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DETERMINATION OF RESIDUAL SURFACE STRESSES DUE TO GRINDING
IN POLYCRYSTALLINE A1,05

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

Rockwell Internétional Science Center
1049 Camino Dos Rios
Thousand QOaks, CA 91360

ABSTRACT

- Residual surface stresses introduced into polycrystalline Al,04 during
diamond grinding (320 grit) were examined with an x-ray diffraction technique
commonly used for metals. Compressivé stresses, estimated to be in the range of
135 MPa to 170 MPa and to extend < 15 im 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 with the ceramic surface has been
considered analogous to a series of closely-spaced sliding, single-point inden-
ters. As reviewed by Lawn and co-workers.(l’z) 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

1
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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 {so-
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.(‘)
However, when the plastically-deformed volume elements overlap one another,
i.e., the suspécted 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 sdrface 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 um) depths and
commercially employed by the metals industry. Authoratative reviews exist on
this technique,(s's) which requires a polycrystalline sample so that a given set
of (hk1) 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 spécimen 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 (hk1) planes, the elastic constants
specific to that plane are used rather than bulk values of the aggregate.
Denoting these “x-ray elastic constants" as Sp, isotropic elasticity theory
ylelds S, = (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
Nye(7) or Doll;(s)) 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 (hk1), to obtain the elastic constants for the chosen <hk1> direction.

The particular computer-automated instrumentation and technique used
here to determine surface stresses is similar to that described previously.(g)
Each measurement was carried out using eight tilt angles (0° to 45°). 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 (> 3° 26 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,(a) some mesurements were carried out
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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 Al,03 (1500°C/2 hr), with an average grain size of 2 m
was chosen for the surface stress determinations.(lo) Initially, both Cu-
radiation (1 = 1.542R) and Cr-radiation (A = 2,291R) 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 (26 =~
142°) and the (119) peak for the Cr-radiation (26 ~ 135°). The x-ray elastic
constants was determined for the respective <hk1> directions as described
above. It was also calculated for the <119> direction using the Al,0; single
crystal compliance constants.(ll) Based on the counting statistical accuracy(g)
of the (119) peak, the precision of the 20 determination was calculated to be #
0.030°. This corresponds to a statistical precision of + 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 um of material
with each pass.* 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 im and then 10 ym of surface material was removed by polishing with 3 m
diamond paste. The third specimen was annealed at 1500°C/1 hr prior to surface
stress examination. Surface stress determinations were repeated 2 or 3 times at
different positibns on the bar for each condition examined and the results
averaged. :

*Using the mass absorption coefficient for Al1203 for either Cr or Cu radiation,
and the possible path length for the given 20, 50% of the radtation is dif-
fracted from an A1203 surface layer of 8 um for Cr-radiation and 26 um for
Cu-radfation,

tE1gin, Inc., CD320R100BF-1/8-C4
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:

‘N 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
§

14

the value calculated from the single crystal compliance constants.

Table II summarizes the surface stress results calculated with the
experimentally determined value of E/(1 + v). Values would be ~ 25% greater if
i _ single crystal results for E/(1 + v) were used instead. Note that all surface
4 - 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 1 hr anneal reduced the stresses to within the limits

; ‘l' Rockwell International
Science Center

Table I
Values of E/(1 + v)
, | E/(1 + v) (GPa)
- Radiation Crystal Direction Experimental Calculated
’ Cu <602> 212 -
- cr <119 246 313
h Table II
Surface Stress Determinations
i . Average Compressive
; Surface Stress*
Specimen Radiation Surface Treatment (MPa)

i 1 Cu Ground 35 + 16 (3)**

1 Cr Ground 125 + 7 (2)

2 Cr Ground 145 ¢ 21 (2)
$ 2 cr 5 um Removed 70 + 28 (2)
B 2 Cr 10 um Removed 83 ¢+ 56 (2)
i 3 Cr Annealed 29 + 49 (3)

* Calculated using experimental value of E/(1 + v).
** () Number of determinations.
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vertical load), K. = critical stress intensity factor. For A1203.(1°) H=18
GPa, E = 400 GPa, K_ = 4.9 WPa ml/2,

