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DETERMINATION OF RESIDUAL SURFACE STRESSES DUE TO GRINDING

IN POLYCRYSTALLINE A1203

F.F. Lange, M.R. James and D.J. Green

Rockwell International Science Center

1049 Camino Dos Rios

Thousand Oaks, CA 91360

ABSTRACT

Residual surface stresses introduced into polycrystalline A1203 during

diamond grinding (320 grit) were examined with an x-ray diffraction technique

commonly used for metals. Compressive stresses, estimated to be in the range of

135 MPa to 170 MPa and to extend 4 15 t In depth, were observed at the surface.

It is believed that the compressive surface layer coincides with the plastic

layer produced by the elastic/plastic interaction of the abrasive grains with

the ceramic. The results are discussed with regard to the effect of the com-

pressive layer on the extension of surface cracks.

1. Introduction

Grinding, a common processing step for ceramics, introduces both

plastic deformation and cracks into the material adjacent to the surface. The

elastic/plastic interaction of abrasive grains ith the ceramic surface has been
considered analogous to a series of closely-spaced sliding, single-point inden-

ters. As reviewed by Lawn and co-wrkers,( 1 , 2 ) a sharp indenter plastically

deforms a small volume of material, which is proportional in size to the

indenter impression. When the applied load Is greater than a critical value,

the sharp indenter also produces lateral (approximately parallel to the surface)

and radial (normal to the surface) cracks. Intersecting lateral cracks are

believed responsible for material removal during grinding; whereas the radial
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cracks will lead to strength degradation. Rice et al.( 3 ) have shown that two
types of radial cracks exist within the groove produced by the plowing abrasive
grains: 1) closely spaced cracks that traverse the groove produced by slip-stick
and 2) longitudinal cracks which overlap one another along the length of the
groove. The overlapping, longitudinal radial cracks produce the greatest

strength degradation, resulting in a strength anisotropy when tensile strength

is measured parallel and perpendicular to the grinding direction.

The residual surface stresses produced by the overlapping plastically-

deformed volume elements associated with each grinding groove are of greatest

concern in the present investigation. For the indentation produced by an iso-

lated, sharp indenter, the material within the plastically deformed volume is in

a state of compression and exerts tensile stresses on the radial crack fronts

both at the surface and in the interior. These residual tensile stresses aid in

crack extension when an external tensile load is applied to induce failure.(
4)

However, when the plastically-deformed volume elements overlap one another,

i.e., the suspected case for grinding, one would suspect that the complete sur-

face would be plastically deformed and in a state of compression. If this were

the case, the portions of the cracks within the compressive layer would be

closed. These partially compressed cracks would be less effective in degrading

strength than currently suspected from results of single-point indentation

studies.(4)

The objective of this work was to determine if surface stresses are

produced by surface grinding, and to estimate their magnitude and depth.

2. Approach

Surface residual stress measurements were made using an x-ray dif-

fraction technique that is ideally suited for very shallow (- few is) depths and

comercially employed by the metals industry. Authoratative reviews exist on

this technique,(5,6) which requires a polycrystalline sample so that a given set

of (hkl) diffracting planes can be examined as a function of their angular

rotation with respect to the specimen's surface. This is accomplished by

2
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tilting the specimen and determining the Bragg angle for the chosen (hkl) planes

as a function of the tilt angle. A change in the Bragg angle Infers a surface

strain. Conversion of the measured strain into surface stress is most easily

accomplished by assuming isotropic elasticity. To partially compensate for

anisotropic behavior along the particular (hkl) planes, the elastic constants

specific to that plane are used rather than bulk values of the aggregate.

Denoting these "x-ray elastic constants" as S2, isotropic elasticity theory
yields S2 - (1 + v)/E, where v and E are Poisson's ratio and Young's modulus,

respectively. The conversion also assumes that the surface is in a state of

biaxial stress to the depth penetrated by the x-rays and that the principle

strain axes are coplanar with the surface.

The x-ray elastic constants for the <hkl> direction can either be cal-

culated with knowledge of the single crystal elastic compliance constants (see

Wye(7) or Dolle (8)) or determined by direct measurement. The experimental

determination used here involved strain gauging a bar specimen (approximately

0.3 x 0.6 x 3 cm) that had been annealed to help ensure minimal surface

stresses. Surface strain determined with the strain gauge was first correlated

to an applied surface stress by loading the bar specimen in 4-pt bending with an

Instron Testing machine. The strain-gauged specimen was then placed in another

4-pt flexural loading jig mounted on the x-ray diffractometer to obtain corre-
lation between the applied surface stress (as determined from the calibrated

strain gauge) and the surface strain, as determined by the change in 20 for the

chosen (hkl), to obtain the elastic constants for the chosen (hkl> direction.

The particular computer-automated instrumentation and technique used

here to determine surface stresses is similar to that described previously.(9)

Each measurement was carried out using eight tilt angles (00 to 450). The peak

of the diffraction profile at each tilt angle was determined by the apex of a

least-squares parabola fit to the top portion of the profile. The profiles were

very broad (> 30 20 full width, half maximum) and symmetric about the apex. To

ensure that grinding did not introduce errors due to the principle strain

components being inclined to the surface,(8) some mesurements were carried out

3
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at both positive and negative tilt angles and gave identical results. Typi-

cally, a single measurement of residual stress took three hours.

Hot-pressed A1203 (1500°C/2 hr), with an average grain size of 2 un

was chosen for the surface stress deteminations. (10) Initially, both Cu-

radiation (A 1.542A) and Cr-radiation (X - 2.291A) were used for the study,

but preliminary work quickly showed the need for the shallower penetrating Cr-

radiation.* The (602) diffraction peak was chosen for the Cu-radiation (20 -

1420) and the (119) peak for the Cr-radiation (20 - 1350). The x-ray elastic

constants was determined for the respective <hkl> directions as described

above. It was also calculated for the <119> direction using the A1203 single

crystal compliance constants.(11) Based on the counting statistical accuracy(9)

of the (119) peak, the precision of the 20 determination was calculated to be t

0.0300. This corresponds to a statistical precision of t 45 MPa when the (119)

diffraction peak was used for surface stress determinations.

Three different bar specimens (approximately 0.3 x 0.6 x 1.0 cm) were

ground on four sides with a 320 grit diamond wheel removing - 25 oi of material

with each pass.t Surface stresses in the direction of grinding were determined

on one ground specimen with both Cu and Cr radiation. The second ground speci-

men was only examined with Cr radiation; subsequent determinations were made

after 5 on and then 10 on of surface material was removed by polishing with 3 to

diamond paste. The third specimen was annealed at 1500C/1 hr prior to surface

stress examination. Surface stress determinations were repeated 2 or 3 times at

different positions on the bar for each condition examined and the results

averaged.

*Using the mss absorption coefficient for A1203 for either Cr or Cu radiation,

and the possible path length for the given 20, 50% of the radiation is dif-
fracted from an AlOs surface layer of 8 ym for Cr-radiation and 26 "M for
Cu-radiation.
tElgin, Inc., CD32OR10OBF-1/8-C4
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3. Results

Table I lists the experimentally determined and calculated value of

E/(1 + v). The experimental value for the <119> direction was -25% lower than

the value calculated from the single crystal compliance constants.

Table II sumarizes the surface stress results calculated with the

experimentally determined value of E/(1 + v). Values would be - 25% greater If

single crystal results for E/(1 + v) were used instead. Note that all surface

stresses are compressive. Compressive stresses on the ground surface are

substantial, viz -135 MPa (to 170 MPa if single crystal results for E/(1 + v)

are used), whereas the I hr anneal reduced the stresses to within the limits

Table I

Values of E/(1 + v)

E/(1 + v) (GPa)

Radi ati on Crystal Direction Experimental Calculated

Cur <602> 212 --

Cr <119> 246 313

Table II
Surface Stress Determinations

Average Compressive
Surface Stress*

Specimen Radiation Surface Treatment (MPa)

1 Cu Ground 35 t 16 (3)**

1 Cr Ground 125 t 7 (2)

2 Cr Ground 145 t 21 (2)

2 Cr 5 um Removed 70 * 28 (2)

2 Cr 10 ti Removed 83 t 56 (2)

3 Cr Annealed 29 t 49 (3)

* Calculated using experimental value of E/(1 + v).
* ( ) Number of determinations.

5
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vertical load), Kc - critical stress intensity factor. For A1203
, (10 ) H - 18

GPa, E = 400 GPa, Kc - 4.9 Wa m1/ 2 ,

alt u 2 [P] 1 / 6  (2)

where P is the vertical load of the diamond wheel in kilograms. Under normal

grinding conditions P -1 Kgm, thus aft - 2a. Examining the extreme cases when

t - d (a =- 1) and t # a (a 4 1/2), i.e., the case where the crack is completely
imbedded within the compressive layer, Green and Lange's( 12) analysis indicates
that the strength increase due to the compressive layer for the cases where

a = 1 and a c 1/2 are 30% and 100% of the compressive stress, respectively. For
the A1203 used in the present work, the average flexural strength of ground

specimens is 610 MPa.( 10) Data reported in Table II indicates a compressive

stress of 135 to 170 MPa. Thus, if surface cracks were strength controlling and

if the compressive stress could be removed (e.g., by annealing) without healing

the surface cracks, one would expect that the average strength to decrease by a

stress in the range of ~45 MPa (= 1, 30% of 135 MPa) to 170 MPa (a 4 1/2,
100% of 170 Ma).

The above discussion assumed that the closely spaced grinding grooves

are uniform in depth and thus produced a plastic layer of uniform thickness.

Surface topography measurements suggest that this is not the case for present

day grinding wheels, viz, one or more grooves are much deeper than others. That

is, the larger cracks associated with the deeper grooves will dominate strength
determinations and the compressive surface layer may have less effect then
indicated above.

