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ASSTRACT

':>JA theory for describing the evolut%on of the median/radial crack

system in the far field of sharp-indenter céﬁtact; is developed. Analysis

is based on a model in which the complex elastic/plastic field beneath the
indenter is resolved into e1a5tic and residual components. The elastic
component, being reversible, assumes a secondary role in thé fracture
process: although it does enhance downward (median) extension during the
loading half-cycle, it suppresses surface (radial) extension to the extent
that significant growth continues during unloading. The residual component
accordingly provides the primary driving force for the crack configuration in
the final stages of evolution, where the crack tends to near-half-penny
geometry. On the hypothesié that ihe ofigin of the irreversible field lies
in the accommodation of an expanding piastic hardness impressibn by the .
surrounding elastic matrix, the ensuing fracture mechanics relétions for
equilibrium. crack growth aré found to involve the ratio hardness-to-modulus
as well as toughness. Observation§ of crack evolution in soda-lime glass
provide a suitable calibratfoh of inaentation coefficients in these relations. = é
The calibrated equations are then demonstrated to be capable of predicting the g
widely variable median and radial growth characteristics observed in other ;

ceramic materials. The theory is shown to have a vital bearing on important

practical areas of ceramies evaluation, including toughness and strength.
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The fracture patterns generzted by small-scale contact events relate
strongly to the ceneral mechanical behavior of ceramics. This is particularly
true of contacts with “sharp" indenters, where elastic/plastic stress fields
govern crack dgvejopment: toughness X, hardness F and stiffness E then all
enter as basic material barameters in the fracture mechanics.1’2 Apart from

1,3

their more direct uses in materials evaluation, sharp-contact indentation

techniques have important applications in the fields of strength and
strengthening,2 erosion4 and wear.s’6
Cracks induced by elastic/plastic contact may be classified into two

primary systems:l’7

those cracks which form on symmetry median planes
containing the load axis, and those which form 1atera11y’on planes closely -
péral]e] t6 the specimen surface. The present paper deals with the first of
these two systems, the "median/radial" system. Cracking of this type has long
been recognised in the hardness testing of more brittle materials, by virtug_
of characteristic sﬁrface traces emanating radially from the impression
corners. However, quantitative uce was not made of such observations until
Palmqvist demonstrated that the 1ength‘of the radial cracks:cou1d be related
empirically to toughness.8 Palmqvist worked exclusively with metal carbides,
and his work accordingly received little atténtion in the ceramics
1i£erature. _ s

A more fundamental approach to the median/radial problem, based on
Griffith/Irwin fracture mechanics, has~récent1y been deve]oped.1 Once the

underlying indentation driving forces for the fracture have been identified

‘and formulated, this approach provicdes the framework for a complete analysis

of crack evolution: 1in particular, specific relations for crack dimensions

as a function of contact load may be determined, with toughness Kc'and other
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in the earlier stages of loading as the ratio A/E diminished, notwithstanding
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terie)] paremsters entering the description in a natural way. The first | 4
stucy along these lines was by Lawn and Swain,7 who considered the growth
subsurface median cracks within an essentially elastic point-contact

jeld. Harcness entered the equations via the assumption that some p]asticity
would be necessary to remove stress singularities at the indenter tip.

However, this initial attempt oversimplified the problem by using two-
dimensional fracture. mechanics to solve an essentially three-dimensional
problem. A subsequent studyg took into account the observation that all well-
developed cracks in point loading tend to penny-like geometry. While noting
that residual stresse§ about the plastic zone must play some role in the crack
evolution, particularly in the enhancement of surface radial extension during
indenter unloading, the modified analysis retained the assumption that the
primary crack driving force derived from the elastic field. Evans and Wi]shawlo
took the analysis a step further by dea]fng with an elastic/plastic field from
the outset, and thereby maintained that the hardness-to-modulus ratio, #/Z,
should complement toughness as a controlling material parameter.in the fracture
mechanics. However, these workers used a semi-empirical dimensional analysis

to formuiate their theory, thus avoiding a detailed description of the physical
machanisms responsible for fracture evﬁ]ution. Evans and Wilshaw also extended 5
the range of experimental Qbservations, previously confined almost exclusively
to the "model" material soda-lime glass, to polycrystalline ceramics. A

principal finding here was a transition in the pattern of crack growth toward

dominance of the surface radial component relative to the subsurface median

the fact that the same, near-semicircular prdfi1e is almost invariably attained
upon removal of the indenter.

While these fracture mechanics investigations provided some indication of

of the role of plasticity in crack propapation, the only quantitative information

ceme Trom strength-test procedures in which indentation methods were used to emplace
11 :

starting flaws.

‘From these procedures it was found that toughness values
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ted from crack-size measurements were consistently smaller than those
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determined by independent means (typically by = 30%). This discrepancy could
be removed by polishing or annealing the indented test-piece before breaking.
It was therefore concluded that the newly formed plastic impression in a

contact event must exert a residual opening force on the accompanying cracks.

12

Harshall and Lawn™" duly incorporated this effect into a more comprehensive

indentation analysis, §iving explicit recognition to elastic and residual
te%ms in the stress intensity formulation. The new analysis provided a
quantitative'explanation of the evolution of median cracks in glass, and
emphasised the importance of considering the fracture mechanics during
urloading as well as loading of the indenter. Application of the results

13
to strength analysis

revealed the residual component of the indentation

stress field to be an even more important factor in the growth.of degrading

flaws than had hitherto been éuspected. However, the approach adopted in this
work Qas somewhat phenomenological, with certain indentation parameters in the
Tracture mechanics équation§ treated as adjustable constants to be determined
empirically for any giQen indenter/specimen system. An immediate shortcoming

of this approach is that observations of fracture evolution in one material

are of little value in predicting the prospective performance of ather materials;
in particular, the theory offers no explanation of why median cracking appears
dominant in some cases, and radia1’cracking in others.

The objective of the present study is to reexamine the elastic/plastic

force field responsible for crack extension more critically, and thence to

establish a rationale for predetermining the mechanics of the median/radial
system for any material whose parameters Kc, F and E are specified. Although

it is acknowledged that the question of crack initiatiom can have an important

e . 1 & i
teering on the ensuing fracture geometry,” attention will be focussed hare on




tne rrorazavion stege of crack development. Vickers indentations on scda-lime
5,1' glass provids & reference indenter/specimen system for calibration purposes;

formulation is then shown to be capable of predicting all essential

;iﬁ Teztures of crack evolution in other selected materials. In the model developed
here the role of the elastic component of the crack driving force is completely -

subordinate to that of the residual co&ponent.

11. MODEL OF MEDIAN/RADIAL CRACK SYSTEM

A1l indentation fracture analyses begin with some knowledge of the stress
i fields through which the cracks evolve.1 If an exact solution for any given

contact configuration is available it is possible, in principle, to determine

the mechanics of crack development at all points of the loading cycle. However,
the general ccmplexity of elastic/plastic contact fields makes it necessary

to introduce several simplifying approximatiohs into the description. For
instance, it is convenient to distinguish between the near- field and-%ar %ie]d
egbout the deformation zone. The more complex question of crack initiation,

j b So sensitive to the strongly inhomogeneous stress distributions in the vicinity
o7 the elastic/plastic boundary, can then be separated out from the problem,

and the ensuing propagatién accordingly treated without specific consideration

1

givento details of contact.” While the initiation stage is certainly important

14

in determining thresholds to fracture,”” and may well be a controlling factor

B s PR gt i
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in establishing the dominance of either a surface radial or subsurface median

component in the earlier stages of prOpaga#ion,ls’16

the model developed
here will pertain only to "we]l-devé]opéd? cracks. In this way it becomes
| E possible to treat the median and radial extensions self-consistently in

terms of a single-plane fracture system.