a/t =2 ofP1/6 (2)

where P is the vertical load of the diamond wheel in kilograms. Under normal
grinding conditions P < 1 Kgm, thus a/t ~ 2a. Examining the extreme cases when
t=d(a=1)andt »a (a <1/2), t.e., the case where the crack is completely
imbedded within the compressive layer, Green and Lange's(lz) analysis indicates
that the strength increase due to the compressive layer for the cases where
a=1and a < 1/2 are 30% and 100% of the compressive stress, respectively. For
the A1,03 used in the present work, the average flexural strength of ground
specimens is 610 MPa.(lo) 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 (a = 1, 30% of 135 MPa) to 170 MPa (a < 1/2,
100% of 170 Mpa).

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
1s, 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, 1.e., the plastic interaction of the
grinding wheel ameliorates the detrimental elastic interaction (surface cracks).

ACKNOWLEDGEMENT

This work was supported by the Office of Naval Research, Contract
No. N00014-77-C-0441.

7
C4352A/§bs

Ye

('!i‘ Rockwell International




‘l Rockwell International
Science Center :

SC5117.13TR

REFERENCES

1. B.R. Lawn and T.R. Wilshaw, "Indentation Fracture: Principles and
Applications,"” J. Mat. Sci. 10[6] 1049-81 (1975).

1

é 2. B.R. Lawn and D.B. Marshall, “Indentation Fracture and Strength Degradatin
i in Ceramics," pp. 205-29, in Fracture Mechanics of Ceramics Vol. 3. Ed.

\ by R.C. Bradt, D.P.H. Hasselman and F.F. Lange, Plenum Press (1978).

i

3

3. R.W. Rice, J.J. Mecholsky, Jr., and P.F. Becher, "The Effect of Grinding
Correction on Flaw Character and Strength of Single Crystal and
‘Polycrystalline Ceramics," J. Mat. Sci. 16[4] 853-62 (1981).

4. D.B. Marshall, B.R. Lawn and P, Chantikul, "Residual Stress Effects in
Sharp Contrast Cracking," Part 2 Strength Degradation," J. Mat. Sci.
14[9], 2225-35 (1979).

5. M.E. Hilley, J.A. Larson, C.F. Jatczak and R.E. Ricklefs (eds.), Residual
Stress Measurements by X-ray Diffrction, SAE Information Report J784a,
SAE, Warrendale, Pennsylvania.

6. M.R. James and J.B. Cohen, "The Measurement of Residual Stresses by X-Ray
Diffraction Techniques," pp. 1-62 in Treatise on Materials Science and
Technology, 19A, ed. H. Hermon, Academic Press, NY, (1980).

7. J.F. Nye, Physical Properties of Crystals, pp. 143-5, Oxford at the
Clarendon Press, London, 1957.

8. H. Dollg, “The Influence of Multiaxial Stress States, Stress Gradients and
Elastic Anisotropy on the Evaluation of Residual Stresses by X-Rays," J.
Apply. Cryst., 12, 489-501 (1979).

8
C4352A/Jbs

o e e enzae o .
'u't' '-. fnj '.', .t - ‘ ',,‘ . n" . DN . .
PSS SRS IS iy SNPJRN SSATATTS. LI ¢

e m e e m = e
- W

»




R R B T a T el T R N W aV a? el B el o o W O Ca® AN AW i a A a N a Al Al e At T .,

