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Contact-Induced Static Fatigue of Annealed and Tempered Glass
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The role of environmentally assisted crack growth in the
contact-induced strength degradation of brittle surfaces was
studied. Indentation fracture mechanics, incorporating a stan-
dard crack-velocity function, are used to predict remaining
strength as a function of contact load and duration. Strength

tests on annealed and tempered glass disks, indented with a’

diamond pyramid or tungsten carbide sphere in a water envi-

ronment, are in accord with the predicted degradation charac-

teristics. The results indicate that fatigue effects are likely to be

of only secondary importance in designing for maximum resis-
tance to in-service contact damage.

I. Introduction

BR!TTLE solids have a strong tendency to strength-degrading
surface damage when exposed to small, hard particles. Basi-
cally, particle contacts produce severe stress concentrations, the
tensile components of which generate characteristic microcrack
patterns.™? A framework for classifying and analyzing these pat-
terns is now well established, according to whether the contact is
essentially elastic (‘‘blunt’’ indenters) or plastic (‘‘sharp’’ inden-
ters)®: elastic contact generates the so-called Hertzian cone crack
and plastic contact generates median (or radial) and lateral cracks.
‘‘Real’’ contacts involving irregular contacts fall somewhere be-
tween these two bounds.

Several workers*!® have analyzed the strength-degradation
characteristics of brittle surfaces in a wide range of contact situa-
tions, e.g. blunt/sharp indenters, static/impact loadings, and
annealed/tempered surfaces. However, in the interest of simplicity,
all have dealt explicitly with fracture under conditions of purely
mechanical equilibrium, which is justifiable in certain situations,
e.g. inert environments, impulsive loadings, or low temperatures.
But there are many practical situations in which contact events are
sustained over extended periods, in corrosive surroundings and at
moderate or high temperatures. Chemical forces then augment the
mechanical forces which act to initiate and propagate the indenta-
tion cracks.’’™5 In view of the potentially catastrophic role of
environmentally assisted crack growth in ceramic engineering sys-
tems,'® it is reasonable to ask to what extent such kinetic effects
might be expected to enhance contact-induced strength degradation.

This question is addressed in the present study. The particular
case of ‘‘static fatigue’’ is singled out for explicit attention, al-
though it is emphasized that the generality of the indentation frac-
ture approach extends to any time-dependent load cycle. Glass/
water is the chosen model material/environment crack system.
Empirical crack velocity relations are incorporated into the fracture
mechanics description to provide predictions of degraded strength
as a function of contact time. The results suggest that fatigue effects
are not a major consideration in designing against strength losses
(mainly because of the high stability of indentation cracks) except
perhaps in the initiation stages of fracture.

II. Theoretical Strength/Time Characteristics

Consider the strength of a brittle component containing a domi-
nant, contact-induced flaw of characteristic dimension c,, where 7
denotes the duration of a load pulse of magnitude P,,. Figure 1
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Fig. 1. Schematic of contact cracks; ¢ denotes characteristic crack size at
load P during indentation pulse.

indicates such a dimension for the two basic contact types. For
simplicity, it is assumed that kinetic effects influence the crack
growth only during the contact itself and not during the ensuing
failure test used to determine remaining strength. Indentation frac-
ture mechanics may then be applied readily to surfaces in the
annealed or tempered state.

(I) Annealed Surfaces

The standard relation for the strength of an indented brittle sur-
face is

o,=KJ(mQec)? (7>0) )

where K . is the critical stress intensity factor and €}, is a dimension-
less crack-geometry term conjugate to the indentation crack dimen-
sionc ;. In the limit of ‘‘instantaneous’’ contact this relation reduces

© g =Kl(mQucy)'® (r=0) @

corresponding to equilibrium fracture (ignoring stress-wave effects
in the loading process). Then Eqs. (1) and (2) combine to give the
time-dependent strength in reduced form,

(c:=co) 3)

Indentation fracture mechanics may now be introduced to
evaluate c ;andc,,. A complete analysis would involve consideration
of both initiation and propagation of the contact cracks. The initia-
tion stage is complex, especially when kinetic effects are pres-
ent>>13; consequently, the observed environmentally induced re-
ductions in threshold load P for cone- and median-crack formation
are not easily quantified within a fracture mechanics framework.
The propagation stage is relatively well understood, however; ba-
sically, the well-developed indentation fracture closely follows the
mechanics of a center-loaded penny-like crack (Fig. 1), for which'?

K=xPlc%* (P>P.) @)

T .= ao(colc)'?

is the stress intensity factor, with x a dimensionless indenter con-
stant. The total response of an indentation crack over a full loading
cycle may then be evaluated in accordance with an appropriate
fracture criterion.