\ o g ' Vs
(1) Ihe Ezsie X

O

del

na mejor simplifying step in setting up the model is to subdivide the
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and then make use of the additive properties of stress intensity factors 17
This is done accerding to the schems of Marshall and Lawn,12 in which the eiastic/
;iastic‘fieid of the fully loaded indenfer is considered &s the superposition of
the residual field in the unloaded solid p1ué the field of an ideally elastic
contact. Implicit in this scheme is the assumption that reversed plasticity does
not occur during unloading of the indenter, a condition which should be satisfied
to good approximation by the hard ceramic materials of special interest here.18

Figure 1 outlines the model. In (a) the indenter at load P generates a

median-p]aﬁe crack of characteristic dimension ¢. The plastic zone is taken | 8

€:¥ to support the indentér, included angle 2y, over the characteristic contact dimension?'
a, and to extend radially outward over a characteristic dimension ». Since
the main concern is with crack propagation in the far-field of the contact it
is not necessary to specify the detailed geometry of the zone. The diagram
shows only the downward dimension of the crack; however, the symbol ¢ may be 13
used to denote any polar dimension within the crack plane, most_notably the
surface radial and subsurface median dimensions F and cM resﬁectiveYy. It
should zlso be borne in mind that a Vickers indenter will generally induce

tvic mutually orthogonal median-plane. crack systems of comparable dimensions.

Separation of the elastic/plastic problem into elastic and residual

z’
:
%!_'

)

components is depicted in Figs. 1(b) and (c). The elastic field is taken to
operate outside the plastic zone, i.e. in the region where cracking occurs,*

reaching its maximum intensity at full loading and reversing completely on

unloading. Because of this reversibility the elastic driving force may be
characterised by the stress distribution o(r,s) at » > b (see Fig. 1b) over the

prospective crack plane,17 and may therefore be obtained from classical elastic =~
: i
contact solutions. The residual field arises from mismatch tractions exerted on the

surrounding matrix by deformed material within » ¢ b; this component reaches

maximum- intensity at full loading, but persists as the indenter is removed.

* Microscopic cbservaticn of the redial cracks show that fracture does not
10 '

extend back into the defon

nation zone.
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Ir tr2 zoproximation of well- deve]oped cracks, i.e. e >> b, these mismatch tractionsg
hemselves as a net outward force acting at the crack center (Fig. lc).
sean from Fig. 1 that adding configuration (b) to conficuration (¢)

squivalent to reloading the indenter to the original maximum load

iguration (a).

(2) Szress Ihtensity Factors

In writing down expressions for the stress intensity factors appropriate
to the elastic and residual components of the composite elastic/plastic
indentation crack system Marshall and Lawn made use of two empirical observations:12

(i) the indentation field satisfies the requirements of geometrical similitude,

(ii) the fully developed median/radial fractures satisfy the relation P/ca/2 =

const. eppropriate to center—loadgd penny cracks. From these observations it
was concluded that the stress intensity factors must both be of the form

= XP'/c3 2, with the X terms constants to be determined for any given indenter/
speciman system. It is pertinent now to examine this conclusi;n in terms of a

more analytical treatment of the model in Fig. 1.

(A) PResicdual Component: Consider first the indented surface in the unloaded
state, Fig. 1(c). To evaluate the residual field component the following
sequence of hypothetical operations is performed. (i) Begin with anunétressed
elestic half-space, and remove a segment of material, characteristic radius b,
from the prospective contact site. (ii) Plastically deform the removed
segment by indentatibn_over a contact a and penetration d, such that the
irreversible strain associated with.creation of the impression is zccommodated

by an expansion ' in characteristic zone dimension, at constant- volume of material

Then if &7 is the volume of the impression and V is the volume of the zone, the

contigurational stra1n is of the functional form

8V/V ~ a%c/p® ~ (a/b) cot ¥ _ : (1)

c radius »

TR IO
= e
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oy zz2iving & hycdrostatic compression across the outer boundaries,
p. ~ <(8v/v) ~ Ela/b)? cot v i (2)
-

where k is the bulk modulus and £ the Young's modulus.” This pressure
is to be distinguished from that which obtains at the impression at load P,

i.e. the hardness,

P P/maczz =H : (3)

where a, is a geometrical indenter constant.** (iv) Reinsert the pressurised
segment into the original cavity, restoring coherence at the interface, and
allow the system to relax. It is clear from analogy with the internal spherical
inclusion prob’.em19 that the constraining pressure exerted on the relaxed segment
will remain compressive but will reduce to some fraction of the pressure given

in Eq. (2) (to one half in an infinite matrix). Relaxation of the pressure over
the surface diemetral plane must inevitably modify the stresses at the

el

[y

stic/plastic interface. Consequently, the plastic zone can be considered as

(2]

sourca of effzctive outward residual force on the crack shown in Fig. 1(c);

the mzgnitude of this force may be obtained by integrating the horizontal stress

*  Throughout this analysis terms in Poisson's ratio will be neglected,

to avoid unnecessary complication. Empirical justification for this omission

comes from the observation that "universal" curve fits to indentation data are

insensitive to the relatively small variations in Poisson's ratio which occur in

different ceramics.3
** In this work hardness is defined in terms of the projected rather than tha
ceiuzl erea of contact. Thus for pyramid indenters o, = 2, which differs

. the value used in evaluzting the conventional Vickers hardness
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components over the zone cross section within the crack plane, assuming pb to
; SNl : - : S
remzin effectively invariant with crack size,
- 2 ' 4
2 pbb . (4)

In the limit of well-developed cracks, ¢ > b, the forces in €q. (4) may
be regarded as concentrated at a point. Assuming penny-like crack geometry,
the stress intensity factor due to the residual far-field force may be written20

3/2
k; ~ fl#) B Je ‘ (5)

where (&) is an angular function introduced to allow for the effects of the
free surface; generally f{¢) is a slowly-varying function, of value near unity,

with its minimum at ¢ = 0 (median orientation) and maximum at ¢ = + 90° (radial
20 -

orientation). Egs. (2) to (4) then combine with (3) to give

x, =X ple'? | e
with

X, = 7(¢) (a/p)(5/7) cot y (7)

—To teke -the anaiysﬁs fﬁrther %t_is necessary to specify how the ratio a/b
varies with indenter/specimen systeml A detailad treatment of the analogous
expanding cavity problem in an infinité isotropic elastic/plastic matrix, gives
the @pproximate resul tx*

b/a ~ (£ coty /a)* : (8)

On the assumption that this result remains a good

L T : : PR R 12 ;
* This assumption has some experimental justification. Theoretical analysis (see

Appendix A) does in fact show the crack opening force 2, to vary slowly with e.