In conclusion, it has been shown that significant surface compressive
stresses result from surface grinding, i.e., the plastic interaction of the
grinding wheel ameliorates the detrimental elastic interaction (surface cracks).
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FACTORS INFLUENCING THE RESIDUAL SURFACE STRESSES

DUE TO A STRESS-INDUCED PHASE TRANSFORMATION

D.J. Green, F.F. Lange and M.R. James

Rockwell International Science Center

1049 Camino Dos Rios
Thousand Oaks, CA 91360

1. Introduction

Residual surface compressive stresses are known to increase the

strength of glasses and ceramics. Commercial glasses are strengthened by either

tempering or ion-exchange methods. Kirchner et al.(1" 3 ) have shown that the
surfaces of different single phase ceramics can be placed in compression by
a) diffusing ions which decrease the thermal expansion of the surface layer,

b) glazing, and c) thermal quenching. Lange(4) demonstrated that the surface

of a two-phase (or multiphase) ceramic can be placed in compression when the

minor phase increases its molar volume by a reaction which proceeds from the

surface (e.g., oxidation, etc.). Molar volume changes can also be produced by
structural transformations. Garvie et al.( 5 , 6 ) were the first to demonstrate
that a compressive stress arises on the ground surfaces of polycrystalline cubic
ZrO2 materials containing precipitates of tetragonal ZrO2 . The ZrO2 (t) + ZrO2 (m)
transformation, which Involves a volume Increase of -3 to 5%, was induced by the
grinding stresses. As demonstrated by Garvie and others, ceramics containing
ZrO2(t) can be made stronger by surface grinding.*(

5 "11)

The strengthening due to compressive surface stresses is a result of

the residual stresses opposing the applied stresses. Green (12) has shown that

*The ZrO2(t) + ZrO2(m) also increases fracture toughness, which also
strengthens materials containing ZrO2(t).

10
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the stress intensity factor of a surface crack subjected to both a residual

compressive surface stress and an applied tensile stress depends on three

factors: 1) the magnitude of the residual compressive stregs, 2) the residual

stress profile with respect to distance from the surface, and 3) the crack

length (c) to compressive layer thickness (t) ratio (c/t). For a given residual

stress, the stress intensity factor is minimized (and strength maximized) when

the crack is fully embedded within a uniform compressive layer (c/t < 1).(12)

Thus, if one could engineer the magnitude, profile and depth of the compressive

surface stress, one could minimize the effect of surface cracks on strength.

The goal of this Investigation was to determine those factors that

effect the magnitude, profile and depth of the compressive layer introduced by a

structural phase transformation. As it will be described, the experimental

portion of this work utilizes an x-ray diffraction technique to directly deter-

mine the state of residual stress.

2. Stress-Induced Structural Phase Transformations

If the surface of a large body undergoes a molar volume increase to a

depth t, the biaxial compressive stress within this layer can be approximated

by(13)

E(v)

where AV/V is the molar volume increase, Vi is the volume fraction of material

with an increased molar volume, E is the elastic modulus, and v, Poisson's

ratio. When the compressive layer is small compared to the size of the body,

tensile stresses, much smaller in magnitude relative to ac exist at depths

greater than t.

The molar volume change of interest here is associated with a struc-

tural transformation induced by external stresses applied to the surface as,

e.g., through the action of impinging, high velocity particles, or that of an

abrasive grinding wheel. The depth to which material transforms will depend on

both the magnitude of the applied stress as a function of the distance from the

11
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surface, and the critical applied stress required to induce the transformation.
This critical applied stress can be related to the thermodynamic parameters

associated with the constrained transformation and the material's microstructure

with the following analysis.

Let us assume that the volume element undergoing the stress-induced

transformation is an individual grain or inclusion that is surrounded by a

continuous matrix, which can be other grains of the same phase or another

phase. The high temperature phase, constrained by the elastic matrix to low

temperatures, will be labeled t, and its transformed structure will labeled m,

in reference to the Zr02 (tetragonal) + ZrO 2 (monoclinic) transformation dis-

cussed in the experimental portion. Because the strain energy associated with

the constrained transformation can be larger than the free energy gained by the

structural transformation, the high temperature structure can be retained to
much lower temperature than can be achieved in the unconstrained state. The

retention of the high temperature phase also depends on size of the volume

element undergoing the transformation. The size effect is due to the energetics

of surface phenomena that accompany the transformation (viz. twinning and

microcracking), and the fact that the free energy and strain energy terms scale

differently with respect to the surface terms. The energetics of this

transformation can be summarized with(1
4)

"tI I +Uf + , (2)

where AGt is the total change In free energy, I cl is the magnitude of the
free energy change associated with the unconstrained transformation (the nega-

tive size preceding this term denotes that the transformation would be spon-

taneous in the unconstrained case), AUse is the strain energy change, and (1-f)

is the reduction of strain energy due to accompanying surface phenomena that
relieve either shear strains (twinning) or dilatational strains (microcracking).

The term 6tyg/D, is a summation of all the surface phenomena that accompany the

transformation, viz., the interfacial energy change (y,-ytgs)A,, the energy of

twin boundaries, Y"TA, and the energy of microcracks, YcgcA. In these terms,

y denotes energy per unit areas associated with the particular surface, and g

12
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denotes the area of the particular surface normalized by the interfacial area of

the transformed inclusion, A. (e.g., gs - At/Am, where At is the interfacial

* area of the high temperature phase). Since the units of Eq. (2) are energy/

volume, the surface terms must be divided by the transformed volume (4O3/6),

hence the size of the transformed inclusion is present in the denominator of the

surface term in Eq. (2). The surface term(s) dictate a size effect, i.e., a

critical size exists below which the transformation is not spontaneous (aGt..n > 0):

DC = (IAGcI - AUsef)/(6zyg) . (3)

Let us now examine the case where a stress field must be applied to
cause the transformation to be spontaneous. The types of stresses required are

those that help reduce the constraint imposed by the elastic matrix. For exam-

ple, if the transformation increases the volume of the inclusions hydrostatic
tensile stresses would help relieve the matrix constraint. When the transfor-

mation occurs under an applied stress, the external loading system does
work:( 15)

W. a, (4)
*ii Iii

where a are the components of the applied stress tensor, and 6 are the

components of the transformational strain tensor. Since this work aids the

transformation, it is a negative term as shown by

"l + AUsef + W" - . (5)

The minimum amount of work required to induce the transformation is obtained

from AGt4n * 0, or

W -'-cl + aJse f + (6)

To reduce the complexity of Eq. (6) (for the general case, W contains 6
terms), let us assume that the transformation can be defined by one strain

13
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component, e.g., a simple isotropic volume increase where j et" AV/(3V),

when I - nd .tj - 0 for I I J. For this case, the smallest applied hydro-

static tensile stress required to induce the transformation is given by

(-JAG-I~c + AU sf + 6E / (7)

i.e., OF is the critical applied stress required to induce the transformation.

Equation (7) shows that the conditions to cause the transformation to become

spontaneous without an applied stress occurs when the summation in the numerator

+ 0. Let us now examine the effects of each term in Eq. (7) holding all others

constant. First, Eq. (7) shows that as IAGcI + 0 (the case where the two un-
constrained phases are in equilibrium), cac increases to approach (U f + 6E

Second, for the transformation involving a simple volume change, se k/6,(16)

where k is the effective elastic modulus of the two phases given by

ku 2EE1  (8)
-1+ Vg)Ei + 2(l.Zvi)Em

This relation shows that as the elastic modulus of the matrix (m) is increased,
oCis increased. The third effect is concerned with the ,inclusion size (D).

Its effect can better be illustrated by combining Eqs. (3) and (7) to obtain

4D

aC (-IcI + AUsef)(1- -jC9ac a(lc V .e s  (19)

Ct

Equation (9) shows that as D +0, *. and as D +Oc, o c0.

We are now able to examine the effect of IAi, AUse and D on the

transformation depth, (t), for a given type of surface stressing condition.

Since the stress applied to the surface decreases with increasing depth, the

stress at some depth )t will be Insufficient to satisfy the stress required to

induce the transformation. The above arguments show that this depth can be

maximized wmn the high temperature phase is Just on the verge of transforma-

14
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tion, i.e., where just a little stress is required to induce the transformation.

This condition exists when IaGcI is large, viz. IaGcI + Ause + 6zyg/D, allse is

small, viz. when the elastic modulus of the constraining matrix is low, and when
D + Dc . Conversely, the above arguments show that the depth of the transformed

surface layer is minimized when IAGcI + 0, AMse is large (viz. large matrix

modulus) and D + 0.

3. Experimental

Surface surface stress measurements were carried out with a variety of
two phase, A1203/ZrO 2 materials in which the ZrO2 was retained in its tetragonal

structure during cooling from the fabrication temperature. Surface stresses

were introduced by surface grinding with a 320 grit diamond wheel to induce the
ZrO 2(t) + ZrO2(m) transformation. The effect of changing the volume fraction of

the ZrO2(t) (Vti), the chemical-free energy change (IAGcI) of the unconstrained
ZrO 2(t) + ZrO2 (m) transformation and the grain size of the ZrO2(t) (D) on the
residual compressive stress were systematically investigated.

3.1 Surface Stress Determination

Surface residual stress measurements were made using an x-ray dif-

fraction technique ideally suited for very shallow (microns) depths and

commercially employed by the metals industry. Authoratative reviews exist on

this technique.(17,18) The technique requires a polycrystalline sample so that

a given set of (hkl) diffracting planes can be examined as a function of their

angular rotation with respect to the specimen's surface. This is accomplished

by tilting the specimen and determining the Bragg angle for the chosen (hkl)

planes as a function of the tilt angle. A change in the Bragg angle infers a

surface strain. Conversion of the measured strain into surface stress is most
easily accomplished by assuming isotropic elasticity. To partially compensate

for anistotropic behavior along the particular (hkl) planes, the elastic con-

stants specific to that plane are used rather than bulk values of the aggre-.
gate. Denoting these "x-ray elastic constants" as S2, isotropic elasticity

15
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theory yields S2 - (1 + v)/E, where v and E are Poisslon's ratio and Young's

modulus, respectively. The conversion also assumes that the surface is in a

state of constant biaxial stress to the depth penetrated by the x-rays, and that
the principle strain axes are coplanar with the surface.