To establish a base for calculating fatigue characteristics it is
necessary to consider first the prospective crack growth under
mechanical equilibrium conditions,

K=K, (5)

If the maximum applied load does not exceed the threshold for
initiation, i.e. if P,,<<P., there can be no crack growth. However, if
P ,,>P . the contact crack will initiate and extend stably with the load
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until, at maximum contact, it reaches its maximum sizec ,,: Egs. (4)
and (5) then give

C,,,=(XP,,,/K¢)2’3 (Pw>P.) ©6)

as the final size of the indentation flaw (assuming no healing during
unloading), regardless of pulse shape.

Introducing kinetic effects gives rise to subcritical crack growth,
governed by some crack velocity equation. For design purposes the
crack velocity is most conveniently represented by an empirical
power function,®

ve=vo(KIK)" (K<K.) @)

where v, and n are material constants whose values must be deter-
mined by experimental calibration. In conjunction with Eq. (4), Eq.
(7) may be integrated in the fully propagating region:

Cr

vo(xiK" fTPOYdr= feizde ®
0 co
Evaluation of this integral then requires the load pulse P (f) to be
specified. '
For the special case of static fatigue P(r) is of the form

P=0 @<0)
P=P, (O=t=17)
P=0 (>1) (&)

Provided the threshold condition P,,>P. is met in the limit of 7—0,
initial conditions for the integration may be determined from the
equilibrium crack size in Eq. (6), i.e. co=c,, atr=0. Equation (8)
then reduces to

A=, 2 = (30 f2+ 1)(XP wlK )"VoT (10)

Substituting Egs. (10) and (6) into Eq. (3) finally gives the strength
of the indented surface:

o, =0 (1+NEt/P 31 ar)
where

N=3n+2

E="avoKc[x)*? (12)

are adjustable parameters determined by material toughness (K ),
material/environment Kinetic constants (» and v,), and indenter
geometry (X).

It is emphasized that Eq. (11) is derived on the assumption that
crack formation occurs during initial indenter loading. If P,,<P. at
7—0 the need to incorporate details of initiation mechanics into the
integration formalism seriously complicates the problem. In such a
case one may expect to observe an abrupt decrease in strength,
corresponding to delayed formation of the indentation crack, as the
contact time increases.

(2) Tempered Surfaces

With tempered surfaces the procedure is basically the same as
above. It is necessary only to modify some of the fracture mechanics
equations to allow for a residual surface compressive stress og.®

The strength of a tempered surface containing an indentation
crack is, in analogy to Egs. (1) and (2),

o, =K/(mQec ) *+op (1>0) 13)
00=K /(7 Qecy)!?+0, (1=0) (14)
Thus
o, =0o(colc ) H{[1+(mQec ) aulK.]/
(14 (7 Qeco)20plK ]} (c,=co) (15)

With regard to the indentation fracture process, the residual
compression acts as an inhibiting agent. Again it is only the propa-
gation stage which is amenable to straightforward analysis; the
modified form of Eq. (4) is
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K=xP[c3?—op(mQec)''? (P>P.) (16)

In equilibrium growth, as per Eq. (5), the conditions ¢ =c¢,, at
P=P,, corresponding to maximum contact give the propagation
relation

K¢.=XP,,,/C,,,3/2—O'R(‘ITQ(-C,,,)HZ (Pw>P;) a7

from which the final size of the indentation flaw may be determined
numerically.

Allowance for kinetic effects is made via integration of the crack
velocity function Eq. (7), as before. In conjunction with Egs. (9)
and (16), the static fatigue equation for the indentation of tempered
surfaces takes the form

Cr
Vo(XPwlK )'T= ﬁanlzdc/{l _(WQc)llz(o'H/XPm)(‘z}" (18)

<o

which compares with Eq. (8). Adoptingc,=c,, att =0 once more as
initial conditions, the integral may be solved numerically for the
function c¢,(7). The strength o,(7) then follows from Eq. (15).

III. Experimental Procedure and Results

(1) Test Procedure

Optical quality glass disks, nominally 50 mm in diam. and 3 mm
thick, were used as test specimens.® These disks were obtained
commercially in the thermally tempered state, op= (128 =15) MPa,
or the annealed state, o, =(0=2) MPa. The specimens were indent-
ed with either a Vickers diamond pyramid or a 1.58 mm radius
tungsten carbide sphere. With the pyramidal indenter the specimen
surfaces were tested in their as-received state,® whereas with the
spherical indenter the prospective contact areas were preabraded
with SiC grit®; sharp indenters are capable of producing their own
starting flaws for crack growth, but blunt indenters require a suitable
density of preexisting nucleation centers.® Equilibrium indentation
tests were carried out in a dry nitrogen atmosphere, with a total
contact time <3 s. Kinetic tests were carried out in a distilled water
environment, with the prescribed load P,, held constant over time 7;
the rise and fall times in the load pulse were =<1 s. To avoid moisture
effects in the remaining stage of the test sequence the newly in-
dented surfaces were dried in warm air and the contact sites covered
with a drop of paraffin oil. The disks were then loaded to rupture in a
concentric ring-on-ring arrangement,® indented face in tension, to
determine the degraded strength.