** See Appendix B. It may also be noted here that the quantity ¥ is not a constant,

: iy 22 : :
but cepends itself on Z cot ¢, However, the functional dependence is much slower

then Tinzgr (logcarithmic), in which case # in £q. (8) may be taken to be suitably

e by the Vickers hardness.
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10.
sporeximaticn Tor the equivalent half-space problem, substitution into Eq. (7)
C1Ves
1/2 %
X, = § (¢) [(E/2) cot y] (9)
where §r(¢) is now a dimensionless term independent of indenter/specimen system.
In accordance with_fhe median/radial dichotomy the two quantities §f and 55
(wit §§ > §£ > 0) are of particular interest. ; 7

(B) Elestie coméonent: Now consider the contribution to the crack driving
force Trom the elastic matrix itself, Fig. 1(b). As indicated in Sect. II(1),
this ccmpenent can be evaluated in terms of the prior elastic contact stresses
over the crack plane, at r > b. %ince it is the far-field solution which is of
concern here the stress distribution, at r >> a, may be most conveniently

represented by the point-load Boussinesg resu’lt7
a(r,4) - g(s) P/’ : (10)

where ¢{¢) is another angular function; in this case g(4) appropriate to stresses
normal to the median plane is strongly varying, changing from positive (tensile)
at 9 = 0 to negative (compressive) at ¢ = + 90 (Fig. 1b). The stress intensity

factor for a helf-penny crack subjected to radially distributed stresses over

b<rgeisgiven byzo’21

~

¢ f(é)(Z/c)l./2 Jiv(r) dr/(c® - rz)l'/2 | (11)

¢
‘b
Igroring effects due to the g(¢) functicrnal variation for the present, Eq. (9)

may be substituted into the integral to yield an elastic stress intensity factor

of the familiar form

| 4
i
:

|
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In the required limit e >> b, £q. (13) reduces to

X, = 5,(¢) tn(2e/p) ~ (13)

whare §el¢) is another global term. Again, §Z and §§ (with 55 > 0 and 55 < 0)

are identified as key constants in the present analysis.

\
\

The parameter Xe in Eq. (14) warrants further comment. Fir%t, it contains

2 logarithmic term in crack length, so the stress intensity factor in Eq. (12) is

not strictly of the simple centre-loaded penny form assumed in previous studies.

On the other hand, over the typical range of indentation sizes encountered in

cr

he testing of ceramics, 1 < e¢/b < 10, Xe is not strongly varying. Second, in

integrating the stress distribution over the prospective crack plane improper

allowance was maca for variations along the ¢-coordinate: to regard §e(¢) in

Eq. (14) es basing castermined by the product 7(¢)g(¢) is a clear oversimplification.
However, it will be argued later that Ke is secondary in importance to Kr in
etermining the ultimats crack configuration; in this light the approximations

made in deriving £q. (14) are not considered critical.
(3) Zeuilibriwn Fzlaticns for Median and Radial Cracks

The conditicn for- equilibrium growth of the cracks is obtained by equating
the net stress intensity factor, ¥, to the toughness, Kc‘ For the system in

Fig. 1 this condition is
=% +X =K, ' (15) ;

Bearing in mind the raversibility of the elastic term, Eq.(12), and the

irraversibility of the residu2l term,.Eq. .(6), separate equations may be written

: : B e 12
for the loading anc unloading half-cycles:
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3/2 2/2
Fle + X _Ple i (Pt) (1€z)
2 2
X ?/cz/ + X P*/cal = K (Py) (16b)

where Px is the peak load. If the crack 'maintains a semicircular front

throughout its evolution, it follows from Eq. (16) that the equilibrium radius

at maximum load P+ = P_ is
2/3
(X, + X)) Pk ] (17a)

and correspondingly at complete unload P¥ = 0 is

2/3
= IGEIR ) . (17b)

However, two factors need consideration at this point. The first concerns

the practical fracture conditions under which the reguirements of mechanical

equilibrium can be maintained. In particular, crack growth is not generally

revaersible, so Eq. (17b) cannot ropresent an attainable equilibrium configuration

For the median component, xe > 0, so the only way of realising

this inequality is somehow to suppress crack growth during the loading half-cycle

(e.g. by superposing a reversible surface compressive stress).12 For the radial

component, on the 6ther hand, Xf < 0, so the inequality is automatically

Thus tne‘median crack is expected to attain iﬁs maximum growth

during the loading half-cycle, whereas the radial crack is expected to continue

its growth until .unloading is complete. :
The second factor concerns the angular variations inherent in the X

These angu]ar variationsare of course manifest in the identification

of thz median &nd radial crack components as separate entities in the evoiution.

ect inserticn of Egs. (9) and (14) into (16) cannot therefore be expected

- - . et
p ettt - v - v

shly accurate represenuau1on of Lhe grO\th history at those

stages

SRR T



A\ el

i) e s N A

na—

0=

i O

where czparturss from radial symmetry within the crack plane are most epparent.

Fortunately, tne problem is minimal in the configuration which is ultimately
et greztest concern, namely tha

t at full unloading, where the tendency to

idzal penny-like geometry is strongest.

III; EXPERIMENTAL OBSERVATIONS i

The evolution of the median/radial crack system was monitored optically.
For transparent materials, crack development could be followed &wring the
indentation cycle, from either the side or below the specimen.m"12
Alternatively, a useful record of crack history could, in favorable cases,
be reconstructed «fter indentation by examining fractographic features on
specimens subsegquently made to fail from one of the two mutually orthogonal
half-pennies (Fig. 2).12 In all cases the loading cycle was carried out in an inert
environment (e.g. dry nitrogen gas or paraffin 0il) to maintain near-equilibrium
conditions in the crack growth, and with a Vickers pyramid indénter to enéure

reprocducibility in the crack pattern.

Soca-lime glass, because of its transparency, isotropy, homogeneity and

(18]

general availability, was used as a reference material in the present study.
Incentation-load/crack-size results, suitably normalised to produce linear,
universal plots for all peak lToacds, are shown for median and radial components

in Fig. 3: the data points represent experimental observations made on

several cracks, and the solid lines represent curve fits. Under normal test
conditicns, datz could be cbtained for medians only during the loading half- '
cycle, and for radials only during the un]dading half-cycle. The median data

2t Pr = 0 in Fig. 3 were derived from a contrived test arrangement in which a

reversible flexural stress was superimposed on the indentation field; this

o
v
€
e
W
n
cF
o

: 3 4 4 24
ress suppressad growth during loading to the extent that o) < c:

(Szct. 11(3)), thzreby producing a Tinal equilibrium crack configuration

eguivalent £0'thaet which would have obtained under normal circumstances had
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co2l2 would have recuired loads in excess of the EA.‘JW used here, in orcer to.

FCE propagation of the e

brezkthrough”; The incentation coefficients in £q. (16) now follew cirzztly from
tne slopes and intercepts of the fitted lines in Fig. 3: for the mediép component,
x" = 0.032 £ 0.00¢ and ¥ = 0.026 + 0.003;'% for the radial component,
X7 = - 0.045 +0.002 and X = 0.049 + 0.004.

xpanding, subsurface crack to the free surface

-

The determfn tion of reference coefficients in this way affords a useful
"calibration" of the fracture mechanics equations for the median/lateral system;
predictions'of crack evolution can now be made for any material of specified
parameters Z,, E and E. According to €q. (14), the coefficients pertaining to the
elestic component of the indentation field involve only spatial factors, in which
case XZ and Xf should be the same for all materia]s.* The residual component, on
the other hand, is sesen from £q. (9) to be material-sensitive; evaluation of XZ and
X; for different specimens accordingly requifes specification of appropriate-§r
terms in this equation. With the value of /g for glass tzken From Table 1, and
% = 74° the characteristic half-angle for Vickers indenters, “the values obtaxned
are 57 = 0.014 * €.001 and €7 = 0.026 * 0.002.