The x-ray elastic constants for the (hkl) direction can either be cal-

culated with knowledge of the single crystal elastic compliance constants (see

Nye (19) or Dolle(20)) or determined by direct measurement. The experimental

determination used here involved strain-gauging a bar specimen (approximately

0.3 x 0.6 x 3 cm) that had been annealed to help ensure minimal surface stres-

ses. Surface strain determined with the strain gauge was first correlated to an

applied surface stress by loading the bar specimen in 4-pt bending with an

Instron testing machine. The strain-gauged specimen was then placed in another

4-pt flexural loading jig mounted on the x-ray diffractometer to obtain corre-

lation between the applied surface stress (as determined from the calibrated

strain gauge), and the surface strain as determined by the change in 20 for the

chosen (hkl) to obtain the elastic constants for the chosen (hkl) direction.

The particular computer-automated instrumentation and technique used

here to determine surface stresses is similar to that described previously.(
21 )

Each measurement was carried out using eight tilt angles (00 to 450). The peak

of the diffraction profile at each tilt angle was determined by the apex of a

least-squares parabola fit to the top portion of the profile. The profiles were

very broad (>30 20 full width half maximum) and symmetric about the apex. To

ensure that grinding did not introduce errors due to the principle strain compo-
nents being inclined to the surface,( 20) some measurements were carried out at

both positive and negative tilt angles and gave identical results. Typically, a

single measurement of residual stress took three hours.

For the present work, both CuKa (A - 1.542A) and CrKa () - 2.291A),
radiations were used in this study. The A1203 (602) diffraction peak was chosen

for the Cu radiation (20 a 1420), and the (119) peak chosen for the Cr radiation

(26 a 135). Table 1 lists the penetration depths (normal to surface) for both

CuKa and CrKe at 20 - 1420 and 135, resoectively, calculated for the mass

absorption coefficients and densities of the A1203/ZrO2 composites for the

16
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Table 1

Depth (m) of Diffracted X-rays vs ZrO 2
* Volume %. Zr02*

Radiation V Diffracted
7.5 15 20 30 40 52 60

CuKa 12.8 50

(28 z 1420) 114.0 95

CrKg 6.5 5.5 4.9 4.1 3.5 3.0 2.6 50

(28 - 1350) 28.1 23.6 21.2 17.6 15 12.9 11.3 95

*Alloy additions to ZrO2 (viz Y203 or CeO2) not taken into account in
calculations.

different composites investigated with each radiation. This table illustrates

that CuKa is much more penetrating than CrKa, and the penetration depth

decreases with increasing vol % ZrO2.

It should be noted that the surface stress determination is a mean

value of stresses integrated over the depth penetrated by the radiation used

(weighed by an exponential function due to absorption). If the residual surface

stress is not constant with Increasing depth and/or its depth is less than the

depth penetrated by diffraction x-rays, one would expect different mean values

for different characteristic x-rays.

Table 2 lists the values of E/(1 + v) for the two sets of planes ob-

tained by the experimental method described above, and through calculations

using single crystal compliance constants.( 22) Note that the calculated value

of E/(l+v) is - 25 % greater.

Table 2

Values of E/(1 + v)

E/(1 + v) (GPa)

Radiation Crystal Direction Experimental Calculated

Cu <602> 212 --

Cr <119> 246 313

17
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3.2 Materials

One series of A1203/Zr0 2 composites containing 30 volume percent (v/o)

ZrO2 were investigated in which the Zr02 contained between 9 and 22 mole percent
(i/o) CeO2. The unconstrained t + m transformation temperature decreases with

Increasing m/o CeO2.(23) Thus, increasing Ce02 additions decreases the room

temperature value of JAGcl. The fabrication and sintering (1600OC/2 hr) of

these materials are reported elsewhere.(
23)

A second A1203/ZrO2 series was fabricated to contain different v/o

ZrO2. For this series, Y203 was used as the alloy addition, which was incorpor-

ated by the manufacturer.* The Y203 content was increased with increasing v/o

ZrO 2 in the composite, viz. 1.37 m/o Y203 for composites containing 7.5 and

15 v/o Zr0 2, 2.50 m/o Y203 for the 30, 40 and 50 v/o Zr02 composites, and 3.65

m/o Y203 for the 60 v/o Zr0 2 composite.§ Since the elastic modulus of the com-

posites decreases with Increasing Zr02 v/o, the m/o Y203 must be increased to

retain the tetragonal structure, as discussed elsewhere.(14) A colloidal/

filtration route was used to consolidate milled composite powders in this series
similar to that described elsewhere.(24) Sintering was carried out at

1600*C/2 hr.

Three other A1203/ZrO2 composites containing 7.5 v/o Zr02 (no Y203 ),
6.6 v/o Zr02 (2.0 m/o Y203 ), and 30 v/o Zr02 (2.0 m/o Y203) were also investi-

gated. These materials were hot-pressed (15000C/ 2 hr) as described else-

where. (25)

3.3 Experiments

All surface grinding was carried out with a 320 grit diamond wheelt

using a Dual Surface grinding machine. Approximately 10 on of material was

removed during each pass. Bar specimens (approximately 0.3 x 0.6 x 1.0 cm) were

*Zircar Products Inc., Florida, N.Y.
§Y203 content determined by Spectrochemical Laboratories Inc., Pittsburgh, PA.
tETg n, Inc., CD320-R100-BF-1/8-C4

18
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4. Results

4.1 Surface Phase Analysis

Table 3 lists the monoclinic/tetragonal phase ratio for as-sintered (or

as-annealed) and as-ground surfaces. For the series containing the CeO 2 alloy-

ing addition to ZrO2 (Table 3a), note that the ZrO 2 in the sintered materials

alloyed with both 9 and 10 m/o CeO 2 was not fully tetragonal. Also for the same

series, the monoclinic content of ground surfaces with either CuKa or CrKa de-

creased with increasing m/o CeO 2.

Table 3a
Monoclinic/Tetragonal Phase Ratio for A1203/30 v/o ZrO2

Series Alloyed with Ce0 2

Ratio of Peak Intensities
* - (111)m/(111)t

CeO2  Sintered Ground

Content Surface Surface

CuKQ* CuKQ* CrKe

9 0.33 0.97 1.07

10 0.29 0.60 0.82

13 <0.02 0.17 0.15

14 <0.02 0.085 0.11

15 <0.02 0.064 0.070

17 <0.02 0.035 0.045

18 <0.02 0.027 (0.02

20 <0.02 <0.02 <0.02

22 <0.02 <0.02 <0.02

* * 0.02.

For the second series listed in Table 3b, the materials most sensitive

to transformation, both during fabrication and subsequent surface grinding, were

those in which the ZrO 2 was alloyed with only 1.37 m/o Y203. A 20 v/o ZrO2 com-

posite was also fabricated with the same ZrO2 (+1.37 m/o Y203) powder, but it

20
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contained approximately equal proportions of monoclinic and tetragonal ZrO2 and
was deemed unsuitable for consistant experimentation. Note that surface grind-

ing generally increased the monoclinic content of the surface.

Figure 1 illustrates the m/t intensity ratio for the three hot-pressed

materials which were sequentially polished to remove surface material and re-

examined for phase content. Note the difference in the monoclinic depth for the

7.5 v/o ZrO2 (0 m/o Y203) and 6.6 v/o ZrO2 (+2 m/o Y203). The depth of the

transformed layer for the material alloyed with Y203 is much shallower relative

to that containing no Y203. Also note that the 30 v/o ZrO 2 composite had a

transformed layer intermediate in depth to the other two.

Table 3b
Monoclinic/Tetragonal Phase Ratio

Ratio of Peak Intensity
(111)m/(111)t

v/o ZrO 2  m/o Y203  Sinter (Anneal) Sintered Ground

Condition Surface Surface

CuKCt* CuKa* CrKa

7.5 1.37 1600°C/2 hr 0.02 0.22 0.14

15 1.37 16000C/2 hr 0.09 0.38 1.01

30 2.5 1600°C/2 hr <0.02 0.06 0.21

30 2.5 (1650°C/2 hr) <0.02 0.09

30 2.5 (1650°C/8 hr) <0.02 0.09 **

30 2.5 (1650°C/16 hr) 0.03 0.08 **

30 2.5 (16500C/24 hr) <0.02 0.10 **

40 2.5 1600°C/2 hr <0.02 <0.02 <0.02

50 2.5 16000C/2 hr <0.02 0.07 **

60 3.65 1600°C/2 hr <0.02 0.05 0.12

* 0.02.

** - data not recorded.
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4.2 Surface Stress of Series Alloyed with CeO2
Figure 2 shows that the average compressive stress, detemined with the

shallower penetrating CrKa radiation, decreases slightly with increasing CeO2
alloy addition to ZrO 2. Ground and annealed surfaces are nearly stress-free.

Table 4 reports the surface stress for the same ground materials, as determined

with the deeper penetrating CuKa radiation (9 and 10 m/o CeO2 materials were not

used). The surface compressive stresses at lower CeO2 are smaller relative to

CrK determinations and appear to reverse to tension at higher CeO 2 contents;

the single determinations made with CuKa radiation lie within the statistical

counting errors (1 23 MPa) and may negate this conclusion.

4.3 Effect of ZrO, Grain Size

The average ZrO2 grain size for the A1203/30 v/o ZrO2 (+2.5 m/o Y203)

materials sintered at 1600°C/2 hr and heat-treated at 16500C for 2, 8, 16 and 24

hrs are 1.3 tin, 1.4 tin, 1.8 u, 2.2 um and 3.4 on, respectively. Figure 3 illus-

trates typical micrographs of the extreme conditions. Figure 4 illustrates the

small increase for the average surface compressive stress (CrKa radiation) with

increasing grain size.

Figure 5a and 5b illustrate the results of the stress profile experi-
ments carried out on the A1203/30 v/o ZrO 2 (+2.5 m/o Y203) composite (CrKa

radiation). A polynominal correction was applied to the raw data to compensate

for the stress relaxation that occurs when a portion of the surface is re-

moved.( 26) These figures show that the compressive stress decreases with in-

creasing distance from the initial ground surface. A residual compressive

stress of -100 MPa still persisted after a large portion of the initial surface

was removed, suggesting that the polishing operation may produce some transfor-

mation and/or plastic deformation that results in a surface compressive stress.