K, W T

3
%
§

% Science Center
3 SC5117.13TR
3
’ 9. M.R. James and J.B. Cohen, "Study of the Precision of X-ray Stress
§ ~ Analysis,” Denver Conference on Acvances in X-ray Analysis, 20 (ed. H.F.
%u McMurdie), Kendal/Hunt Publishing Co., Dubuque, Iowa, 291-307 (1977).
’ 10. F.F. Lange, "Transformation Toughening: Part 4, Fabrication, Fracture
Toughness and Strength of Al,03-2r0, Composites,” J. Mat. Sci. 17[1], 247-
! 54 (1982). '
j
” 11. G. Simmons and H. Wang, Single Crystal Elastic Constants and Calculated
% Aggregate Properties: A Handbook, p. 146, MIT Press, Cambridge, Mass
i (1971).
g 12. D.J. Green and F.F. Lange, "Influence of Residual Surface Stresses on the
Y Strength of Zr0, Ceramics," Paper 28-BN-79F, Fall Meeting of Basic Science
i and Nuclear Divisions of the American Ceramic Society, New Orleans, 1979.
i
] .
13. G.R. Anstis, P. Chantikul, B.R. Lawn, and D.B. Marshall, "“A Critical
. Evaluation of Indentation Techniques for Measuring Fracture Toughness:
i I, Direct Crack Measurements," J. Am. Ceram. Soc. 64[9] 533-38 (1981).
[}
!
:
1
¥
!
¢

9
C4352A/§bs

........
.....................

v e v, .
------ -

“ v
- N - e T T 2 SRR S N
e e in T e e et st s Nat et el ;.L.n..‘_..;_.e.‘_;.]




e ey 5

P ey

. TECHNICAL REPORT NO. 14

BERO0 WY Y,

FACTORS INFLUENCING THE RESIDUAL SURFACE STRESSES
DUE TO A STRESS-INDUCED PHASE TRANSFORMATION

»

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

PIRA LARA |

>

QR USRI W

o

P LYt .

AL g P

pec
N

S Josr a0k ey

S VBRI R iyt gt

2]

BSOS T T AT e
) $in®, DRI P .’5’& D N U A
« N M SE W e NN ale e e talile e




SC5117.13TR

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

v 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 fons 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.(s's) were the first to demonstrate
that a compressive stress arises on the ground surfaces of polycrystalline cubic
Ir0p materials containing precipitates of tetragonal Zr0;. The Zr0y(t) + Zr0p(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
Zr0p(t) can be made stronger by surface grinding.*(s'll)

The strengthening due to compressive surface stresses is a result of
the residual stresses opposing the applied stresses. Grcen(lz’ has shown that

*The Zr0,(t) + Zr0,(m) also increases fracture toughness, which also
str!ngtﬁe

ns materfals containing Zr0p(t).
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the stress intensity factor of a surface crack subjected to both a residual

i, compressive surface stress and an applied tensile stress depends on three

] factors: 1) the magnitude of the residual compressive stress, 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 “he effect of surface cracks on strength.

: The goal of this investigation was to determine those factors that
3 effect the magnitude, profile and depth of the compressive layer introduced by a

f' structural phase transformation. As it will be described, the experimental
A portion of this work utilizes an x-ray diffraction technique to directly deter-
g mine the state of residual stress.

2. Stress-Induced Structural Phase Transformations
. 1f the surface of a large body undergoes a molar volume increase to a
3 depth t, the biaxial compressive stress within this layer can be approximated
by(13)
’ EV |

1, & i

; % °3 (V_) -y (1)
§
‘ where AV/V is the molar volume increase, V; is the volume fraction of material
; with an increased molar volume, £ 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 o, exist at depths

greater than t.

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

N 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
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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 e]ément 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 hy the elastic matrix to low
temperatures, will be labeled t, and its transformed structure will labeled m,
in reference to the Zr0, (tetragonal) + Zr0, (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(14)

6Z
gy = ~186ic| + M T+ _512 ’ " (2)

where ‘Gtom is the total change in free energy, |AG.| 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), M¢q 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 tem 6Zyg/D, is a summation of all the surface phenomena that accompany the
transformation, viz., the interfacial energy change (vg-vp95)An. the energy of
twin boundaries, vrgTAy, and the energy of microcracks, vcgcAy. In these terms,
y denotes energy per unit areas associated with the particular surface, and ¢
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denotes the area of the particular surface normalized by the interfacial area of
the transformed inclusion, A, (e.g., 9 = Ay/Ay, where A 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 (103/6).

