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BRITTLENESS AND TOUGHENING OF CERAMICS

GL .JingV~h

Shanghai Institute of Ceramics, Academia Sinica

Received on 5 January 1987

Abstract

Improving the brittleness of ceramic materials has long
been a problem of concern to ceramists, Fiber-reinforcing and
zirconia phase transformation toughening have been proven to be
effective approaches in practice for improving the brittleness
as well as the strength of ceramics, This paper will briefly
discuss some problems in the study of the above two approaches,
The importance of chemical compatibility between fiber and ma-
trix is pointed out in the study of fiber-reinforced ceramic
composite materials; the matches of the two in thermal expan-
sion and elastic modulus can not be neglected either, and the
moderate bonding of the two boundary surfaces is considered
appropriate, In the study of zirconia phase transformation
toughening, p lems such as the retention of tetragonal zir-
conia (t-ZrOa), the transformable t-ZrO2 induced by stress and
the trika formab e t-ZrO2 which contributes to the toughening
actions, etc, ar discussed, The related propertU,. of Y-TZP
and ZTA are al o listed in this paper.
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I. Preface

When comparing ceramic material with metallic material, many inherent properties

of the former, such as high temperature dynamic property, chemical corrosion resis-

tance property, electric insulation, hardness, wear resistance, etc, are better than

those of the latter, but the nature of atom arrangement in the molecular structure has

determined that ceramic materials lack th! kind of elastic transformation ability like

that of metallic materials. Therefore, other than increasing the surface energy

of the newly fractured surface there are almost no other functions that can absorb

energy during the fracturing process, This result has determined thp. brittle nature of

ceramic materials, The brittle nature of ceramic materials is difficult to change, but |

it can be improved using various appraoches, This is a problem we have always been
about

concernEd and studied about.

After going thro_h an extended period of complications, pople have found two

more effective approaches by which the brittleness of ceramic materials can be ira-

proved, i.e, fiber-reinforcing and using zirconia phase transformation toughening. The

results of our studies on the above two areas are briefly introduced below,

II, Fiber-Reinforcing Ceram ic Composite Materials

1. Compatibility between fiber and matr-ix

In order to make good composite materials, the chemical and physical compatibil-

ity betwen fiber and matrix must be considered first, Chemical compatibility mainly

means that fiber and matrix must not react chemically under the required temperature,

and of course this also includes that the fiber itself does not result in any property S

degeneration under the said temperature, Physical compatibility mainly means that the

two thermal expansion properties can match and that they should make the matrix por-

tion (ceramics or glass) of composite material produced capable of sustaining under

the state of compressive stress, thus making it possible for the composite material to

possess strengthening and toughening properties, Secondly, it is the matches of the

two in elastic modulus, Only when fiber possesses higher elastic r odulus can it be '

possible for the fiber to share more load,
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2. Several promising composite material systems

1) C fiber/Quartz glass composite material c' 2

C fiber and quartz glass are not likely to react chemically under proper produc-

tion temperature, and U'e axial thermal e':pansion coefficient of C fiber matches the

thermal expansion coefficient of quartz glass which facilitates the formation of coml,-

posite material, Table 1 is the related properties of the said composite material,

It can be seen from Table I that both strength and toughness of C fiber/quartz

composite material have been greatly increased compared to those of quartz glass it-

self, Bending strength increases 11 times and the work :,f fracture increases by two

degrees of magnitude, It also has extremely good thermal shock resistance property

ad is a promisin heat resistance mat-erial,

Table 1 Properties of C fiber/Quartz glass composite

Material C fiber/Quarts glass composite f Quarts glass

Bulk density(g/cme) 2.0 2.16

Fiber content(vol%) so
Bending strength(MPa) 600 61.5
Work of frscture(J/ms) 7.9x 10' 5.9-11.3
Thermal diffusion coefficient 0.0077(900"C)0

(cUa,/)

Fiber cross arrangement.