““Indentation fracture data were collected for two other materials, zinc sulphide
and silicon, to investigate the effect of changing Z/# ratio. The results for zinc-
sulpnide are shown in Fig. 4. This tihe the solid lines are a priori predictions
from Eq. (16), using the calibrated coefficients above along with Eq. (9) and the

erial parameters in Table 1. Of special iﬁterest here is the enhanced radial
crack growth during the lcading half-cycle in comparison with the glass results
(Fig. 3). This follows directly from Eq. (17a): increasing E/H expands Xr relative
to X, thereby ' H"h*ng out" to scme extent the strong angular factor inherent in'
the elastic coefficient (cf. Eqs. (9) and (14)). Hith siliéon, measurements were

mice of the crack dimensions only at full load and full unload. Table 2 compares

the measured dimernsions with those predicted from Eq. (17), again using the

* Actually, the slestic stress field does depend on Poisson's ratio,7 the
eifects of which have been neglected here.
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The‘fracture mechanics model presented here provides the framework for
a quantitative analysis of the median/radial crack system in elastic/plastic
indentation. Central to the analysis is the separation of the indentation
force field into "elastic" and "residual" components, as characterised by the
X terms. For materials such as soda-lime-glass at the high end of the hardness-
to-modulus spectrum, i.e. approaching #/E = 1, these two components are of
comparable magnitude. However, being reversible, the elastic driving force takes
on a subordinate role in the crack evolution: whereas it does enhance crack
growth in the subsurface median orientation, it serves merely as a restraining

influence on the growth in the surface radial orientation. Moreover, since
5oE (E/E)z/z, while Xe remaiqs effectively constant over the 1Pad range of practical
indantation testing, the residual component becomes even more dominani &8s hardness-
us diminishes. It is evident that deformation processes become a

t

controlling factor in sharp-contact fracture.
The vact that the radial crack configuration satisfies the requirements of

mechanical equilibrium throughout the entive indentation cycle, approaching

its final crack size on unloading, is of special significance in ceramics

testing. Eq. (17b) then applies, so that, in conjunction with Eq. (9),

i 1/2 vl/2/K ]}2_/3 2/3!

e, {§i(cot v)  ((B/R) P, (18)

C.

Tnis relation provides a sound physical basis for characterising the
indentation fracture from surface-trace measurements alone, an obvious

zdventage for opaque materials., It may be noted that while several indentation

", enters in Eq. (18). It may also be noted that Eq. (18) is of the

Torm Ffe = const. appropriate to penny cracks in ideal center lcading:
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it is the eoczarzace of the quantity £/%, in addition te the toughness yc’
which emerges &5 ihe primary manifestation of the eiaétic/pTastic fer-field
Griving Teree Ffor the Tracture

Tne resulzs =maodizd in Eq. (1£€) have important implications in two major
areas of materials =valuation:

(A) Touzhrzes: Previous studies, in recognising that sharp-contact
damage patterns contain explicit information on the relative susceptibilities
of any given ma:erial to deformation and fracture, have attempted to construct

"universal" diagrams for quantifying mechanical response in terms of characteristic

: : X 2 1 2 W e
indentation dimznsions. 0, 23 Evans and Charles 4 showed that such constructions

may be used &s a simple yet powerful means for determining the toughness of

ceramics. heszs zuthors, working with materials whose X& values had been

measured incepencantly, found it necessary to introduce an empirical correction
factor in Z/Z in order to obtain & satisfactory "calibration" of their universal
plot. The prassni analysis serves to establish the Evans-Charles approach on e

£

, g
rUnGeranT

a more

o

Tooting, at least in the limit of the far-field approximation.

(04

Thus £q. {18), in conjunction with Eq. (3) at a = a, and P = 2, gives

1 e 1 /2

(¥ JBe )iH/E) = 0.028 (ci/a*)

..3/2

oy 2 ay) (19) '

-+

5 ) : T R : z ;

using the previsusly cited values of ap, ¥ and §, appropriate to Vickers
indentations. This differs in form from thé expression derived by Evans and
Charles only in the exponent of #/E, which they set at 0.4 by curve fitting.

Figure 5 is a replot of their universal diagram in accordance with Eq. (19).

recalling thaet it is the residual field which determines the final length of

the surface rzdia’l crack, it becomes imperative to ensure that indentation

measurenents arz ~ace under conditicons of true equilibrium before attempting to

ate’touchnsss from Fig. 5; exposure of the newly formed fraciure o a

b

¢ may result in considerable extension by slow crack growth,
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in which case the value determined will be somewhat less than the true z_

(2) <Seremgzi: For any material which fails from a flaw introZuced by ;E
! elaztic/ciastic contact, the residual indentaticn driving force mus: bz tzken
é i into account in the assessment of strength. Marshall, Lawn and Chantiku]1
i : snowed that this residual term could account for a strength reduction of = 30%,

%  consistent with the observations of earlier vorkers: ! (Sect. 1). MWorking on the -
i tecit assumptidn that failure occurs from the subsurface location ¢ = 0, such

that a relation of the form Eq. (17a) dictates the starting flaw size in the 5

i strength test, these authors also showed that for materials satisfying the j?
o inequality xﬁ.> XZ/3 the cracks must undergo some precursor stzble growth; |

i.e. failure is not spcntaneous. This result was demonstrated to have
i important repercussions in the design of high-strength systems. Now in

; . A : ; :
3 the present study, the conclusion that X§:>x; would suggest that failure is

meor

1Y

likely to occur at a surface location ¢ = + 90°, in which case a relation

3
4
1

of the form Eq. (17b) (more specifically, Eq. (18))should determine the

starting flaw size. The elastic parameter, ]

sk

v
A

, ¢oes not enter the analysis at all this time, so the condition for the

oL =0

€}

(1Y

xistence of an ensrgy barrier to failure is met automatically. Followin
Y. ing

the anaiysis by Marshall et a114 the strength equation corréSponding to flaws

EO——

% induced by indenters of given geometry takes the form

E | 2 1/ 1/3 4 YERVERRRVE
o ~ (K/X) L S [k, (8/8) ] ! /P*/ (20)

where Eq. (9) has beeniused'to intrgducé the #/E dependence. This does not

] represent a serious modification to the earlier analysis:lq the relation

é g c?,_l/3 = const. still obtains for any given material, and toughness remains
the controlling material parameter.