A comparison of the two sets of data (Fig. Sa and b) show that the
larger grain size material (annealed 1650°C/24 hr, ground) produces a slightly

deeper compressive stress layer (-18 um) relative to smaller-grained material

(as-sintered, ground) for which the depth was estimated to be -13 in. Also note

23
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Fig. 2 Surface residual stress measurements for Al 203/30 vol% Zr02 composites,
In which Zr02 is alloyed with various amounts of Ce02. The errors bars
represent range of experimental results.
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Table 4

Surface Residual Stresses (CuKa Radiation)

Surface Stress*
Mole % CeO2  (MPa)

12 -30

13 -21

14 +17

15 + 0

17 - 1

18 + 2

19 +18

20 +15

21 +21

22 +19

Estimated Error t 23 MPa
*Compressive stress Is negative.
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that the depth of the transformed layer for hot-pressed A1203 30 v/o ZrO2

(+2 m/o Y203 ) as estimated by successive polishing and XRD measurements (Fig. 1)

is nearly Identical to compressive larger depths shown in Fig. 5a, which was
determined for a nearly identical material (composition and microstructure).

4.4 Effect of ZrO2 Volume Fraction

Figure 6 Illustrates that the residual compressive stresses (CrKa

radiation) increases with increasing v/o ZrO 2 retained in the sintered material

in its tetragonal structure. Namely, the compressive stress can exceed 1 GPa.

It should be noted that these results may be somewhat modified by the fact that

ZrO2 is a strong absorber of x-rays (see Table 1). That is, the depth sampled

with the CrKa radiation for 7.5 v/o ZrO2 -is about three times that for the

60 v/o ZrO2, which may bias the apparent stress magnitude to higher values with

increasing ZrO2 content.

5. Discussion

All evidence suggests that the residual compressive surface stresses

Introduced by grinding A1203/ZrO 2(t) composites are produced by the molar volume

change associated with the ZrO2(t) + ZrO2(m) transformation,. In all materials

examined, the stresses applied to the surface by the abrasive grinding media

were sufficient to induce this transformation as indicative of both XRD phase

examination and surface stress determinations. As indicated by comparative re-

sults for CuKa and CrK radiation, the magnitude of the residual surface stress
was dependent on the penetration depth of the diffracting x-rays. As suggested

by Eq. (1), the magnitude of these residual compressive surface stresses are

primarily controlled by the volume fraction of tetragonal ZrO2 (Fig. 6).

Although the magnitude of the residual surface stress is primarily

controlled by the ZrO2(t) volume fraction, data indicates that the depth of the

transformed material and the residual stress profile depends on IAGcI and grain

size, D, which determine the critical applied stress required to induce the
transformation. As discussed in Section 2, the tranformed depth should increase

with increasing IAGcj and/or ZrO 2 grain size (D).

30
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Both Y203 and CeO2 decrease IAGc at room temperature. Figure 1 shows
that for nearly equivalent ZrO2 contents (6.6 v/o vs 7.5 v/o), the depth of the

transformation layer was much shallower for the case where the ZrO 2 was alloyed
with the Y203. When CeO2 was alloyed with the ZrO2, residual compressive

stresses were only observed with the CuKa radiation for materials with the least
CeO2 content, whereas the residual stress exhibited only a slight decrease with

increasing CeO2 content when determined with the shallower penetrating CrKa
radiation.

Equation (8) also suggests that the depth of the transformed layer

should also increase as 0 + 0co Data presented in Fig. 7 is consistent with
this hypothesis, i.e., the transformation depth for the material examined in-

creased from -13 to to -18 to for a grain size increase of 1.3 on to 3.4 on.

Further stress profiling experiments are now underway to better sub-

stantiate the dependence of the transformation depth on IA(ci and grain size, D.
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ABSTRACT

A theoretical approach has been put forward for predicting the
strengthening of materials by the introduction of surface compressive stresses.

1An approximate technique was used to determine the closure length of a surface

crack which extend through the compressive surface layer. The stress intensity

factor of the partially closed crack was then determined for the case of an

applied tensile stress with the assumption that the residual surface compressive

stress was uniform within the surface layer. The analysis shows that the

strengthening depends on the magnitude and depth of the compressive surface
stress and the strength of the body in the absence of the residual stress.
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I. INTRODUCTION

The strength of ceramics or glasses can often be increased by placing

their surfaces into compression. These techniques include ion exchange, temper-

ing, glazing, surface chemical reactions and stress-induced phase transforma-

tions. Although most of these techniques are well-recognized, a theoretical

approach to optimization of the strengthening has not been developed. The aim

of this paper is to use fracture mechanics to predict the amount of strengthen-

ing obtained for a particular residual stress distribution and in particular, to

identify the important material and process parameters that need to be con-

trolled. Such an approach would be expected to be relatively straightforward as
many crack loading geometries have been solved. The presence of residual

stresses does, however, lead to complications in the analysis, when the crack is

only partially open at the failure condition and these difficulties have impeded
the theoretical developments. Partial crack closure in simple configurations

have been analyzed by several authors,( 1 5 ) while for more complex situations

numerical approaches have been used.( 6"10) In this paper a simplified approach

to the crack closure problem for surface cracks is used and the stress intensity

factor is then derived in a more rigorous fashion. The amount of strengthening

is then determined by Inserting the appropriate fracture criterion, thus

identifying the important parameters.
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11. THEORETICAL APPROACH

Consider an infinitely-long isotropic plate, width W, which is sub-

jected to the residual stress distribution shown in Fig. 1. This problem is a

limiting case of an analysis by Oel and Frechette,(11) and It can be shown that

the surface (oc) and interior (at) stress are given by

_E 2t1- )) for t > X > (W-- t)(l

and

a 2Eet for t < X < (W -t) (2)

where E is the Young's modulus, v the Poisson's ratio and e is the linear strain

associated with the uniform volume change that occurs at the surface. As can be

determined from Eqs. (1) and (2), a volume increase at the surface leads to a

surface compressive stress and a compensating interior tensile stress. Such a

residual stress distribution is expected to be a reasonable approximation for

many glazing, enamelling or sealing operations. For the situations where the

surface layers are a different material than the inside Eqs. (1) and (2) become

slightly more complicated.(
11)

The production of ceramic bodies with a compressive surface layer is

expected to lead to strengthening, as the compressive stress will oppose applied

tensile stresses, particularly when fracture occurs from flaws at or near the

surface. When the flaw is completely subjected to the compressive stress the

increase in strength of the body (&of) will be simply given by

"f- c (3)

In mny cases, however, it is expected that the flaw size will be greater than

the depth of the compressive zone and it is important to be able to predict the
amount of strengthening that will occur. As can be seen from Eq. (1) this will
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Fig. 1 Residual stress distribution in isotropic flat plate, in which
surface has undergone a unifom volum Increase.
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lead to an optimization process, as the more shallow the depth of the compres-

sive zone, the larger is the surface compressive stress.

Consider now a semi-infinite body containing a surface crack, length

ao. For this situation the residual stress distribution will be given by

cc T; .--,) for t > x > (w -t) (4)

and

ota o0 for t <x<(W-t) . (15)

For situations where the surface layers are a different material, the elastic

constants in Eq. (4) refer to the surface material. In the absence of an

applied stress, the residual stress will act to close the crack so that its sur-

faces are in contact. For example, it is expected that the crack surfaces will

be in contact to a depth t, or for t/ao ) 1, the crack will be completely

closed. When a tensile stress is applied to the body the crack will begin to

open until at a critical applied stress the crack surfaces will no longer be in

contact. The primary intent in this paper is to consider situations when

t/ao < 1 and in particular to derive the stress intensity factor (KI) for this

configuration. In this way, it will then be possible to determine the strength-

ening in terms of t/ao. In order to do this, however, it is necessary to com-

pute the amount of crack closure as a function of the residual and applied

stresses.

A. Crack Closure Analysis

A partially-closed surface crack is illustrated in Fig. 2. For the

residual stress distribution being considered, the surface crack is assumed to

open from its tip back to the surface under the action of an applied stress.

This is reasonable when t/ao < 1, as considered in this analysis. It should,

however, be noted that when t/ao • 1, the lower constraint at the surface would
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Fig. 2 Surface crack in somi-infintte plate with partial crack closure
due to the surface compression.
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probably lead to the crack opening in the opposite direction. For these

situations, however, the strengthening should be simply given by Eq. (3).

It has been noted by other workers( 3,5,8,9) that the stress intensity

factor at contact zone (left hand crack tip in Fig. 3) will be zero. It is then

possible with this condition to determine the crack closure length (c). This

procedure is relatively complex, but for this work a simple solution will be

used that was derived by Barenblatt. 0 2) This solution is strictly only valid

for an internal crack in an infinite body but as will be shown later it gives a

reasonable description of the closure length. In terms of Fig. 3 the closure

distance is givey by( 12 )

a ( cos [a] (4)
a 4(t -c os cq-

where ca is the applied tensile stress. Using 2a - ao - t, one obtains

c a (1 +t 1 ) cos a- (l -t 1 )
" 2 cos(

where c1 - c/ao, t1 - t/ao and a - saa/ 2oc. Equation (5) is illustrated in

Fig. 3. It can be seen that the crack becomes completely open at a critical

value of (ca/ac) which depends on (tj). As indicated earlier, the analysis is

not expected to be value as t1 ) 1. This is reflected in Eq. (5), which becomes

independent of the applied stress for t1 - 1. For values of t1 ) 1, it is

simply assumed that the crack is completely closed until va - - ac and then it

becomes completely open. It should also be noted that the use of Eq. (4)
ignores the effect of the free surface of the closure length, this is expected

to be important as c1 + 0. For these conditions, however, the crack will be

almost completely open and provided the stress intensity factor solution

approaches that of an open crack, the approximation should be reasonable.
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Fig. 3 Crack closure length as a function of the compressive zone depth
and applied stress.
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B. Calculation of Stress Intensity Factor

For a partially-closed internal crack, length 2ao, it has been shown
that (2 )

a 1/2 c) 1/ 2  1 O(xl) x1 dx1K 1 =2 J 1 L14[(j _ x2)(x2 _ C1
2)

where x, - x/ao and a(xl) is the prior stress acting along the plane of the

crack. The coordinate axes are located so the plane of the crack lies along

y - 0 and the center of the crack is at x =0 . In order to apply this solution

to that of a surface crack, the effect of the free surface should be included.