2) C fiber/Si 3N4 composite oaterialc23

C fiber will react with Si 3 O4 at temperature above 16000 C kFigs, I and 2), and

meanwhile since the mismatch of the two thermal expansion coefficients often results

in cracks in the matrix of composite material, ways must be found to reduce the pro-

duction temperature of composite materials of this system and to adjust the incom-

patibility in their thermal expansion, Table 2 shows the properties of C fiber/Si3 N&

composite material, It is observed that, as a reinforcing agent for Si3N4 , C fiber can

make its toughness increase greatly while being unable to also make its strength in-

crease, This is due to the reason that the elastic modulus of mat.rix is greater than S

the elastic modulus of fiber,
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Fig, I No indication of occurrence of Fig, 2 Obvious reaction has occurred
chemical reactions between C fiber and between C fiber and Si 3 N4 at 1650GC,
Si:3 N at 16000C,

Tatble 2 Properties of C fiber/SiNA composite

C fiberiSMZ-SiN, SMZ-Si,N 4

Bulk density(g/cm') - 2.7 3.44
Fiber content(vol?/*) 30
Bendin strength(MPa) 454 ± 42 473 ± 30

Work of fracture(Jim') 4770± 770 19.3, ±0.2

Fracture toughness,Ki. (MPa.m) 15.6 ±1.2. 3.7±0.7
Thermal expansion coefficien,, 2.51 4.62

x 10-6 (R.T.-10-C)

SMZ consista of LiO, MgO, SIO, and ZrO,

:3) Dielectric composite material

As a dielectric material, it is also required that it possesses better toLx]hness

thereby setting a certain limit on the selection of fiber and matrix materials, SN

fiber and quartz glass are the reinforcing agents currently available for selection,

BN fiber/3i 3 NA is a composite material system available for selection, In ,:rder

to better preserve SN fiber technologically, the reactive burned Si3 Ne (RE:SN) may be

used as the matrix, BN fiber/quartz glass is also a better matching systf,, under pro-

per technological production temperature, Quartz glass fiber/Aluminum phosphate is a

composite material system with characteristics of being technologically simple and

convenient to process and being easy to be made into large pieces of products,
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These three composite materials possess better dielectric properties. Table 3

lists their related properties, Fig, 3 is the SEM photograph of te cross-section -:,

SNfiber/RBSN,

Table 3 Properties of dielectric composite

Ioie /Quartz
MaterialBN fiber/ boded /Quartz Quartz fiber/Materiber/SN S,N, glass gu AuminumRBSN) I phosphate

Dielectric constant 3.96 8.3 3.79 3.8 2.5-3.5
Dielectric loss (tg6) 6.7 x 1 0 I i0"o <0" 1-5 X 10"8
Bulk density(g/cm') 2.16 2.40 2.05 2.16 1.75
Fiber content (wt%) 10 15 20-50
Bending atrength (MPa) 57 170 37.1 51.5 40-60

Work of fracture (J/m$) 3%.5 12.? 10.1 5.9-11.1 160-300

0

is PA 2.i Or

Fig, 3 SEM photograph of the cross section Fig. 4 Fracture of SiC fiber due to
of BN-fiber/reaction bonded Si2 Nt composite fiber misratch of SiC fiber/Si3N4 ma-

trix in thermal expansion coefficient

4) SiC fiber (crystal tassel) reinforcing Si 3 N4 composite material

Excessive disparity in the difference between thermal expansion coefficients of

fiber and matrix (a=X.C>,s±N 4 , close to one fold) will cause SiC fibers in the com;-

posite material produced to fracture, Therefore, it is necessary to adjust the thermal

expansion coefficient of matrix, The main technological issue for using crystal tassel

as reinforcing agent is uniform dispersion. Fig, 4 shows cracks of fiber ocurred due A

to mismatch of SiC fiber and SiaN& matrix in thermal expansion coefficient,

3, Toughening effects of fiber-reinforced ceramic composite materials

When fiber and matrix are selected properly, the ccposite material forme'd will

benefit greatly in strength and toughness, such as C fiber/guartz glass composite ma-



terial. The majority of systems, however, can all obtain a higher toughening effect.