-

in any epplications of the indentation theory in areas such as those Just

cutlinec it ic necessary to be aware oOFf some of the departures from the idzalised

systam of Fig. 1 that can occur in practice. For instance, it has been
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zzsurmad that material beneath the indenter ceforms radially
11 ecnstant volume In materials with low values of Z/Z there is 2

LU ~ MUTI T
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i e Can Meecntaanan mad ] Y I "
serdency for dispieced material to "oile~up

around the incenter, &pproaching
conditions exhibited by most soft metals. 25 Other, hard
materizls with "open" network structures, such as the fanona]ous" silicate
glaesses, tend to accommodate the contact stresses by densification rather
than by plastic ﬂow.z6 In both of these cases the intensity of the residual
driving rorce on any median/radial cracks must be sustantially reduced.
Comparative birefringence studies of indentation sites in norma1 vs. anomalous
giasses confirm this expected trend;27 indeed, the driving force for the
adian/radial system is diminished to such an extent in the anomalous glasses
t Hertzian cons cracking becomes the dominant mode of fracture.26’27
Another prospective complicaticn that needs consideration is that of
crack-interaction eviects. It is implicit in the model developed in Sect. II

that the medizn/radial crack system generates on a single, well-defined

symmetry plane. The extent to which this picture represents a trus crack

cont

—

g

=

ration depsnds in part on the initiation history. For ‘nstance, w1th
Vickers indentations at loads just above threshold, radial cracks may be seen
emerging from just two,vor three, corners;16 clearly, development of crackin
cn one piane impeces development on & second, mutually orthogonal plane. Also,
where radial and mecdian components initiate as separate entities, as they
appear to do in zinc su?phide,lo cozlescence into a single system may involve
a mechanism of step formation where crack'over1ap occurs, thereby locally
pinning the outward-expanding front. : However, these disrupiions
are likely to beccme of secondary importance as an increasing load drives the
o
cracks outward into-a well-developed system.
ore severe disruptions may occur in situations where alternative cfack
systems become unusually active during the indentation, thereby interfering

cirectly with median/radial growth. Thus in the case of the anomalcus glasse




N deminant cone fracture provides confining boundaries for any surface radials

9,26.,27

or subsurface medians that may form. An analogous effect is &lso seen

! . 1 2 e
in "normal" soda-lime glass: Kirchner and Gruver 8 observed in impact

experiments that the median-plane cracking occurs only in @ shallow surfece

region et elevated target temperatures. Although this observation is

commensurate with a transition from median-dominated to radial-dominated crack

growth due to a diminishing ratio Z/E as temperature increases, it is not

immediately clear why the surface segments did not expand downward into the

familiar half-penny configuration on unloading. However, Kirchner and Gruver
also noted that the radial segments were accompanied by particularly large
lateral cracks; the implication is that in this instance the expansion of the

laterals preceded that of the radia]S, thus confining the surface crack.

Provided due allowance is made for such geometrical variants, e.g. by a
suitable recalibration of the basic fracture mechanics relations, the general
applicability of the indentation method as a tool for materials evaluation
remains intact. : :

One point not given exp1icit~attenti§n here, but which emerges in a
natural wey from the analysis, is.the role of the characteristic indenter

nalf-angle ¥ as & variable in the fracture mechanics. From Eq. (18), for

< T WO T AL e

instance, it is seen that sharper indenters should give rise to larger cracks.
However, care should be exercised in attempting absclute predictions concerning
the effects of indenter geometry: issues such as elastic recovery of the
residual impression; increased probability of pile-up around sharper indenters,
have‘not been consideréd in the préSent'analysﬁs.

Finally, a éomment on terminology may be appropriate here. The terms
"medien" and "radial" used to describe what appears ostensibly to be a single
crack system has caused some confusion in the scientific literature. The
mocel outlined above provides a rationale for distinguishing between the two

B terms. It appears reasonable to suéggst that “radial" be used in the

.
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< ipgior any property which reletes more closely to the surface
cimensions of the crack pattern. The measurement of toughress, and analysis
of strength in point contact, as discussed in this section, are cases in point.
Conversely, "medizn" should be used when the crack depth is the controlling
dimension. Linear contact situations, e.g. glass cutting, particle zbrasion,
where the strength-determining crack remains sursurface, afford the best-known

examples in this category.
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cimoliéncs rgiazions for Median/Radial Crack System

in Sect. Il {1)A it was tacitly assumed that the residual creck-mouth
opening force 7 (Fig. lc) is independent of crack size e. In reality,
because the compliance of the crack system must increase as fracture proceeds,
the effactive outward residual force exerted by the deformation zone must
correspendingly relax.

This relaxztion process may be conveniently represented in terms of a
simple linear spring analogue. According to the model of Fig. 1 the central
deformation zone may be regarded as a precompressed spring inserted at the

mouth of the crack system. The outward force exerted by such an element may

L

(14}

written es @ function of wall displacement U,

P =11 ur/uro’ ; (A1)

vihere E;O is the force in the fully compfessed state (i.e. at ﬁr = 0) and

u__ is the displacement in the fully relaxed state (Pr = 0).

A compiience relation for the crack system, giving Pp and u as & function

of 2, is now nesded to facilitate evaluation of the required function Pr(c).

=
- s ; g . Eiik : S,
‘nis relation mey be obtained from the standard fracture mechanics equations

G, x;(z - V3)/E

3 p; dr/de (A2)

with G, and # the crack extension force and stress intensity factor associated
with the residuzl stress component:: here A = ur/P} is the compliance in the

zpproximation ¢ >> b and C = we’/2 is the crack-plane area. Inserting Eq. (5)

h
(e}

r the residu

(87

1 stress intensity factor (with 8 ~ f(4) as the proportionality .

constant in this equation) into (A2) and integrating gives the compliance relation

/7= (2n(l - W) 82 /BEN(L - b/e) . (A3)
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wnere o condixic

n of zero compliance at ¢ = ?

cencition.

2 P _fFt (&1 - v?) Bsz/bEum](l - ble)}. (A4)

This becomes a relatively slowly-varying function of crack size in the
far-field fracture region ¢ >> b. Consequent]y,f;,may be considered to be

effectively constant in eq. (5).
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ng3tic Ione Cnaracteristics: Expanding Cavity Analoque

desed on & modification of Hill's elastic/plastic analysis of a pressurised,
expanding cavity in a isotropic spherical sheﬂ,18 Johnson gives a2 formulation

relating the dimension ratio a/b uniquely to the hardness-to-modulus ratio &/E
22

and indenter angle vy,

C: §/z = (2/9)cot v{(a/b)*(1 + an(b/a)?]} (1 <bfax2.8) . (B1)
F--T% .
At Z/a < 1, the contact is considered "elastic!;at b/a > 2.5, it is considered

"plastic”. Eq. (Bl) is plotted in Fig. Bl. This complex function is seen to be

nearly linear over a wide range of.b/a, so that a simple power law relation

b/a ~ (2 coty. /4)" - {82)

affords a reasonable approximation. The plot of Eq. (32) in Fig. B2 shows that

FUSa ) 5 1 -
7= 1/2 orovige

)

a good fit.

I
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i % TAZLE 1.- Paramsters of faterials Studied
i & 1/ 2%
- Material Comment E/GPa #/GPa K, /MPa m
% ; Soda-lime glass Amorphous 70 5.5 0.75
; § Silicon Honocrystal 168 9 0.7
: Zinc sulphice Polycrystal 102 1.9 1.0
bl ©
3 * Double-torsion data, dry nitrogen gas environment
i
i
;
1 TABLE 2. Mecien and Radial Crack Data* for Silicon (111)
| | .
: Computed ° Measured
1 AR

SOl T 0.063 0.064 + 0.004

a3 )2

& KR, 0.014 0.031 + 0.005

SR

cg : K. /P, 0.059 0.069 + 0.006

i

Fractographic data (cf.