This is ususally accomplished by modifying the stress distribution, i.e.,(
13)

a0 1/2 1/2 1 o(x 1 ) f(x1) x1 dx1
K i2(C) (I - c1 1 (7)cI  E( XlZ)lXlZ- Cl )]

where

f(x) = 1.2945 - 0.6857 x12 + 1.1597 x14 - 1.7627 xz6  (8)

+,1.5036 x18 - 0.5094 x1 0

For the residual stress distribution given by Eqs. (4) and (5) and an applied

tensile stress, Eq. (7) can be re-written as

1/2 21 /o + o ) f(x1 ) x dx1  1 af(xl)Xl dx1
K 1  2 c 1  + fx2)(x- 2 + -

- 1 - t 1 (1 - x1)(x  2 P3

(9)

Now if we substitute
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x12  I- (1-c12)u2  (10)

and expand f(xl) in terms of u2, iee.,

f1x) = k a2ku~k(1

k-O

one obtains

a K1/( c2 u2k(a 
+ oc)du + 1 u2k(o) du:l.2p12 (1 - 02 57 (1-u) + tu2) 1

kn0 o t2  4~(l '

where

rl2 t Cl2  1/2

t2 "1 C Z(13)

From standard integral tables

.2kdu .k __[. (2u)r 2  LL4 1L!2 '1 +
f u d 2k~lU)/ r 4 r 11,. -1 - 1 U](14)
(1 - u2)1/7 r-l 22k Zr+ l (2r)| 2W sin  u

The final solution for the stress iniensity factor is given by

KI  0c(wao) 1 / 2 (1 - Cl 2  [F1(t 2 ) + F2(cl) (-7c + - sin1 t2 ) ] (15)

where

G 42k(2k)I(1 2 ) 1  5 rI(r - 1!t r
14t2) * I 2(kI)z ral 22k-2r+1 (20)! (16)
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and

F2k (2k)I
F2( 1  (17)k-O (k )Z 2Zk

It can be shown that Eq. (15) agrees with several limiting cases. For example,

in the absence of a residual stress

KI - 1.1215 aa (ao) 1/2  (18)

in agreement for the solutions for a surface crack in an applied tensile stress
field.(13) For the condition when -Oa -c, (cl - 0)

KI = aa(wao)1/2 [2 cos- 1 tl] G(t1 ) (19)

The solution agrees with that derived for a uniform stress near a crack tip,(13)

where

eiF1(t2) (20)ir)"2 cos"1 (t 1)

Finally for aa  0 and ac is a tensile stress

KI v c1,ao)1/2 (2 sin- 1 t1 ) H(tl) (21)

where H(t1) F F(t 2) (22)

H ) 2 sin 1 (t1)

This solution agrees with previous solutions( 14,15) for 0 < tI < 1, in which a

surface crack has a uniform stress near the free surface.
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In order to detemine the condition for strengthening the fracture

condition the fracture condition must be used, i.e., KI - Kc. Using this

condition and Kc = 1.1215 of0 (wao)1/2 where Of ° is the strength ofthe body in

the absence of residual stress, Eq. (15) can be rewritten as

Aof (-ci)1/2 F1(t2) +2 oo-1f0- o_- (. =ET * s n' l  * oZ- i -cl 2)1/ 2

--( - c1) F -i 2 +(

1.1215 of (23)
F2(c1) 0c

This equation is presented as Fig. 4 and will be discussed in the following

section. In the analysis it was found that for of°/oc ; 1, the crack will be

completely open at failure and the value of hof/oc depends only on t/ao . It was

found, however, that as c/a0 + 0 in situations where of°/oc ( 1, the analysis

was In error and did not agree with the limiting cases. These problems are

presumably a result of the approximate method for determining the closure

distance. For values of t/ao  1, it was simply assumed that AOf/oc -1.
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Fig. 4 Strengthening due to surface compression in a semi-infinite plate
in terms of compressive stress.
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III. DISCUSSION

The data presented as Fig. 4, have important consequences for optimi-

zation of compressive strengthening. For example, for a given value of oc, it

is best to have a compressive surface layer that is at least as deep as the

surface flaws. In many situations, however, this may not be possible, so for

example, at a fixed value of t/ao, the basic strength of the body (of°) should
be as high as possible. This could be accomplished by increasing the basic

fracture toughness of the material. Alternatively decreasing the size of the

surface flaws would increase Of0 as well as increasing t/ao. The strength in-

crease in terms of of1 is shown in Fig. 5, which allows us to consider the

effect of varying ac for constant Of° . It is interesting to note here that
increasing oc for situations where t/ao < 1 does lead to strengthening but the

effect saturates as of°/ac + 0. It should also be remembered that oc is not
necessarily independent of t/ao. For example, increasing the compressive layer

depth usually decreases cc. This effect can be seen for example, in Eq. (1).

Therefore, in order to use Figs. 4 or 5 for a particular system the variation of

ac with t/ao must be known and incorporated into the analysis.

Finally, although the production of surface compressive layers is ex-

pected to lead to strengthening for materials that fail from surface defects, it

must be remembered that If internal flaws act as alternate failure origins, the

potential strengthening discussed In this paper, would not be accomplished.
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Fig. 5 Strengthening due to surface compression in a semi-infinite plate
in terms of base strength of material.
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IV. CONCLUSIONS

An approach has been put forward for predicting the strengthening of a
brittle material, when it is subjected to a particular residual stress distribu-
tion. The approach involved the calculation of the amount of crack closure and
the subsequent determination of the stress intensity factor for the particular
configuration. For the cases where a critical surface crack Is completely open

at the failure condition, the strengthening simply depends on the magnitude of

the compressive stress and the ratio of the compressive layer depth to flaw

size. In particular, when this ratio ; 1, the maximum strengthening is ob-

tained. For situations, however, where the surface crack is only partially open

at failure, the amount of strengthening also depends on the basic strength of

the material. For example, for a given surface compressive stress, the

strengthening can be increased by increasing the base strength of the material.

Alternatively, in situations where the base strength cannot be increased, the
strengthening can be increased by increasing the magnitude of the compressive

stress. This effect, however, saturates at high values of compressive stress.

Finally, it was noted that the magnitude of the surface compressive stress de-

pends on the process being used to induce the residual stresses and that failure

from an alternate flaw population could reduce the optimum strengthening pre-

dicted in this work.

ACKNOWLEDGEMENTS

The author would like to acknowledge the financial support of the

Office of Naval Research, the discussions with Dr. F.F. Lange and Dr. W.F. Hall.

51
C4352A/Jbs



' Rockwell International
Science Center

SC5117.13TR

REFERENCES

1. E.E. Durniston, "An Example of a Partially Closed Griffin Crack," Int. J.

Fracture, 5 1] 17-24 (1969).

2. J. Tweed, "The Determination of the Stress Intensity Factor of a Partially

Closed Griffith Crack," Int. J. Engng. Sct., 8 [9] 793-803 (1970).

3. E.E. Burniston and W.Q. Gurley, "The Effect of Partial Closure on the

Stress Intensity Factor of a Griffith Crack Opened by a Parabolic Pressure

Distribution," Int. J. Fracture 9 1 9-19 (1973).

4. R.W. Thresher and F.W. Smith, "The Partially Closed Griffith Crack," Int.

J. Fracture 9 [1] 33-41 (1973).

5. O.L. Bowie and C.E. Freese, "On the Overlapping Problem in Crack Analysis"

Engng. Fract. Mech., 8 [2] 373-79 (1976).

6. 0. Aksogan, "Partial Closure of a Griffith Crack under a General Loading,"

Int. J. Fracture, 11 [4] 659-70 (1975).

7. 0. Aksogan, "Nonhomogeneous Nonsymetrical Plane Problems with Several

Griffith Cracks, One or Two Partially Closed," Int. J. Fracture, 12 [2]

223-30 (1976).

8. M. Bakioglu, F. Erdogan and D.P.H. Hasselmmn, "Fracture Mechanical Analysis

of Self-Fatigue in Surface Compression Strengthened Glass Plates," J.

Mter. Sct. 11 [10] 1826-34 (1976).

9. M1. Dakioglu and F. Erdogan, "The Crack-Contact and the Free End Problem for

a Strip Under Residual Stress," J. Appl. Mech., 44 1] 41-46 (1977).

52
C4352A/Jbs



' Rockwell International
Science Center

SC5117.13TR

10. A.T. Jones and M.L. Callabresi, "Numerical Analysis of the Influence of
Residual Stresses on Crack Closure in Rings," Engng. Fracture Mech., 11 [4)

675-88 (1979).

11. H.J. Oel and V.D. Frechette, "Stress Distribution in Multiphase Systems: I

Composites with Planar Interfaces," J. Am. Ceram. Soc., 50 [10] 542-49

(1967).

12. G.1. Barenblatt, "The Mathematical Theory of Equilibrium Cracks in Brittle

Fracture," pp. 55-126 in Advances in Applied Mechanics, Vol. 7. Edited by

H.L. Dryden, Th. Von Karman and G. Kuerti, Academic Press, New York, 1962.

13. R.J. Hartranft and G.C. Sih, pp. 179-238 in Mechanics of Fracture, Vol. 1.

Edited by G.C. Sih, Noordhoff Int'l. Publishing, Leyden, The Netherlands,

1973.

14. H. Tada, P.C. Paris and G.R. Irwin, The Stress Analysis of Cracks Handbook,

Del Research Corporation, St. Louis, 1973.

15. A.F. Emery, G.E. Walker, Jr., and J.W. Williams, "A Green's Function for

the Stress-Intensity Factors of Edge Cracks and Its Application to Themal

Stresses," J. Basic Engng. 911 4] 618-24 (1969).