Several mechanisms which can consume external energy are described in Fig. .5 among

which pulling fiber out of matrix requires the most energy, Figs, 6 and 7 show the

SEM photographs of the fracture of C fiber/quartz glass composite material and cross-

section of C fiber/Si3NA composite material respectively, It can be observed in the

photographs that the pulling out of C fibers are obvious, and as a result their tough-

ness is also high.

Therefore, it is best that the following requirements are satisfied in order to

produce high strength, high toughness composite materials:

(1) Fiber of crystal tassel with high strength, high modulus (both should be

greater than those of the m atri:<),

(2) Under composite material production conditions (eg. temperature and atrn,,,s-

phere), properties of fiber or crystal tassel must not degenerate,

(:3) Fiber or crystal tassel must not react chemically with the matrix under the

conditions listed in item No. (2),

(4) Thermal expansion coefficients match, and it is best if ,tit,.b is appropri-

ately larger than 'X..tr,.,

(5) In composite material, it is better that the bonding strength between fiber
and matrix reaches this extent: i.e. not only effective transfer of matrix stress onto

fiber is guaranteed, but also sufficient length of fiber is pulled out from the matrix

III, Zirconia Fhase Transformation Toughening

Utilizing the volume effect caused during the phase transformation of zirconia in

order to reach the goal of tcr=Aighening the ceramics is one of the breakthro ughs in the

study of ceramics in the recent 10 years,

Lately we used the general thermal compression burning technology to make the

zirconiq toughened ceramics, And test P.,AIt.s of strength of 1-'-nMPa and fracture

toughness of 15,6MPam'6 can be reached,
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Fig. 5 Several possible mechanisms for energy absorption in fiber-reinf:o'cc- ceraric-
r-comipos ite

Key: A --- Fiber pull o:ut; 8--- Interface deboun-d; C --- Fiberi fra~cture,

F ig, 6 Fracture of C fiber/SiO2 comrosite Fig, 7'--;EM c'hotc-graph of thie C'
section of C fb/i 3  COUIPOSite

In addition to applying technology of Y20O3-containing tetragonal 2r02 multi-

grain (Y-TZP) ceramics and -Zir2-toughened a1ritinujy ox<ide C(ZTA) ceramics, we have also

studied a few basic questions on the phase trans formea tion toughening of p 0 _C 4 -1,3

* First of all, the strengthening and toughening of ceramics is realized thrc'Ugh the

* process of transforming tetragonal phase ZrO2 (t-ZrO2 ) int.: single slanting phase of

ZrO2 (m-ZrO2 ), Therefore, sufficient t-ZrO2 must be retained in the ceram ics, Secondl'y,

are all t-2r02 capable of being transforme'i into m-'-rO2 and what are the transform-

ation conditions? rrairdly, are all phase transformation processes contributive to

strengthening and to-ughening of ceram ics? And the last one is how to) make the contr i-
als0o

butive (o r called effective) phase transformiation processes reach their rmaxiri anld



be technologically feasible?

I, Retention of tetragonal ZrO2

First of all, for Y-TZP ceramics it is to retain the r.,aximi, limit of t-ZrOa in

the raw material. Fig, 8 shows the relation between particle size (Dp) of Y20-ZrOi2

powder and fraction (Xm%) of m-ZrO2, It can be observed that without adding the sta-

bilizing agent Y203 the phase composition of 7rO2 powder is still 100% sigle slanting

phase even if its particle size is as small as 0,025pri, In theory, it is estir,,ateJ

that the critical size for retaining tetragonal phase in the ZrO2 powder is IOSA, and

this is consistent with the aforementioned results, In the meantime, the larger the

mean particle size is, the higher its fraction of m-7rO2 is; the higher the fraction

of Y2 03 is, the less the fraction of sigle slanting 7j,0 2 is,

After the Y-TZF' ceramics is produced, the influence of Dr02 grain size (.D. crn tirhe

fraction of t-ZrO2 (Yt%) is also very important (Fig, 9), and the highest t-Zr02 frac-

tion only.exists within a very narrow range of grain size,

pis

o. 1 . 2 3

A Ua) *(pu )