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 winich the transformation is not spontaneous (Aﬁt4m > 0):

Dc = (|4G.| - AUgef)/(62vg) . (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= o:j egj , (4)
where oﬂj are the components of the applied stress tensor, and e:j are the
components of the transformational strain tensor. Since this work aids the
transformation, it is a negative term as shown by

6%
By o= -6 )+ A feplow (5)

The minimum amount of work required to induce the transformation is obtained
from ast‘m = 0, or

62
LT R TR (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 €5 = € * av/(3v),
when { = nd €y = 0 for i # j. For this case, the smallest applied hydro-
static tensile stress required to induce the transformation is given by

6§ = (106 + A f + Sye, (7)

i.e., o§ 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 £q. (7) holding all others
constant. First, Eq. (7) shows that as |aG.| + O (the case where the two un-
constrained phases are in equilibrium), ohc increases to approach (Usef + -—ﬁﬂe
Second, for the transformation involving a simple volume change, AU = ketls, 16
where k is the effective elastic modulus of the two phases given by

% E, |
"1r+ v)E1 +m\. )| S | (8)

This relation shows that as the elastic modulus of the matrix (m) is increased,
of is 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

D
<. (186 ] + g f)(1- =) ()
4 tt . *

Equatfon (9) shows that as D » O, o§ + » and as D + D, oﬁ + 0.

We are now able to examine the effect of |AG.|, Mge 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 when the high temperature phase is just on the verge of transforma-

14
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3 tion, 1.e., where just a little stress is required to induce the transformation.

v This condition exists when |AG.| is large, viz. |8G.| + Mlge + 6Ivg/D, Mge is
small, viz. when the elastic modulus of the constraining matrix is low, and when
D »D.. Conversely, the above arguments show that the depth of the transformed
surface layer is minimized when |4G.| + 0, AUgq is large (viz. large matrix
modulus) and D + O.

3. Experimental

Surface surface stress measurements were carried out with a variety of
/ two phase, Al,03/1r0, materials in which the Zr0, was retained in its tetragonal
3 structure during cooling from the fabrication temperature. Surface stresses
i were introduced by surface grinding with a 320 grit diamond wheel to induce the
Zr0p(t) » Zr0y(m) transformation. The effect of changing the volume fraction of
the Zr0,(t) (Vy), the chemical-free energy change (|aG.|) of the unconstrained
Zr0p(t) + Zr0p(m) transformation and the grain size of the Zr0,(t) (D) on the
residual compressive stress were systematically investigated.

ity

pa, .
bl

3.1 Surface Stress Determination

PR il

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 polycrystaliine sample so that
‘ a given set of (hk1) 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

- o

for anfstotropic behavior along the particular (hk1) 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 Sp, isotropic elasticity

15
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theory yields S, = (1 + v)/E, where v and E are Poission's ratio and Young's
mo&ulus. respectively. The conversion also assumes that the surface is in a
state of constant biaxial stress to the depth pénetrated 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(lg’ or Dolle(zo)) 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 stfain-gauged specimen was then placed in another
4-pt flexural l1oading 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 (hk1) to obtain the elastic constants for the chosen (hk1) direction.

The particular computer-automated instrumentation and technique used
here to determine surface stresses is similar to that described previously.(ZI)
Each measurement was carried out using eight tilt angles (0° to 45°). 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 (>3° 26 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,(zo) 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 (A = 2.291R),
radiations were used in this study. The A1,04 (602) diffraction peak was chosen
for the Cu radiation (26 = 142°), and the (119) peak chosen for the Cr radiation
(20 = 135°), Table 1 lists the penetration depths (normal to surface) for both
CuKa and Crka at 26 = 142° and 135°, respectively, calculated for the mass
absorption coefficients and densities of the A1,03/2r0, composites for the
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Table 1
Depth ( m) of Diffracted X-rays vs r0,
Volume % Zroz*
Radiation ‘ % Diffracted
7.5 15 20 30 40 52 60
CukKa 12.8 50
(20 = 142°) | 114.0 95
Crka 6.5 5.5 4.9 4.1 3.5 3.0 2.6 50
(20 = 135°) 28.1 23.6 21.2 17.6 15 12.9 11.3 95

*Alloy additions to Zr0, (viz Yo03 or Ceoz) 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 % Zr0,.

