple
notched specimens.
8 1 2) Platelet preforms exhibit a brittle fracture behav-
ior. A hybridization of these preforms by short fibers
& 6 leads to a change in this fracture behavior, which be-
§ comes partially controlled. This results in an increase
g 47 in the work of fracture.
= 3) Thiswork of fracture increase is due to the pull-out
21 of the fibers bridging the crack. The models established
inthe case of CMC can be used to evaluate an equivalent
0 friction stress on fibers, which is found to be of the
9 16 20 0 46 Se e 70 80 30 order of 0.04 MPa for a preform with a total porosity of
80%.

Orientation angle (°)
b)

Figure 10 Extracted fibers: (a) length distribution and (b) angle orien- References
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