Fig, 8 Particle size of Y203-71O, (D ) vs Fig, 9 Mean grain size of Dr0 2 grains
fraction of mi-ZrO2 ( %) in 2,1 ,nl% Y-03-ZIr02 sample (D) vs

fraction of t-Zr0 (x%.

2, Transformable tetragonal ZrO2

Crushing Y-TZP ceramics thoroughly and grinding it to release the suppressive

effect by neighboring crystals should make all transformable t-ZrO2 transform into m-

ZrO2 , Therefore, the difference in fractioi of m-ZrO2 before and after crushing and
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grinding could be interpreted as the volume fraction (AV) of transformable t-Lr0Z

induced by stress, Fig, 10 shows the relation between Y-TZP grain size (D) and AV,

Fig. 9 corresponds perfectly with Fig. 10 in that the greater the fraction of t-ZrO2

( ) is, the higher the volume fraction (gV) is. As it should be, the corresponding

fracture toughness is also at its maximtz.i (Fig, 11),

In Y-TZP ceramics, not all t-ZrO2 can be transformed into f-ZrO2 as induced by

stress, Fig, 12 shows the phase transformation situation on both sides of the crack

in the Y-TZP material, On the upper left-hand side of the crack, all tetragonal 7r02

grains have been transformed into twin-crystal m-ZrO2 , whereas those oJr, the lower

right-hand side of the crack remain as t-ZrO2, This indicates that not all t-ZrOz

grains can be transformed,

0
,t13-

7.t

0.3.

0!0.5Q304 . .

0 4 mlir ) d Vit

Fig. 10 Mean grain size of ZrO2 grains Fig, I Volume fraction of t-ZrO2 trans-
in 231 mol% YaOs-ZrOm sample (0) vs vol- formable as induced by stress (.nVt vs
ume fraction of t-ZrO2 transformable as fracture toughness (' ,"c)
induced b stress (AV0.

3, ZrO2 grain phase transform~ation and relations between their crystal
orientation and striucture

Direct observation and study of phase transformation Df 7f,02 grain-s using,: the

transmittance electronic microscope indicate that: phase transformation often begins

at the crystal boundary; it is observed from the stuidies of electronic diffraction

diagrams of different orientations that when trO-- rtj-7rO2, its crystal structure

L7

L .



changes into (100)//(100). and that the said plane is the inertia state plane of Ma's

[*] body phase transformation whereas its crystal axial orientation relation is [001 X

7/001. and [010]t.//[01

In

Fig, 12 TEM photog~raph of different t-Zr02
phase transforratiion on both sides of a crack
in a Y-T4F' ceramic sample

In addition to the above phase transformation and crystal plane orientation re-

lations, it is also related to the extent of structural tightness between adjacent

crystal grains. Fig, 13 shows S t-ZrO2 grains connected together and the three grains

A, B and C have the same crystal a..:ial orientation [011] after being measured by elec-

tron ic diffraction. Phase transform ation occurs after being irradiated by strong elec-

tronic beam, Phase transformation begins at the crystal boundary between crystal

grain A and crystal grain D, then it expands to crystal grain A and further to the

crystal boundary of crystal grain 8 cagsing crystal grain B to transform, but not

crystal grain C (see Fig, 14), It is observed from the studies of their electronic

diffraction diagrams that the angle between crystal grain A and crystal grain E; (-200)

is 530, whereas the angle between crystal grain A and crystal grain C: (200) is 640.