53
C4352A/Jbs

.' ' , , .. ..... .... . . - .-. - . ...



TECHNICAL REPORT NO. 16

TRANSFORMATION TOUGHENING: THERMODYNAMIC APPROACH TO

PHASE RETENTION AND TOUGHENING

F.F. Log



Rockwell hinteia l
Scence Center

SCS117.13TR

TAISFORK.ONI TmGiU mIG TUER(OD!. A41C PPROACR

10 PHASE lTlITTIW MD TOUGMING

7. 1. Lause

Structural Ceramics Group
lockwell Jternational Science Center
Thousand Oaks, California 91360

DITRODUCTION

Stress-Induced phase transformations can be used to signif-
lcantlyi ncerase the fracture toughense and strength of brittle
materiale.s-1 The ZrO2 (tetragonal) * ZrO2 (monoclinic) trans-
formation,. which to afscfp nled by a 3-52 volume Increase and a
shear strain of - 82%1 has been used to demonstrate this fact.
To use the transformation toughening concept, one must first retain
the high temperature phase (e.g., ZrO2(t)) by elastic constraint to
temperatures below the unconstrained transformation temperature;
that is, tetragonal ZrO2 is the toughening agent. Eperiental
observations have shown that the retention of ZErf(t) depends on
the size of the transforming volume element, vie. a critical grain
esize or Inclusion sie must not be exceeded during fabrication.
The work done by the loading system to stress-induce the t * a
transformation in the vicinity of the crack front Is responsible
for increasing fracture toughness.

The object here ts to review the thermodynamic approach6 to the
conditions required to retain the toughening agent and its contri-
bution to tougheling. Although this approach Is general for any
fast transformation, the t * a transformation will be emphasized.
Experimental observations will then be reviewed to compare with
theory. Before this to started, four basic microstructures that
can be fabricated will be reviewed to set the stage In our discus-
sion, which ultimately relates thermodynemics, lcrostructures, end
properties.
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precipitated microstructures can be obtained In large s~ngle
crystals by Scull melting, as demonstrated by Plce et al 1.a.d by
sintering powders. The CSIRO Group Parvie mad co-yorkets) 1 ' have
pioneered this slntered Uicrostructure in the ZrO2-CaO systm and
the Cso-Vestern Group 0ouer and students)3 In the ZrO -fgO sys-
ton. The sintered mtcrostructures consist of large cubic grains (a
result of high temperatures sintering) which contain the Internal
and grain boundary totragonal precipitates. The volum fraction of
the precipitates is governed by the alloying agent and the heat
treatment schedule In the two-phase field.

A second microstructure, consisting of polycrystallite, single
phase tetragonal ZrO2, can be fabricated by sintering composite
ZrOi + T203 (0 3 ano) powders In the tetragonal phase field, pro-
vided that the resulting grain size is less than the critical value
(dependent on the 103 content). Gupta et aees pioneered this
mcrostructure. Nere, neighboring grains constrain one another
from the salsotropic transformation strains.

The third mirostructure, pioneered by the author, 6 is a two-
phase, tetragonal/cubic polycrystalline material In which neighbor-
In grains are either tetragonal ot cubic. This microstructure is
fabricated by sintering: r02 + T203 composite powders In the two-
phase, t + @ field. Nero again, the tetragonal phase Is retained
only if the fabricated grain size does not exceed a critical value.
The volume content of the tatragonal phase can be varied from 1002
to 02 by changing the' 203 content from 3 m/o to - 7 a/o.

The fourth microstructure Is developed by incorporating ZrO2
into a chemically compatible matrix phase to obtain a polycrystal-
line, two-phase material by sinter ng. The £1203/ZrO2 composite
system, pioneered by Claussen, " is typical of such systems.
Ixcept for very dilute composites (< 10 v/o of the minor phase) on
either end of the binary, the composite is Itself the constraining
matrix. Bore, as with other two-phase cermics, the volums frac-
tion at which the minor phase becomes continuous depends on the
dihedral angle. Although the minor phase is primarily located at
three and four grain junctions, smaller second phase grats can be
observed within the major phase grains Indicative of entrapment
during grain growth.

Combinations of the above 4 microstructrues are possible.

To generalize, the critical Inclusion (on grain) aiso required
to retain the ZrO in Its tetragonal state depends on the mount
md type of alloy added (e.g., 1203, Ce02, NSO, CaO, etc.) to Zt02,
the elastic modulus of the constraining matrix, and the temperature
In question. The objective of the next section is to exmise the
eud-point thermodynmles of the constrained transformation In order
to put these general observations In an ordered perspective.
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CMMUS Y PSS IRUNIO: TunRMAxICS Or A cou5T1AmED
!UAUSIONITZ (Raf. 6 - Pert 1)

The transformat ion thermodynamic* of an Isolated. spherical
Inclusion const rained by an elastic matrix can be viewed* to the
first approxImation, by examining the chane In free energy t wz
between the Initial, untransformed (tetragonal) state ad It
final, transformed (mmnolinic) state; the transformation can only
proceed If 4 0. Although the transformation mst satisfy this
Initial to W-point condition, It should be noted that growth of a
transforming nucleus which consmes the Inclusion mst also satisfy
the condition #,. -9 0 during all stages of growth* Thus, It shculd
be recognized Wht initial to end-point theruodyuamics only esti-
sates transformation conditions, since it neglects "energy bar-
riers" encountered by growing sucleii, vit. It nelects the effect
of the Initial nucleus site. Even without detailed knowledge of
the transformation Mechantics and the mechanics of surface Phenomena
accompanying the transformation, end-point thermodynamics can at
least point a direction to uncover the. ransformation conditions.

For the case when no external stress state Is applied to the
system,. the contribution to the and-point free energy change In-
cludes 3 terms: the chemical free energy change (C-~), differen-
tial strain energy (AU5 ), and energy changes (AU.) associated with
interfacial surfaces AS surface phenomena accompanying the trans-
formation. The chemical free energy, AGcit isoot dependent on
temperatures and all*y content. A indicated in 7ig. 1, A~c Is
negative below - 1200cC for the ZrO2(t) + ZrOa Wm reaction. Below

12001C, Its absolute value. AOQ.1, increases with decreasing tam-
perature. Figure 1 also show that alloying with T2 03 (up to -3.5
a/o) decreases hAGd at, e*g., room temperature. Thus, 1AGC is
inversly dependent .on temperature and alloy content.

Since the transformation Involves a vole change and *hear
strains, which are constrained by the matrix, a state of stress
will arise within both the transformed Inclusion and the our-
rounding matrix. A differential strein energy (AU0 ) thus arises
from the constrained stress state essociated'with H;e transforma-
tion. It can be shown that for a given transformation, the magi-
tude of AVU Is proportional to the stiffness of the matrix,'
ioe., the Peater the elastic modulus of the constraining matrix,
the greater WU0 q It should be noted that 1110 ts always posi-
tive. losidualotesses associated with the !Ritiai, untransformed
state mest also be Included in the differential strain energy.
Such residual stresses can arise as a result of differential ther-
mal expansion before the Inclusion attempts to transform. Mhen
these residual stresses are Included, the 1otal differential strain
energy per unit vlume can be expressed as
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AV5  - AVU I c ret(1

where a r and .4.ar- the residual stress fad strain components
assoclild with ihe untransformed state. a4are 1he stress comn-
poneuts associated with the transformation, 'and C are the uncon-
*trained transformation strains. LU0 Is the strin energy only
associated with the transformation$ ..

2quation (1) Illustrates that the residual strains either Increase
or decrease the strata energy, depending on their sense. for
example, if the transformation strains art tensile and the initial
residual strains are tensile, the strain energy Is diminished. If,
on the other hand, the residual strains have a different sense than
those associated with the transformation, then the total strain
energy differential Is Increased. As will be shown next, the
magnitude of We t is factor that controls the constrained
transformation temperature.

Bef ore discussing the details and effects of the surface
phenomena term, Ws5, we can sun the three terms to shom that the
constrained transformation temperature is lower than the uncon-
strained transformatson, temerature:

r4. .:AG.I + A . Ag (2)

Since the tra-nsformatiee will mat proceed uless t4C0, the
condition for transferates, Is *

ILInt 4W4W 8 *& (3)

That is, the contribution of the differentisl strain energy is to
change the trans formation temprature. 1bThe, retention of tat ra-
gonal Zrfa to, e.g., Tom temperature is possible In a constrained
state, provided that the differential strain energy Is sufficiently
larls.

Although LUs* i an Importsat term In changing the transform-

ties temperature,, the suast ion of AGO and AU55 cannot result in a
else effect. i-ae., both term have the same deedence on the
volum (or ese) of the transforming Inclusion. A will be shown,
the sine effect resides In the surface term, 'We.

Three surface phenomena are known to accompany the
2r02 Ct) * r02 Cm) transformations Interfacial surface change,
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twinning, sad microcracking. Each will contribute to the dif-
ferential surface energy and, as vill be shown, twinning sad
uicrocrackiug will both alter the differential strain energy.

.. A Garvie1  has pointed out, beth the surface areas ad the
interfacial surf ace energy per usIt area will change during trans-
formation. Thus, the differential interfacial surface energy per
unit volune will have the form

AY -A Y 6(yI YtIa
a V D " (3)

At ad are the Interfacial surface areas of the tetragoual and
monoclinic tnclusion, Y and Ym are their respective Interfacial
surface energies per unit area, and 8s a At/Am. For simplicity,
the transformed particle is assuId to be a sphere with a volme -
(,/6)DS and a diameter D. Thus, hen Sqs. (3) and (2) are com-
blned, the tnterfactal surface ter& introduces a size effect such
that when 4 0, only those size inclusions with

D )0 I (4)
c- A()AV

can undergo transformation and lomr the system's free energy. As
shown by Sq. (4), thip size effect only occurs at temperatures
where I Ac I s "

It will now be shown that the size effects due to twinning
and/or microcracking will occur at temperatures wherelAGe 11Ce,
I.e., those sie effects are first encountered upon coolnL from
the fabrication temperature.