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 1ists 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 compltance constants.(zz) Note that the calculated value
of E/(1+v) 1s ~ 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/Zf02 composites containing 30 volume percent (v/o)
1r0p were investigated in which the Zr0, contained between 9 and 22 mole percent
(m/0) Ce0,. The unconstrained t + m transformation temperature decreases with
increasing m/o Ceoz.(23) Thus, increasing Ce0, additions decreases the room
temperature value of |AG.|. The fabrication and sintering (1600°C/2 hr) of
these materials are reported elsewhere.(23)

A second A1203/Zr02 series was fabricated to contain different v/o
Ir0;. For this series, Y,03 was used as the alloy addition, which was incorpor-
ated by the manufacturer.* The Y,03 content was increased with increasing v/o
Ir0p in the composite, viz. 1.37 m/o Y503 for composites containing 7.5 and
15 v/o Zr0,, 2.50 m/o Y,03 for the 30, 40 and 50 v/o Zr0, composites, &nd 3.65
m/o Y,03 for the 60 v/o Zr0, composite.§ Since the elastic modulus of the com-
posites. decreases with increasing Zr0, v/o, the m/o Y,03 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

a

1600°C/2 hr.

Three other A1,03/Zr0, composites containing 7.5 v/o Zr0, (no Y203),
6.6 v/o Zr0, (2.0 m/o Y,03), and 30 v/o Zr0, (2.0 m/o Y503) were also investi-
gated. These materials were hot-pressed (1500°C/ 2 hr) as described else-
where.(zs)

3.3 Experiments

A1l surface grinding was carried out with a 320 grit diamond wheelt
using a Dual Surface grinding machine. Approximately 10 im 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.
§vfo content determined by Spectrochemical Laboratories Inc., Pittsburgh, PA.
{3 g?n, Inc., CD320-R100-BF-1/8-C4
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‘ 4, Results
.'{'4
] 4.1 Surface Phase Analysis
y Table 3 lists the monoclinic/tetragonal phase ratio for as-sintered (or
‘; as-annealed) and as-ground surfaces. For the series containing the Ce0, alloy-
'é ing addition to Zr02 (Table 3a), note that the Ir0y in the sintered materials
3 alloyed with both 9 and 10 m/o Ce0, 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 Ce0,.
s |
] Table 3a
i Monoclinic/Tetragonal Phase Ratio for A1,03/30 v/o Zr0,
4 Series Alloyed with Ce0,
3. Ratio of Peak Intensities
é (111)m/(111)¢
, Ce0y Sintered Ground
i - Content Surface Surface
3
CuKa” CuKa" Crka
: 9 0.33 0.97 1.07
10 0.29 ' 0.60 0.82
13 <0.02 _ 0.17 0.15
y 14 <0.02 0.085 0.11 .
y 15 <0.02 0.064 0.070
: 17 <0.02 0.035 0.045
7 18 <0.02 0.027 <0.02
: 20 <0.02 <0.02 <0.02
¢
1 22 <0.02 <0.02 <0.02

* ¢ 0.02.

For the second series listed in Table 3b, the materials most sensitive
g to transformation, both during fabrication and subsequent surface grinding, were
those in which the Ir0, was alloyed with only 1.37 m/o Y505. A 20 v/o Ir0p com-
: posite was also fabricated with the same Zr0, (+1.37 m/o 7,03) powder, but it

20
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contained approximately equal proportions of monoclinic and tetragonal Zr0, and

was deemed unsuitable for consistant experimentation. Note that surface grind-
ing generally increased the monoclinic content of the surface.