Fig. 3), P* = 10-30 N (13 cracks)




i FIGURT CAPTIONS
4 1] Mscien/redial crack system, showing (a) elastic/plastic configurztion 2+
full load subdivided into (b) elastic component at full load plus (c) residual

component et complete unload. In this model the indenation load P deiermines

i the intensity of the crack driving forces: the elastic component is

g - cheracteristed by the distribution of prior stresses o(r,¢) normal to the

:f crack plane (shown in (b) by means of stress contours in the median plane

.j itself); the residual component is characterised by a re51dua1 center-opening
; : force exerted by the radially-expanded plastic zone.

ﬁ <E> 2) Half-side view and half-schematic of median/radial crack system in soda-lime
x: glass. HMicrograph shows fracture surface of specimens broken at indentation
j% sites - crack arrest markings are introduced tp provide record of crack

evolution. HNote failure origin at surface trace of half-penny.

: 3) Fracture mechanics plots for median and radial evolution in soda-lime glass,

i

=; dry nitrogen environment. Open symbols designate median cracks c\osed symbols

| T 7 - sl d ig. 3 id 1i

{ designate radial cracks (fractographic data, cf. Fig. 3). Solid lines are fits t

e
e

3/2
Eq. (16). (Note: normalised impression size a K,/P, =0.008 at 7, = 50 %

so that radial cracks "contained" within the contact zone during

A

Fracture mechanics plots for median and radial evolution in zinc sulphide, oil

>
~

environment. Solid lines are predictions of calibrated Eq. (16). Data points

1 - 2 AL AN SN

from direct observation of cracks through specimen wall.

5) "Universal" plot bf_radia] crack'data for toughness evaluation. Solid line is
prediction of £q. (19). (Note: -ZnS and glass data in inert environment,

er materiais tested in air environment.)

-

&
15

(@]

Bl) Plot s@owing Johnson function, Eq. (B1) (solid curve), and power-law

o St
.

approximation (broken 1ine), for expanding cavity representation of eiastic/

piestic indentation.
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C.H. Hseuh and A.G. Evans

Materials Science and Mineral Engineering
U. C. Berkeley
Berkeley, CA 94720

Compression tests conducted on carbon/carbon composites have indi-
cated that kirk bands in fiber bundles initiate at microstructural inhomo-
gensities, particularly interfiber voids. Tests conducted on model
ronolaver glzss fider/epoxy composites (containing notches to simulate

" pre-existent voids) indicated that kink formation in the composite and

shear banc formation in the epoxy exhibit comparable morphological features.

e b aoa st

This result suggests that shear band propagation may be a precursor to kink

o
formati

Q

n. Computations of the shear stress field around an ellipntical

hole Tozced 2t infinity indicated that loci of maximumshezr stress approxi-

mately coincice with the shear band trajectories; thereby providing evidence

3

for the imocrtance of the shear strength of the material in the evolution

o7 snear and kink bands.
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Czritn/czrbon composites (particularly three dimensional zr-ays) ar

wm

‘ve materials for high temperature applications. The major advan-
teges oF this class of composites include: maintenance of good nigh
temzerature mechanical properties (at least, in non-oxidizing conditions)
and high strength to weight ratios. Recent work has been devcted to en-
hancing the mechanical properties of these &omposites; notably, fiber
strencthening by etching, thermal stretching1, neutron irradiation and
boron dopingzz the improvement of bonding (between the fiber and the
matrix) by surface treatment of the fiber3: void minimization by the intro-
duction of several processing cycles4’5: tﬁe development of oxidation

re

w

istant cocatings. One of the remaining limitations of carbon/czrbon com-
ocsites is their relatively low compressive degradation resistance; a
ohenomenon related to kink formation in the fiber bundles. Several obser-

vations of kinking have been reported in the literature, encompassing an

o

porecieble variety of composite systems. Bader and Johnson6 noted the
y . Y

[
s
'
n
!
n
=2
O
1]
O

T kinks on the compressive side of a carbon/epoxy sample sub-
jectad to flexure (a particularly illustrative example of the inferior

~ e 3
-

pressive properties of certain composite systems). Weaver and Hi?]iams7

observed extensive kinking in a similar system deformed in compression

'
e

S R0

v

er high hydrostatic confining pressure;‘while Rice8 ascertained that
©inking wes involved in the compressive response of Kevlar 49/epoxy com-
posites. These initial studies concluded that kinking was a consequence of
micro-buckling and involved kink initiation concepts based on the critical

siress tor bzam buckling on an elastic foundation. More recently, studies

Q
kinking in a glass fiber/epoxy system by Chaplin® and of carbon/carbon

by Evans é&nd Adier]q have demonstrated the important influence of initial
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inhomcgeneitiss on the kink initiation siress. Tne resultant kink incli-
REE LAY AN ~% boundary orientztion were zlsa terczzively retiorzlized
oy minimizing tne plastic work and the elastic strzin energy, respectively.

~ dominant cependence of kink initiation on the shzar properties of the
matrix (elastic and/or plastic) could be readily csduced from the shear
mede of matrix defcrmation that accompanies kinking. However, little
progress was achieved in developing quantitative relations between the
xink initiation stress, the magnitude of the initizl perturbation and the

properties of the composites.

Deliberztions of the kinking process in fiber composites suggest two

orincipal mechanisms. An instability in fiber rotaetion may initiate at a

ion of pre-existent fiber curvature, leading to larce matrix shear

s
[~

~=
-

strains and

-5

®

eventual fiber fracture (Fig. la). This mechanism has recently
been analyzed by Budiansky and Drucker]]; an analysis that emphasized the
importance of the (inelastic) slide modulus of the composite and of the

agnituce o7 the initial fiber misorientation. Alternztively, a shear band

may initiate in the matrix at a matrix inhomogeneiiy, such as a void, and

>

srogzgate unstably across the fiber buncle., The lzrge shear angles at the
ar bznd Scuncdaries will inevitably preoduce fiber frecture at the bound-

N A S R e i >
w
=
[

s

earies (Fig. 1b). The intent of the present study is to examine the via-
2i1ity of this latter mechanism of kinking: both in general terms and,
ar, for carbon/carbon composites.

The study consists of observations of kinks in carbon/carbon and

Soth xinks end shear bands in alass/epoxy svstems. in o»der tp ascertain

the character of the inhomogeneities at typical initiation si This will
2stzolish a basis for the comparison of shear band and kink morphologies.

of the shear stress distributions arcund inhomogeneities are




e SRl e K A

INaR S bt

i A AU SO T

oo Tl

sef To retionalize the observed shear band characteristics. These

~25.735 will sudsequently be used to relate the shear band (or kink

-~ -

~

~ M T T AL
EXPCRIMENTAL

(D

2.1 Test Samples

txperimental studies have been conducted on both carbon/carbon and
glass/epoxy compesites. The carbon composites of the type considered
in this study consﬁsted of bundles of carbon fibers, arranged in an ortho-
gonal interpenetrating network disposed in a matrix of graphite. Compres-
sion samples with dimensions 1 x 1 x 4 mm3 were prepared from larger ;
2locks, such that each sample contained a central fiber bundle (dimensions
B %85 % 4 m:3) oriented along the compressive axis. A low melting
point 31 ailoy with elastic properties comparable to that of the composite
was then used to confine the sample within a cylindrical compressive fix-

\

: e : 3
ture (Fig. 2z). Sampies 2 x 2 x 12 mm” were also prepared for Flexure

=
D
wn

amples contained two lengitudinal fiber bundles, one on the
sc-cressive $9¢e and the other on the tensile side (Fig. 2b).