Both twinning (or the formation of Invarient planes by the
moving transformation front) and microcracking not only introduce
nov surface energy, but they also relieve a portion of the con-
straint and thus decrease the differential strain enerly. Twinning
helps relieve constraint caused by the shape (shear) change as-
sociated with the transformation and thus reduces the shear portion
of the strain energy by a factor (I - fT). Microcracking relieves
sown constraint due to the volume change and thus reduces the
strain energy by a factor (1 - re)" It can be shown that the sum-
mation of the reduced differential strain energy and the differen-
tial surface energy as expressed In energy per unit volutme for
these two surface phenomena are

AV seT + D for twinninS (5)
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and

AUsfe + rD for crocracking (6)
PD

where 0 < f I A i Acid, AT total area of twins,
Ac - total area of crec s,, aad yand Yae the respective sur-
face energies per unit area for t;in re r hes and repectsack
surfaces.

Comining Eqs. (5) and (6) with the chemical free energy change
and setting G - 0, one obtains the critical Inclusion size for
transformatl anend twinning: •

- 6 (YTST + - (7)@ AN lI- AU GfT

which only occurs at temperatures where I AG.l • AgeefT, and for
transformation and sicrocrcking:

S-6( + Y_ - Y15)9; - 1 G , - M afIAGI-l -tef * (6)

Uch only occurs at temperatures uhere AG. ), AUsefc -

If the transfoa'tion ware accompanied by all three surface
phenomaW, then the critical size becomes

3 A 6 (Tg + yc + T3 - Yt8I)
a IA%, AUsff

Since Eqs. (4), (7), (8), and (9) are defined for the condition
- 0, they therefore define a phase boundary in size/temperatureUee, wlch sot only summarize the constrained transformation ton-

perature, but also Indicate the accompanying surface phenomena.
thus, when these critical size relations are normalized by the
critical size relation for the constrained transformation (AU.,
0). viz.

6( - ts )  
(10)

then DcIDuc can be plotted against AU */oAlcl as shown in Tit. 2.
Without knowing the values of fT9 c*t' T BO etc. but knowing
their relative magnitudes e.g., fe 1, f, ft 1- Be. and Y. 1 YT •

VU"a Yet one can obtain the phase fields show in ?1g 2.
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Pig. 2.~ ~~DNCLNI Phas diaa resultnM f-o sufcepenmna cop
transfomtWiwNNI 6

Fi.2ehs igamrsligfo urf ace phenomena ta accompany tetasomto euti

size effect. Second, It Illustrate@ bow the critical size depends
an temperature, differential *train energy, and differential cheai-
cal free energy. The latter two can be modified by the fabricator
to Increase the critical size and thus relax the fabrication con-
straint of grain growth that accompanies sinterint and/or heat
treatment.-

Three examples can be cited where the critical ese has been
changed In accordance with the thermodynamics leading to Wig. 2.
hirstO. alloying Zr02 With 1203 lowers Il&Gel at room temperature,
up to additions of -3.5 info, and T203 thus should Increase the
critical grain 8i2e. 7igure 3 shows this effect. Second, increas-
In& the elastic modulus of the constraining matrix, e-g., by In-
corporating ZVO2 Into A1.203 Ct~p a 400 Oft, 20 )
should increase the critical te sshw qn'abia, IM thel
critical grain Size with Al2Oa/Zr02 constraining setrix Is such
larger than for pure ZrO2 and depends on the coposte's modulus.
Third, one can we both alloying and increased elastic modulus to
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increase the critical size. This is demonstrated by adding 2 to 3
m/o T03 to the ZrO2 and using A1203 as the constraining matrix.
Rare the critical size is raised above 61 um for all composite
compositions in the 1l203-ZrO2 binary. That Is, the use of Y20
permits one to fabricate A1203/ZrOa (t) composites with much larger
volues fractions of ZrT02t) without attempting to maintain ZrO2 (t),
train sizes 4 0.5 pmu.

II

C NIIAGOMAL ;OUT1TAO0MAL
e. -' RartENTmw-

e. ,, IIII
1 3 $ 4

Fig. 3. Critical grain size vs T203 content.6

Table 1. Critical Grain Size for A1203IZrO2
Coposites15

Vol Fraction Rest Treatment Critical Grain Size
Zt02 Tep Time (us)(°C) Cl)

0.05* 1650 12 34.3
0.10 1650 4 1.35

1650 8 1.35
1650 12 1.41

0.15 1650 4 0.85
1650 8 0.84
1650 12 0.85

0. 20** 1650 4 0.74

*ibnocliaic Zr02 not detectable by a-ray diffraction.
CMonger beat treatment produced too much monoclinic

ZrSO for reliable results.
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O 0 TO STRESS-I D DCE THE T3AUSFON)AWTON

Before exmining the fracture toughness contributions let us
f, first examine the work required to induce a constrained trans-

formation. Again we will consider a s2herical Inclusion within an
elastic wtrix. If the stress state (a ) applied by external loads
is of the saw sense to the transformatfon strains. a sufficient
stress can Induce the transformation. Taking the ZrO2(t) + ZrO2(m)
transformation as an example, an applied triaxial tensile stress
will unconstrain the volume increase assciated with the trans-
formation. As shown by Eshelby, 16 the work per unit volum of
transforming material done by the loading system is given by

where et are the components of the unconstrained trnsformation
strain llnsion. That Is, the potential energy of the loading
system is lowered by WV, where V is the transformed volume.

The end-point thermodynamics of this situation can be expressed
as (below 1200cC for ZrO2)

- € ,Gl + AU f,+ ,A (12)

where (1 - f) Is the strain energy reduction due to the surface
phenomena that relieves stress, and Zyg are the aum of the surface
energy terms for the surface phenomena accompanying the transforma-
tion. The minimum work required to strss-induce the transforma-
tion Is determined when Of O

Vm -JAGCI + AUf + (13)

Iq. (13) shows that the work per unit volume required to Induce the
transformation to Inversely proportioned to the Inclusion size. If
we nantiply Iq. (13) by the volume of the transforming Inclusion
(V - jP), is can express the total work for transformation as

1V am( AO0 I - AVef)wD 3 + VZyID2  • (14)

This function is shown in 71g. 4, Illustrating that the unimum
wofk required to stress-Induce the transformation is maximized when

62



9 Rockwell Intomratlonal

science Centef

sBIC KMICOSTUCTU3ZS

The ZrO2-Y203 binary system 9 093 (iL. 1) vill be used to
illustrate how 3 of the 4 basic microstructures that include the
tetragonal ZrO2 toughening agent are fabricated. As shown, 1203
form a solid solution With Zr02 (Zr x10.. / Dr to reduce the
t * a transformation temperature from X 1 20 1w2 folIpuro Zr02 to
6000 C for the eutectoid composition containing - 3.5 u/0 T203.
Additions of v 7 m/o T203 stabilixe the cubic structure to room
temperature.

T C

assC

4

'' [MOLE I NV2%

Fig. I. Zr02-1203 system.9910hl1

One microstructure that can be produced io obtained by fabri-
eating ZrO2 containing -3 to 7 m/o 1203 in the 'high temperature
cubic phase field, and then quenching into the two-phase (tetra-
gonal + cubic) field to precipitate tetragonal Inclusions from the
cubic matrix. If the Inclusions do not grow to exceed a critical
o ims*, the two-phase material can be cooled to room temperature to
retain the Inclusions In their tetragonal structure. Such

'info a sole Z; v/o - volume 2.
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l718ute 6 also illustrates that no york is required to induce the
transformation when D - De, i.e.. the constrained transforation isspontaneous without an applied stress when D ) . Coparn Eq.
(15) Tith those reletins derived for the critical nclusou size

for spontaneous transformation, one obtains a relation between Dsax
and Dc:

D m 1 D *(16)

m.3 c

%MAX

DI
I O INCLUSION SIZE. D

TIS. 4. Work done vs inclusion size.

Thus when the various surface phenomena that accompany the con-
strained transformation are Incorporated Into the end-point thermo-
dynamics, one not only obtains a critical size effect for an un-
stressed, spontaneous transformation as illustrated in the last
sectiono but also an inclusion size which maximizes the work re-
quired to stress-induce the transformation.
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COITIBUTiQ1 TO 1UcATU TOUGMIESS 6

The crack shielding approach to fracture toughness, which is
also In a state of theoretical development, will not be reviewed
here. This approach attempts to calculate the stress at the crack
front to induce the transformation and then the stress-Intensity
solution of the crack shielded by the compressive stress field
arising from the transformed material adjacent to the crack sur-
faces leaders are referred to Evans et al.17 The approach
outlined here concerns the thermodynamics of stress-induced
transformation and crack extension.

Consider a pre-existing crack loaded In normal tension located
In a material containing constrained Inclusions of tetragonal
ZrO2. Under a sufficient load, the tensile and shear stresses at

4 the crack front unconstrained the Inclusions to cause them to
transform. The loading system, through the crack's stress field
does work during this stress-induced transformation. If crack
extension were to occur and material transformed by the stress
field were to remain In its transformed state once the stress field
of the crack has moved on, than the work required for the trans-
formation would be lost to the fracture process. That is, the
stress-Induced transformation contributes to Increasing fracture
toughness. The question is, how large is this contribution and
under what conditions can this contribution be optinised.

rom a thermodyupmic view point, material adjacent to the crack
front that stays In its transformed state once the crack's stress
field is removed must be In a state of lower free energy relative
to its Initial constrained tetragonal state. Usin the Irwin15
approach, i.ew, where one determines the work to close a crack by a
unit length, we can calculate the work required to retransform
material adjacent to the crack front back to its tetragonal state
and the work to close the crack.

Let us consider a crack under fixed grip conditions which has
stress induced and then traneversed en inclusion. The residual
strain energy associated with the Inclusion is AUsf, where Ua is
the strain energy change associated with transformation, and
(1 - f) s that portion of the strain energy relieved by the trav-
ersing crack. One usIht imagine that inclusions closer to the
newly formed crack surface contain less strain energy than those
far from the free surface. The first force field we apply reverts
the fractured inclusion back to its tetragonal state. The work per
unit volume performed by this first force field Is

l~cl -AUfser

where IAGcI is the change In chemical free energy for the
monoclinlc to tatragonal transformation. One can see that the mote
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the Inclusion is unconstrainad by the fracture process, the smaller
MUsof and the greater the work. The total work dome on all inclu-
sion with the crack tip volume C2AA) is

ALt - AV:V - aV 1 (IAGcI - AUsef)AA . (17)

VI is the olume fraction of inclusion; a is the radius of the
transformed sone adjacent to the crack front.