VRN ol R gt
* v

e af & s

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 Zr0; (0 m/o Y503) and 6.6 v/o Zr0; (+2 m/o Y503). The depth of the
transformed layer for the material alloyed with Y,05 is much shallower relative
to that containing no Y203. Also note that the 30 v/o Zr0, 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 Ir0p m/o Y903 Sinter (Anneal) Sintered Ground
Condition Surface Surface
CuKa® CuKa" Crka
7.5 "1.37 1600°C/2 hr 0.02 0.22 0.14
15 1.37 1600°C/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 o ?
30 2.5 (1650°C/16 hr) 0.03 0.08 e
30 2.5 (1650°C/24 hr) <0.02 0.10 *k
40 2.5 1600°C/2 hr ' <0.02 €0.02 <0.02
50 2.5 1600°C/2 hr <0.02 0.07 fudod
60 3.65 1600°C/2 hr <0.02 0.05 0.12
* ¢+ 0.02.
** . data not recorded.
21
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4.2 Surface Stress of Series Alloyed with Ce0p

E Figure 2 shows that the average compressive stress, determined with the
shallower penetrating CrKa radiation, decreases slightly with increasing Cel,
alloy addition to Zr0p. Ground and annealed surfaces are nearly stress-free.

i Table 4 reports the surface stress for the same ground materials, as determined
with the deeper penetrating CuKa radiation (9 and 10 m/o Ce0, materials were not
used). The surface compressive stresses at lower Ce0p are smaller relative to
CrKa determinations and appear to reverse to tension at higher Ce02 contents;
the single determinations made with CuKa radiation l1ie within the statistical
counting errors (+ 23 MPa) and may negate this conclusion.

4.3 Effect of ZrQ, Grain Size

The average Zr0, grain size for the A1,03/30 v/o Zr0, (+2.5 m/o Y503)
materials sintered at 1600°C/2 hr and heat-treated at 1650°C for 2, 8, 16 and 24
hrs are 1.3 ym, 1.4 ym, 1.8 u, 2.2 um and 3.4 um, 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 A1503/30 v/o 2r0, (+2.5 m/o Y,03) 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-

5 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. 5a 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 um. Also note

23
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Fig. 2 Surface residual stress measurements for Al1203/30 vol% Zr02 composites,
\ in which Zr02 1s 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)

j Surface Stress*

Mole % Ce0, (MPa)

12 -30
13 -21
14 +17
15 +0
17 -1 |
18 +2
19 +18 |
20 +15 |
21 +21
. 22 +19

o 5 A S

S A R s ™

pdetlr Qe WIS P9

Estimated Error ¢t 23 MPa

i‘ *Compressive stress is negative.
J

ey vy e B

e Y ow > o n i
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composites heat

[3

Pt 52 w24

/30 vol% Zr0

.

a
alalal

I
LRSIy

T

treated; a) 1650°C (2 hours) b) 1 58°C (24 hours?. Micrograph

obtained using backscattered electron mode in SEM.

Comparison of microstructures of Al

Fig. 3
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that the depth of the transformed layer for hot-pressed Al,03 30 v/o Zr0,
(+2 m/o Y503) 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 Zr0, Volume Fraction

Figure 6 illustrates that the residual compressive stresses (CrKa
radiation) increases with increasing v/o Zr0, 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
Ir0; is a strong absorber of x-rays (see Table 1). That is, the depth sampled
with the CrKa radiation for 7.5 v/o Zr0, is about three times that for the
60 v/o Zr0,, which may bias the apparent stress magnitude to higher values with
increasing Zr0, content.

5. Discussion

A1l evidence suggests that the residual compressive surface stresses
introduced by grinding A1503/Zr0,(t) composites are produced by the molar volume
change associated with the Zr0,(t) » Zr0y(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 CrKka 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 Zr0, (Fig. 6).

Although the magnitude of the residual surface stress is primarily
controlled by the Zr0Op(t) volume fraction, data indicates that the depth of the
transformed materfal and the residual stress profile depends on Iascl 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 |aG.| and/or 2r0, grain size (D).