Morerver, looking from the stand point of adjacent structural arrangement, crystal

grain B and crystal grain A are even more tightly packed,

It is concluded from the microscope studies of t-ZrO2 in ZrO2-toughened AlO2

ceramics (ZTA) that, phase transformation of t-ZrO2 is related to its location in the

A120 matrix. Those t-ZrO2 grains wrapped inside Al203 crystal grains are the most

[2] as transliterated
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Fig. 13 Y-TZP Fig, 14 Phase transformation of t-ZrO2
grains in Fig, 13 ocurred after being
irradiated by electronic beam

difficult to undergo phase transformation; those located between Al Os crystal grian

boundaries or the intersection of crystal boundaries come in second, and those with

other t-ZrO2 grains adjacently connected come in a further second; those with multi-

grain of t-ZrO2 grouped together are the easiest to undergo phase transform ation, this

condition may be related to the extent of suppression around t-ZrO2, Since the t-Z'02

inside AzO2a grains is wrapped by them, its state of being suppressed is very diffi-

cult to be relieved; whereas the concentrated body 4t-ZrO:i is located in the weakest

suppression state and therefore is the easiest one to undergo phase transformation,

4, Technological considerations

It is conclued from the above discussions that retaining the maximum limit of

t-ZrO2 fraction in ceramics is the condition which must be achieved in technological

consideration, Increasing transformable t-Zr02 fraction is technologically related to

particle size and grain size, and it is also related to the Y2 03 fraction, As far as

practical toughening effects are concerned, there is also only a portion in the trans-

formable t-ZrO2 fraction which exerts practical effets on toughening and it is called

the contributive transformable t-ZrO2. The higher the fraction of contributive t-Zi'02

is, the greater the value of fracture toughness (Kxc), and so is strength, Considering

from the stand point of technology, there seemrs no other more direct production moni-

toring factors as to how to increase the fraction of contributive t-ZrO2 other than

strictly controlling the technological parameters. This requires more thorough probes,

Table 4 lists related properties of yttri ,-containing tetragonal ZrO2 multi-grain and

ZrOz-toughened A120 (ZTA),
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Table 4 Properties of Y-TZP and ZTA Ceramics

Y-TZP ZTA

Material Hotcd Sintered ZrOs (voi%)

prese 1 1 25 50 1 7

lending atrength(MPa) 1530 1020 950 960 I1000 1596

Fracture toughnesx(MPa& MM) 15.6 10.3 5.61 6.6 11.1 14.4

IV, Conclusions

The two approaches o:f fiber-reinforcing and zirconia phase transfornmati:'n to-u'gh-

ening have both proven to be effective in practice for imocving the brittleness of

ceramics and tougjhening ceramics, Even though they have each found somte practical

applications, perfection is still required in order to: reach the best t&:hnol-ical

level; besides, both still have numerous basic problems that await further and more

thocigh studiies to provide theo)retical basis for perfec tio:n technologically,

Nonetheless, the progress in the studiies of both fiber-reinforcing and zirconia

phase transformation toughening as well as the results obtained are enccouraging,
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A205 EMU=I 1
A210 EM9A.C 1
C509 BALLISTIEC REM LAB 1
C510 R&T IAB/AVFADOCI 1
C513 AT4RADcXI 1
C535 A'ADOMVTSAROOK 1
C539 TASAN& 1
C591 FSTC 4
C619 MA F46"C 1
DOOB 1.USC 1
ED53 HO USAF/flNE1 1
E404 AEDC/MF 1
E408 AMW 1
E410 AD/flND 1
E429 SD/IND 1
P005 DO)E ISA/DDI 1
P050 CIA/OCR/ADD/SD 2
AFIT/M 1
F7V

MIA/HS- 1
ILYWC/ODE L-389 1
NASA/NST-44 1
NSA/7513/IVL 2
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