Once the inclusions are reverted to their tetraonal state, the
strain eneTy associated with their transformed state disappears.
and the crack aow looks like an ordinary crack in a two-phase
material. At this point, the second force field is applied to
close the crack. As defined by Irwin," the critical mork per-
formed In this operation is

Aic - Oo . (Is)

where 0 is the critical strain energy release rate for the com-
posite mterial without the transformation phenomenon.

The total work for crack closure per unit crack length which
also reverts the inclusions to their initial tetragonal state is
thus

. 0  - G .o+ 21VI(I A Uf) (9)

or. expressed as the critical stress intensity factor for the
transforming composite,

. a *+ A I ( A I --- AG- I 
* (20 )

~) / c

This result shows that the contribution of the strees-induced
transformation s proportional to the volme fraction of the
tetragoeal phase I the elastic modulus of the composite ( c)c
the difference between the chmical frs energy ch a and the
resedual strain energy (At cl - LUJef), and the else of the trans-
formation sone Ot).

Tkpermentel results for each of these factors will be reviewed
I& the set section.
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__- lhraet io of Retain-e Tetraonl Zr!2

Tin different series of materials have been fabricated to In-
vest 88te the offect of Volume fraction of the retained tetragonal
pbes en fracture toughness. The first series wa fabricated In
the Sr2-1r209 system In ith the T103 content was increased from
S m/o to 7.5 mlo In order to traverse the tetratonal/cublc phase

field In 112. 1. Figure 5 illustrates Ic ve 1203 content which uan

be trausformd directly to vs V (ZrO(t)) from UD analysis of
these two-phase uterials.6 As Iustrsted, Ke Increases with
increasing voltn. content of ZrOa(t).

MLM FRACM IN S'rt"

is 1OIe I U. OS U. S I " .S

S .

Ira 4-
3- I

II

MOSOOL ISTRASM"A

I

6 1 1 3 4 S 6 7 S

Fi. 5. Ie for ZrO (t) /ZrOa (c) composies -

The second series was fAbrIcated tn the ZrO2-A32OI syste from
one end member to the other. atO (2 alo) was incorporated into
the ZrOi In order to increase the critical grain aim and allow
complete retention of ZrO (t) to volune fraction up to -O V/o
ZrZ . Again, up to - 60 i/o Zrfg toughness increases with
jncreasing v/o of ZrO2 (t), as sewn in 11S. 6. lgures 6 also
illustrates she toughness of te A13Os/ZrOa (cubic) composite
series Il %hich 7.5 w/o 1103 T OS aIforporated with the IrOl. fr
this series , toughness decreases from on end-member to the other.
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Pig .6., Ie  for A.I.0O/ZrO2, composites.6

ithout the '/209 addition to Zr02, tograxonal Zr02 can only be
completely retained In the A1203 netrix to volume fractions ranging
betwoen T0ft1 /oZ0. Yo uhasrethe K 4 va volume
traction data show a MKIMUM at approz -to e7 the none volume
fraction whiLch aximises the ttrasonal phase. Is

nasltic, Ibdulu8 of nbnesfte

Competing the data shown In. igs. 5 ad 6. one am oe that at
comparable volune fracion 0< 50 rio ZrOt(t)) move to gained wi.th
the hlh modu lus A1203/Zt02 constraining natriz. ITor exampl,, at
30 r/o Irf(t) t~he t:oughness increase for the ZrO2(€)/ZrO2(t)

I8
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composte i 1.5 MPa. /2, whereas I the A1203IZr02(t) composite
the san t 2.5 MPa.OMI/. Detailed comparion with theory to
difficult. since all other factors have not been held a@'etant.
Tor example, the end-point eolid-8olution for the Zr02' In the
ZrO2(c)IZrO2(t) composites to i 3 u/o 12039 whereas It .
2 u/o T203 i the A120S/Zr0(t) saries.
Chemiceal lYqEA Bafferj Chants6

The malgntude of 1AG I for the ZCO2(t) * Zr0l transformation

decreases with lncreasud temperature and increasing alloy con-
te t. The effect of temperatures on K for a single phase
Zr2(t)(+ 2 /o T203) and three A£103/ ZrO(t) composites is shown
in Fig. 7. As predicted by theory 0q. (20)), % decreases with
increasing temperature. When the" data are combined with the
known property data CCoK o and Vi) end Sq. (20) is used to calcu-
late (IAGcl - Ausef) ve temperature, the elope of the fuuction with
respect to temperature to nearly Identical to that of pure
Zr02.19  Also, the temperature where (JAGI - AUsef) - 0 falls
within the range of 6800C to 900oC, which Ls the expected range for
t + a transformation of Zr02 + 2 U/o 1203 (i.e., the tomperature
where I AG I for this composition Is zero)e These correlations are
shown in Table 2. To obtain this agreement, the value of t used in
Eq. (20) us chosen as the size of the Zr02(t) grains. This
reasonable corelation suggests that AU f a 0 and R - the grain
size of Zr02(t) Inclusion. If one bel!:ves that these two correla-
tLons are not fortuitous, then it suggests that those gratns closer
to the crack surface contribute the most to the touguening and that
the size of this most important transformation zone is equal to the
grain size.

UMIUAI. . *II /, j. . *j,. v3 c, ac

WAURIALoft 0144oft -04 Mu W" %s V6 .o .0-3 - u* -

aMw a an M M i

9, an .as IN an 4 M No

.3 a
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The econd way to change the magnitude of AG Is to change the
alloy content. Additions of CeOZ wer, choen, since the tetragonal
phase fileld extends V - 20 U/0 Ceft relative to the smaller Phase
fieold In the ZrO2-T203 binary. Cbspoeltes containing A1203 /30 vi.
Zrft (+ CeOO were fabricated by sisterng In air. The sole I of
CeO2 was varied In I m/fo Increments between 6 ./o sad 23 We.
C*02. Tetragonal Zri2 was the only Zifn phase for Cea contents
Jo 12 m1.. As shown In fig. S. % decrese.* With 1AcreasSng Ce02
alloying addition as predicted from Sq. (20). If one extrapo},tfeto
this data to 0 .1. 0502. It Gsuets a value *t 10. 3 Wa..W for
these composite (A1203 /30 V/0 1r102Ct)) Without the alloyi1g addi-
tion.

Sine of Transformation Usne

Various Indirect and direct (thin foil, IN) observations
suggest that the aime of the transformation zoVe is 4 3 Pm at room
temperature. The above theory suiggests that those inclusions
closer to the fracture surface are loe constrained after trans-
formation and crack extension and thus contribute met to work loss
during fracture. For this reason, this author has suggested that I
s &. to addition, Section 4 strongly suggests that the work done
per Inclusion can be maximised, by fabricating a material In which
0 - 2A3 16. ftr these reasons, en A1203/25 v/o ZrOz (+ 2 m/o T103)
me fabricated to full density at temperatures ranging from 14006C
to 16WOC to IMCcseO the size Of the ZrCa Ct) pains. Although SIN
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18. 8. C vs C02 content in tetragonal phase field.6

sicrograph have been taken of etched, polished surfaces to show
that the Zr02 pain site does increase with Increasing fabrication
temperature, actual grain sie determinations have not been made.
RD examinations show that the Zr02 is all tetragonal regardless of

fabrication temperature. 7igure 9 illustrates 1€ vs fabrication
temperature (I.e., D < De). Although these data are preliminary,
they do indicate that 7. increases with Increasing grain size
(D). They also suggest that a mximuma pain size CDWn) exits for
optla m toughness whare Iman C De.

CMCWDIG IMATIS

The eand-point thermodyamtic approach to retention of tetraonal
ZrfO and its contribution to toughness appears to be useful in ax-
plaining observed phenomena. With regard to phase retention, It
not only explains why a critical sin exists, but also directs the
fabricator to possibilities of Increasing the critical else to
allow phase retention within the constraints (i.e., grain growth)
of current fabrication technology. With regard to toughening, It
correctly describes the limitation of the transfomation toughening
concept, i.e.. decreasing toughness with decreasing I I (vIz.
Increased temperature and alloy content). It can thus L seen that
there is a competition between phase retention and toughening;
conditions for phase retention are relaxed by decreasing JAG&I,
but at the am time, decreasing IAG .1 decreases toughneass ft has
bean this author's experience that a resolution of this dilma is
to Increase our fabrication shills in liting pain growth during
densification. A solution to this proble would open up the area
of using, e.g. . the VEO trasfomation, which has a much peater
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FAMICATO'N M rAURE (C)

' . Zc v fabrication tempeature.

JA~C at too" temprature than the Zrf transformtion and would b
a Lch better t~ehfa ant at highr tempratures than tetra-

8onal Zrf.

It ha been amly demonstrated that the transf o"Mtton touglhen-
Ing concept not only leads to toughening, but also to strengthen-
log*. *-8*, Strength s >1 1.2 GFa have been achieved in the A1203/Zr02

composite system At the sam tw, however, th reader should
remembr tht Is onluy one factor controlling strength, Vi.
track *is* and distributio also controllin strengt and strth
scatter, but ths two factors are mainly controlled by fabric&-

One final -remark is to order. The strenhnng derived from

ttragonal Zr0t (or some other fat transformtion) Is due to two
phonomea:. the toughening due to stres-Induced transformation at
tecrack front an surfac comressive stress Indued by the

molar volume Increae assoclated with a stress-Induced transforms-
ties at the surface.2 Unlike other crmiee, surface machining or

particle Imact of mteriels that Incorporate tetragonal Zr02

produce a strengthenin affect. The condtions under whic this

effect am be opttsed are ertainly worthy of further scientific

explotatice.
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