30
C4352A/jbs

g gy R e s e wtm W w - me . tac a4, e . - e omtw -ty - . S e e
s LY Rt t Wt e e - LR U R A R T IR Sl L TR T SRE TEL TR I

...............
..............
-------------------------------------



£

RESIDUAL STRESS MPs

-1000

oo s
T e L

’l‘ RockwellIntenational

g )
AN

L2 TR TR IO N IR S L I P U R T TR T S R .
AT L i R S R R S

*w"

P e el e AL
PPN NP IO LSRN

Science Center
$C5117.13TR
§C82-18763
] I 1 1
STATISTICAL ERROR BETWEEN RUNS £ 5.8 ksi a
OVERALL COUNTING STATISTICAL ERROR 1 6 ksi
o
-
1 | i 1
0 10 30 40 60
VOL.% 210,
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Both Y,03 and Ce0, decrease IAGC| at room temperature. Figure 1 shows
that for nearly equivalent Zr0, contents (6.6 v/o vs 7.5 v/o), the depth of the
transformation layer was much shallower for the case where the Zr0, was alloyed
with the Y,03. When Ce0, was alloyed with the Zr0,, residual compressive
stresses were only observed with the CuKa radiation for materials with the least
Ce0, content, whereas the residual stress exhibited only a slight decrease with
increasing Ce0, content when determined with the shallower penetrating Crka
radiation.

Equation (8) also suggests that the depth of the transformed layer
should also increase as D » D.. Data presented in Fig. 7 is consistent with
this hypothesis, i.e., the transformation depth for the material examined in-
creased from ~13 m to ~18 m for a grain size increase of 1.3 um to 3.4 um.

Further stress profiling experiments are now underway to better sub-
stantiate the dependence of the transformation depth on |4G.| and grain size, D.
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OF BRITTLE MATERIALS
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Thousand Oaks, CA 91360

ABSTRACT

A theoretical approach has been put forward for predicting the
strengthening of materials by the introduction of surface compressive stresses.
An 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 rgsidual stress.
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3 I. INTRODUCTION

i

L1 The strength of ceramics or glasses can often be increased by placing

their surfaces into compression. These techniques include ion exchange, temper-
i ing, glazing, surface chemical reactions and stress-induced phase transforma-
'3 tions. Although most of these techniques are well-recognized, a theoretical
i 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-
] v 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,(l's) while for more complex situations
numerical approaches have been.used.(s'lo) In this paper a simplified approach
to the crack closure problem for surface qracks 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-
Jjected to the residual stress distribution shown in Fig. 1. This problem is a
1imiting case of an analysis by Oel and Frechette,(n) and it can be shown that
the surface (o) and interior (o,) stress are given by

 Ee -2t .
°c=(1-ev)(uw Jfort >X > (W-t) (3

ahd

o, = 7ot for t <X < (W-t) (2)
where E is the Young's modulus, v the Poisson's ratio and ¢ 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.(n)

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 (4o¢) will be simply given by

“f 8 - Gc ° (3)
In many 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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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

a,. For this situation the residual stress distribution will be given by
~ -FE ¢ -
oc-mfort>x>(u t) (4)
and
at:O for t <x < (W-1t) . (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/a, > 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/a, <1 and in particular to derive the stress intensity factor (k) 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/a, < 1, as considered in this analysis. It should,
however, be noted that when t/a, > 1, the lower constraint at the surface would
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Fig. 2 Surface ci'ack in semi-infinite 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.(12) 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(lz)

2« cos [ 2] | (4)
e G| ronll

where o, is the applied tensile stress. Using 2a = a, - t, one obtains

(1+t1) cos a-(l-tl) ,
G " 7 ¢cos a (5)

where ¢ = c/ay, t; = t/a, and a = wo,/20.. Equation (5) is illustrated in
Fig. 3. It can be seen that the crack becomes completely open at a critical
value of (°a/°t) which depends on (t1)° As indicated earlier, the analysis is
not expected to be value as t; > 1. This is reflected in Eq. (5), which becomes
independent of the applied stress for t; = 1. For values of t; > 1, it is
simply assumed that the crack is completely closed until oy = - o, 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 c; + 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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B. Calculation of Stress Intensity Factor

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

a 172 1 a(xy) x,.dx
po S [TTR Y% Y

where x, = x/a, and q(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, 1.e.,(13)

a_1/2 1 o(xl) f(xl) X3 dxl
K = 2(2) (1-ct?yg (7
b SN TR TR
where
2 4 6
f(xl) = 1,2945 - 0.6857 x;" #+ 1.1597 Xy - 1.7627 X, (8)
+1.5036 x,% - 0.5094 x, 10