Modsl composites suitable for direct optical observation were also
prepared. These consisted of a monolayer of glass fiber embedded in epoxy.
re transparence of the epoxy permitted direct observation of the glass
‘hese composites were prepared by firstly mixing the epoxy con-
stituents in a vacuum chamber in order to eliminate internal voids. Glass
fibers ~70.m in diameter were then placed on the epoxy surface. A second
ayer of epoxy was subsequently poured onto the first layer (Fig. 3). An

imum time for superimposing the second layer (rlhr) occurred when the

st leyer nad sufficiently hardened that disturbance of the glass fiber

.




within the fiber bundles (Fig. 5b). In the flexure tests, kinking invariably

nt could be averted, but short enough to prevent poor acherence

27 ing twe layers. Compression samples with dimensions 5 x 5 x € mm” wer

t

then preparec. Notches and/or noles were introduced in the sampies (Fig.

4), in order to simulate pre-existent matrix inhomogeneities.

2.2 Mechanical Tests

A1l tests were conducted on an Instron mechanical testing machine,

usuzlly at a crosshead speed of m10'4 ms']. Failure of the compressed

sample occurred prﬁmari]y by fiber splitting in the absence of lateral
constraint (cf ref 7); while kinking was the preferred damage mode when

constraints were introduced. A constraining medium consisting of a low

melting temperature Bi alloy was thus invariably used, as noted above.
Jeviations from linearity, corresponding to the onset of kinking, occurred
in the carbon/carbon composites at 50 MPa; the ultimate compressive
strength was ~70 MPa. Similar mechanical tests have been conducted on

the glass/epoxy composites. The deviation from linearity in these materials
corresponds directly with the onset of shear band initiation. The yield

depended upon the magnitude and morphology of the initiating

=

otch, and was typically in the range 55 to 70 MPa.

2.3 Damace Observations

After mechanical testing, the alloy used for constraint was melted,

and the sample rémoved. The carbon composites were then vacuum impregnated
with epoxy and meéhanica]]y polished before'observing the damage. In the

unicirection compression tests, kinking was always determined to initiate

from & void, occurring either between the fiber bundle and the meirix (Fic.5a) or
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: cozusrst Bt TPz losetion of meximum compressive stress (Fig. 6), with ng

sivement of a micrcstructural inhomo ity. The thicknesses

«y

en

D

¢ Tne kings wizre 14y and the shear strain within the kink (defined zs
> the cisplecement of a fiber normzlized by the kink thickness) was ~1. The

]O. The

Kinks were either in-plane or out-of-plane on a specific section
toundaries ¢f in-plane kinks were relatively well defined, such that the
angle betwzen the kink boundary aznd the compressive axis was ~45° to 55°,
Partially fcrrzd kinks were also detected (Fig. 7). These observations

cen previde inveluable information about the kink formation mechanism,

ass/epoxy composites (Figs. 8,2) both the kinking and the shear

(® )
w
3
a.
"
0}
2
™
o
)

dszrved to initiate near the notch tip. The shear band com-
prisad twe Tntzrsecting orthogenzl slip lines, as previously noted by Li
ihe z2ngle, &, between the shear band and the compressive axis was

wrzn the notch was aligned normal to the compression axis, and

R e

30° with the roich paralle} to the compression axis. The shear strain in

1¢ was determined to be ~0.7.

the analysis is to ascertain the distribution of elastic

I, £ R AV VSR 15

shear stresszs in the vicinity of elliptical holes, in order to identify

ragions of zopreciable stress concentration as potential shear band initia-

tion sites. Also, shear stress trajectories through the locations of maxi-

mum stress intznsification will be deduced, to provide a comparison with
the cbservac shear band trajectories. For this purpose, consider the
tress eround an ellipticai hole in an infinite body subject to

. unidirecticnzl loading., The gezor2try of the problem is simplified by

.
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f function that permits 3
g and b respectiveiy, to

unit circle (Fig. 10) is given by;
m
SRR + —
(e+1)

(a+b)/2, m = (a-b)/(a+b). The stress function is thus

? oo 4

-PR [e-Ziag + (m621a-m2,-1)t5_ 921(1 ] (2)

¢ (m-£°) £(m-£2)

> is =he angle between the loading axis and the b axis of the ellipse

i P is the loading. For loading parallel to the b axis (a¢=0),

%? [E+(2-m)- l

(3)
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imaginary part of Eqn. (5) then yields a relation for the shear

. 2
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i for the special case, m= 0, j.e., for a circular hole
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which coincides with the solution for a circular hole with radius {£] = \74;

Soenal A Al

thereby providing confirmation of the solution. The stress at the

beundary of the elliptical hole, p =

4 simp1ifies to 22 =Q; consistent

with the boundary conditions. The real part of Egn. (5) for the condition

m =0, givesy

p [-%? A
p {

(8)

fence,

. 5 ] p 4
25 = Z (1+ ;?) e (1+ E-Zi-) c0525
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which is the circular hole solution for a hole radius |E| = 1]4. Inserting

verious velues of m into Eqn. (5) permits the shear stress distribution

tc be derived for any shaoe of elliptical hole. For example, m = 1 refers
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perpendicular to the loading direction, m = 0 is a circular

o
'

:n¢ = = -1 pertains to & slit parallel to the loading direction.

T- -

7o determine the location of the stresses with respect to the

o AN

ellipticel hole, the coordinates pertinent to the circular hole must be

transformed to the appropriate elliptic geometry, using the following

i relations:,

SRR A S s R B Ty 3 L Gl i A i sl o

! ) e =

. Zis R(pe1.“+ % e 16)’ X = R(.C+ g— )Cose, y = R(p- % )Sine’

; ,

; ;

7 =2 m2 2 J;’ : 1 02 m :

1 r =R+ +2mcos2s] 8' = tan ' ( S5—— tang ) (10)
% ? p +m

A

. point with polar coordinate (g,2) referred to the circular hole will

correspond to a point (r,8') with respect to the elliptical hole. The

shear siress maxima determined using the above procedure can be connected

P ok i s i

to generate loci of maximum shear stress. The results are summarized

- : 4

in Tables I and II. The resultant shear stresses and maximum shear

stress trajectories are plotted in Figs. 11 and 12 for m values of 0.7
and -0.8. These loci extend outward from a'location adjacent to the

extremity of the major axis. The loci are inclined to the loazding

direction at 30° for positive m (axial compression) and at ~30° to

80° for necative m (normal compression). These angles compare quite

favorably with the shear band inclinations determined experimentally,

. and with the measurements of other authors]5’16’17.