(2) Results

Static fatigue functions [o(7)]p, were investigated for both
indenter types. At each prescribed set of indentation conditions, at
least 10 specimens were broken (except at durations 7>5 h, in
which case the minimum number was 6) and the data were then
reduced to a representative mean and standard deviation. Corre-
sponding theoretical degradation functions were generated from the
analysis of Section II, using the following constants for the glass/
water system: K.=(0.47+0.07)MPa m'’2, x=0.057=0.011 and
0.=0.41 (Vickers indenter), x=(0.89+0.15)x107% and Q.=
0.62 (spherical indenter), as per calibration indentation/strength
data®;n=13.7 and v,=2.5 mm s~! from crack propagation data.'
Instantaneous strengths o, for converting normalized stresses to
absolute values were determined in one of two ways, recalling that
the fatigue degradation theory assumes P ,,>P . at 7—0: for loading
conditions respecting this assumption, @, was most conveniently
obtained from equilibrium indentation/strength data; where the
assumption was violated, a conservative value for o, was
determined consistent withc,=c,, by simultaneous solution of Egs.
(2) and (6) (or, for tempered surfaces, Egs. (14) and (17)). In this
context the equilibrium threshold loads for annealed surfaces were
measured at P.<1 N from indentations made with a pyramid on as-
received surfaces and P.=(195+27) N from indentations made
with a sphere on preabraded surfaces. Figures 2 and 3 compare ex-
perimental results (data points) with the theoretical predictions
(solid curves) determined in this way.

Figure 2 shows sharp-indenter fatigue behavior for both an-
nealed and tempered specimens, at a contact load P,,=100 N, i.e.
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Fig.2. Fatigue characteristics for Vickers pyramid indentation
on annealed and tempered glass (as-received surfaces) in water.
Shading designates measured limit of equilibrium strength.

well above threshold. The most noteworthy feature of these results
is the small fatigue effect, particularly with the tempered surfaces.

Figure 3 shows blunt-indenter behavior for annealed specimens
only, at contact loads P,,= 100 N and 400 N, respectively, below
and above threshold. At the higher load the results show the same
trend as in Fig. 2. However, at the lower load there is an abrupt
strength decrease due to the delayed cone-crack formation. Whereas
the scale of this decrease depends critically on the size of preexisting
surface flaws, the long-term strength universally approaches the
curve computed on the basis of full crack propagation throughout
the loading.

IV. Discussion

The results summarized in Figs. 2 and 3 indicate that fatigue
effects will tend to manifest themselves more strongly in the initia-
tion than in the propagation of strength-degrading contact fractures.
This tendency relates to the stability characteristics of indentation
cracks. The initiation stage is distinguished by an instability
(threshold) in the crack evolution, corresponding to abrupt strength
decrease in the manner of the data forP,,= 100N inFig. 3. Insucha
situation the starting conditions for the indentation fracture might be
expected to have some influence on the kinetics, since the accelerat-
ing flaw must spend most of its time close to its precontact config-
uration where growth is slowest. However, any such tendencies in
the data shown at the bottom in Fig. 3 are obscured by the experi-
mental scatter. Conversely, the propagation stage is characterized
by highly stable growth in a rapidly diminishing long-range contact
field, as reflected in the steady decline in the long-term strength.
Starting conditions become a minor consideration (provided, of
course, that a flaw does exist for threshold to occur), the decelerat-
ing crack now spending most of its time close to its final configura-
tion, causing the rapid convergence of both sets of data to the
computed curve forP,,= 100 N in Fig. 3. The existence of a fatigue
limit in the crack propagation must ultimately establish a lower
bound to the strength degradation for any given set of contact
conditions.

It is interesting to note the extreme resistance to fatigue effects
shown by tempered surfaces (Fig. 2). Detailed analysis of the
fracture mechanics'® explains this behavior in terms of the action of
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Fig. 4. Computed crack size as a function of indentation time for
Vickers pyramid on annealed and tempered glass in water; P ,, = 100
N. Curves evaluated appropriate to indentation conditions of Fig. 2.

residual compression stresses in opposing crack extension; the
range of crack lengths over which the net driving force on the crack
is actually positive (i.e. K>0) in fixed-load indentation is accord-
ingly restricted. This restriction is evident in Fig. 4, showing com-
parative ¢ (1) functions for tempered surfaces from Egs. (18) and
(17) and for annealed surfaces from Egs. (10) and (6). Surface
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tempering would therefore appear to offer especially high immunity
to strength losses in those service environments where corrosive
elements assist in the activation of mechanical damage processes.
(However, these advantages are all lost if the contact-induced frac-
ture penetrates beyond the near-compression region and into the
inner tension zone of the tempered plate, where failure occurs
spontaneously.®'8)

In the present study an analysis has been made of one special case
of time-dependent loading, that of ‘‘static fatigue,”’ as defined by
Eq. (9). There is nothing in the formulation to prevent extension of
the analysis to more general load functions P(t): ‘‘Dynamic
fatigue,”” where load rate P, rather thanP,,, is maintained constant
in magnitude, is one important example.
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