For the residual stress distribution given by Eqs. (4) and (5) and an applied
tensile stress, Eq. (7) can be re-written as

t
Ky * 2(-:-)1/2(1 - )2 1 (o *+ g) flxy) xdxy 1 gflxy)xy dxy

+ ]
o YU -0 byl - D6 - D]
(9)

Now if we substitute
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xl2 = <:12 -(1- clz) ul (10)
and expand f(x;) in terms of uz, i.e.,
f(x,) = Z °2k" (11)

k=0

one obtains

2k 2k
3,.1/2 2. 5 ta u (°a + o )du 1 v (o, ) du
KI = 2 ('—] (1 - Cl ) kzn GZk ({ J(l - Uz) + t£ vm (12)

where
£.2 . ¢,2 1z
1 "4 . '
2 TTgT (13)

From standard integral tables

2k 2r- 1
u_ du 2k rop o g2y/2 rl(r-1)lu 1 cin-l 14
a-u)72° 2 | “) rzl éf-z'*l (2r)! O 1)

The final solution for the stress iniensity factor is given by

. [+
Ky = o ()12 (1 - ¢, 232 [Fy(ty) + Fyley) (;% +Zsin7lt)) ] (15)
where
) % a (2)1(1 - t2)2 0 5 ri(r - 1)1 e, 271 )
1720 ay 2(k1)% ra1 226-2r 50y,
a5
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and
' 5 a, (2k)!
k
F,(c,) = . (17)
25 d (k€ &
It can be shown that Eq. (15) agrees with several limiting cases. For example,
in the absence of a residual stress
. 1/2 .

Ky = 1.1215 o, (W) (18)
in agreement for the solutions for a surface crack in an applied tensile stress
fie1d.(13) For the condition when -0y = o., (¢ = 0)

Ki = oh(jao)llz F% cos™} tl] G(tl) . (19)
The solution agrees with that derived for a uniform stress near a crack tip.(13)
where

wF.(t,) .
6(t)) = ——%— (20)
2 cos (tl)
Finally for o, = 0 and o, is a tensile stress

Ky = o (v )12 & sin7d £)) Hiey) (21)
where . - Fl(tz)

H(t)) = —F— . (22)

2 sin (tl)
This solution agrees with previous solutions(14:15) for 0 < ty <1, in which a
surface crack has a uniform stress near the free surface.
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In order to determine the condition for strengthening the fracture
condition the fracture condition must be used, i.e., K; = K.. Using this
condition and K, = 1.1215 o¢° (wao)ll2 where o¢® is the strength ofthe body in
the absence of residual stress, Eq. (15) can be rewritten as

Ao F,(t,) o’
f 1/2 182} 2 .1 f 2,1/2
-—1(1-2c,) = +=sin " t,+— (1 -¢,°)
% 1 2 c1 " 2 o 1
1.1215 o,°
dacves )
2\¢1/ %

This equation is presented as Fig. 4 and will be discussed in the following
section. In the analysis it was found that for o¢%/g. > 1, the crack will be
completely open at failure and the value of Acs/o. depends only on t/a,. It was
found, however, that as c/a, + 0 in situations where o¢%/c, < 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/a; > 1, it was simply assumed that Aog/o. = -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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I11. DISCUSSION

AR MNLEX AR LR

The data presented as Fig. 4, have important consequences for optimi-
zation of compressive strengthening. For example, for a given value of o, 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/a,, the basic strength of the body (og®) 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 Ofo as well as increasing t/ay. The strength in-
crease in terms of of° is shown in Fig. 5, which allows us to consider the
effect of varying o, for constant of°. It is interesting to note here that
increasing o, for situations where t/a, < 1 does lead to strengthening but the
effect saturates as af°/ac + 0. It should also be remembered that o, is not
necessarily independent of t/a,. For example, increasing the compressive layer
depth usually decre