SHEAR EAND NUCLEATION

The propagation of shear bands in polymers has been most plausibly

18

gnalyzed by Argon “, using a notion originally proposed by Bilbdy, Cottrell

18

anc Swinden 7, The model requires that the stress, strain relztion for
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§ t=z =ztzrial within the shear band exhibit an upper and lower yielg
g i --2romenon.  1nis work softening characteristic could result from slin
' czzzzfzion of initial shear barriers or from adiabatit heating. The
cropacetion of a shear band with this characteristic occurs unstably (uncer
cenaitions of constant applied shear stress 7). The conseguence of this
(; p
‘ . . . . . . -
g flow behavior is the existence of zones of relatively high shear resistance
? g} (the upper yield stress) within a zone, distance RO, from the shear
1
¥ ' § 4 3 . . E
: oznd tip. If such a band extends without an increase in width, the ex-
3 tension is unstable, in accord with the following relation;
; - |
| F SO S
i NPk R 0 T SR gl (11)
i c 2 Toe T 0k
3 sl
£
i >
3 where 2¢ is the shear band length and T, is the shear resistance in the
4 2
i : : .
5 work sofiened state. When the high resistance zone is small (R<<:c,7<<-ru),
b |
4
?’ - /n - 3
i ggn, {11) reduces to;
2
i 2
1 R
< T=T
: S aey
| - %
- i
¥ Additionally, if 7. 1s small
5 2 “
v B R L - le2z /1t i
; u 1-2 1,
| Tz/Tu u
: Tnis resuit is equivalent to that for a mode II crack, wherein the nominal
§ Criticel mode IT stress intensity factor is;
= B
? Kyfe B TE, = 1, /BRo/7 ; (14)
& An approximate treatment of shear band evolution can thus utilize
e v

‘e

vhe well-known solutions for crack growth, More detailed analyses will
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eneralization of Eqn, (11) to conditions of non-uniform shear
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tress intensity factor for a shear crack s

1 aO a0+x ‘
G e TP e e T (15) 5.
2 premm—— A =X
v "Eo (o]
-a
(o}

where 250 is the length of the shear crack. Censider, therefore, that a
small. shear inhomogeneity of magnitude 2a0 pre-exists near the tip of the i
major (void) inhomogeneity associeted with shear band initiation (ana-

lTogous to crack initfation in brittle materials at voids or inc]usionszo.)

The minimum possible shear band nucleation stress will evidently pertain

LimAnm e
ST L

ne shear inhomoceneity ccincides with the location of the maximum
shear stress concentration rear the void tip. Aoproximating the shear

stress in this location by;

$
QO ICCS(TX/ZXO) (16)
when = is the peak stress and X, is the separation between T and the
veid surfzce (Fig. 12), the mode II stress intensity factor becomes;
A U e, %
oy
oot G sT{n 12y 132N 4
s = cos[{m/2)x(e /x ] (1= X ;
i
- ‘
(7)
e ;
O e o ,
E Ala /x ) :




the normalized stress intensity factor, x (Fig. 13) indicates

et et .

s 2 broad maximum as a function of the relative inhome-

n'

gensity size ao/xo. The stress intensity factor is thus relatively
insensitive to the magnitu’'  of the initial shear inhomogeneity. (This
is typicel of inhomogeneity r oblems in non-uniform stress fields.) The
prevalent stress intensity factor for shear band evolution is thus the
peax value. Equating this peak value to the critical stress intensity

factor KIIc (see Eqn. 14), the shear band formation condition becomes;

KT yT K ; (]8)

H
[N

s

=

he peak shear stress is related to the apnlied stress Pa

tc the void shape m by;

n

(Y]
(62

T = pyty(m) (19)

,1(~) is given for the inhomogeneities of principal interest (mn-1)

by the approximate relation; .

; 2
Milm) = g(7m +4m)

where 2 is a constant. The location of the peak, Xy is determined by the

veic zverege radius R and by the shape m

S RMZ(m) : , (20)
where Hz(m) is given for the same approximation by;

Mo(m) = g'(m+1)
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Irserting Eans. (19) and (20) into Eqn. (18) a critical applied stress

. Tor snhezr band formation cen be obtained es;

(21)

This value for~pAC if the mjnimum possible value, and could be exceeded

if & shear inhomogeneity within the requisite range does not occur at

the location of peak shear étress around the void, Once initiated, it is
presumed that tﬁe shear band will continue to propagate under the influence
of the general level of shear stress (p/2) in the system. The important
characteristics predicted by Egn., (21) are the effects of void size R and
s-ape, m. These predictions are amenable to experimental investigation.
It should be noted, however, that more rigorous analyses (not subject to

the requirements that Ro<<c, S and involvinn shear band thickening)

Ty
may yield significantly reduced dependencies on the void size and shape.
K so zporeciable probablistic influences based on the a priori size and

scatial distribution of shear inhomogeneities are to be anticipated.

5. DISCUSSION AND CONCLUSIONS

Observations of kink band formation in composites and of shear band
formztion in epoxy indicates apprecizble morphological similarity; sug-

esting thet, at least in some instances, kink band formation is preceded-

«?

o

v the development of a shear band within the matrix phase, The signifi-
cant role of pre-existent inhomogeneities, particularly elliptical voids,
ir the initiation of kinks and shear bands has also been demonstrated.

hotably, both types of bands tend to initiate preferentially at elliptical

—~

rztrer then spherical) voids in a zone adjacent to the ends of the major

Sy

-
a




froznalysis of the elastic shear stresses generated around ellip-
izl no.gs sutjecl To exia: compression indicztes locations of apprecis
adle stiress concentration (depending upon the ellipticity) that closely
coincide with the locations of shear band and kink initiation. Further,

ectories of maximum shear stress are similar to the shear band
rzjecteries. A shear band model based on the shzar stress concentration
levels arounz pre-existent inhomogeneities would thus appear pertinent.

& preliminary model has been proposed based on a concept that

ot

reats the shear band as an entity comparable to a mode II crack. This

(4]

concept is based on a notion proposed by Bilby, Cottrell and Swinden and

subsequently utilized by Argon. The model considers that a distribution

(%3}

strass inhomcgeneities in the material interacts with the con-

centrated siress field arcund the voids to estzblish a critical condition
for shear Dand formation. An approximate result (obtained by requiring

2 shear innhomogeneity of apporopriate size to exist at the location of

sezk shear stress) indicates effects of void size and shape, and of the
material’s shear band resistance, on the critical applied stress for shear

cand formation. Tnis result is amenable to direct experimental investi-
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FIGURES

A schematic diagram of kink formation from <a> fiber rotation
instability at location of initial curvature <b> shezr bang.

A schematic diagram of (a) constrained compressive tests and
(b) flexure tests,

O R T P

A schematic diagram indicating steps of fabrication of glass/
epoxy composites. ;

Glass/epoxy composites with (a) notch parallel to compressive
direction, (b) notch. perpendicular to compressive direction
and (c) a central cylindical hole,

A kink formed (a) between the fiber bundle and the matrix and
(b) within the fiber bundles.

A Kink formed at the location of maximum compressive stress in
flaxure tests.

artially formed kink.
Xinks and shear bands in glass/epoxy composites (Fig. 4).

Kinks and shear bands in glass/epoxy composites.

0.7

A schematic diagram of conformal transformation Z = R(Z+-—-).
]

The resultant shear stress and maximum shear stress irajectory
from an elliptical hole (m=0.7), diegram shows only quarter
of the whole diagram. :

(5]
(a1}

me as Fig. 12 with m = -0.8.

K
A plot of normalized stress intensity factor — 1L a4
Xg

function of the relative inhomogeneity size ao/xo




Ta>izs for some fixed o, the maximum shear stress pé and the

vorrespeoncent €, 8° value
Table 1 m=0.7
° 6 e” pe(max)/P
105 o8 2° -0.25
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Step |

First epoxy layer
vacuum treatment

Step 2

Fiber arrangement

Step 3

Second epoxy layer
vacuum treatment
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