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Abstract

The effects of temperature and water vapor pressure on the rate of sub-critical crack growth in meta-phosphate laser
glasses containing different OH concentrations (128 and 773 ppmw) are reported. The crack velocity was measured
using the double-cleavage-drilled-compression method. When plotted as a function of stress intensity, the samples have
the classic region I, II and III crack growth properties similar to that reported for silicate glasses. The glass containing
the larger OH content has a 10-fold greater crack velocity in region I; crack velocities is region II are the nearly the same
for both glasses. The crack velocities are analyzed using a chemical kinetic and mass-transport limited reaction rate
model. At temperatures >150°C and water vapor pressures >10 mmHg, crack tip blunting is observed and the glass
containing the larger OH content is more prone to blunting. © 2000 Published by Elsevier Science B.V. All rights

reserved.

1. Introduction

Nd-doped metaphosphate glasses are the pre-
ferred gain medium for high-peak-power lasers
used for fusion research mainly because they can
store optical energy at greater densities than other
glass-types and this energy can be efficiently ex-
tracted [1,2]. However, one problem with the use
of phosphate glasses as laser ion hosts is that they
have larger thermal expansion and lower fracture
toughness than do, for example, silicates [3].
Consequently phosphates are more prone to
fracture.

It is known that a crack can propagate from an
existing flaw even at stresses less than that for
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critical failure. This phenomenon is known as slow
crack growth, stress corrosion cracking, or sub-
critical crack growth [4-15]. The velocity of the
fracture can vary by orders of magnitude, from <1
pm/min  up to many meters per second.
Consequently the time-to-failure for a given glass
component can also vary by orders of magnitude.
Because of their relatively poor mechanical
properties, phosphate glasses are particularly sus-
ceptible to slow crack growth. However, despite
the numerous studies on slow crack growth in
silicate glasses [4-13], to our knowledge few stud-
ies have investigated this phenomenon in phos-
phate glasses [14,15]. Such information is of
practical importance to the manufacture and use
of phosphate glasses in mega-joule scale laser
systems [16-18].

Crack growth has been hypothesized to occur
by a stress-enhanced chemical reaction at the crack
tip which for phosphate glass can be given by [14]
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H,0 + P-O-P — 2(P-OH) (1a)
and/or
H,0 + P-O-M — P-OH + M-OH (1b)

where M is an metal cation. In Eq. (1a) the H,O
reacts with the phosphorous—oxygen—phospho-
rous linkage at the crack tip and forms chain ter-
minating hydroxyl groups; while in Eq. (1b) the
H,O reaction does not break up the P-O-P
backbone, but separates links between chains.
With both reactions crack propagation takes
place.

In a previous paper [14], we report slow crack
growth velocities in phosphate glass having an OH
content <100 ppm. The measured crack growth
velocities, when plotted as a function of stress in-
tensity, have regions I, II and III velocities [4,14].
The data were analyzed using Wiederhorn’s reac-
tion rate model for slow crack growth [4]. This
model includes a description of the H,O reaction
kinetics at the crack tip as well as H,O mass
transport to the reaction interface. By fitting this
model to the data, a set of empirical parameters
were developed that predicted slow crack growth
over a range of temperatures, water vapor pres-
sures, and stress intensities.

The work reported here expands the study of
slow crack growth in phosphate glasses to include
the effects of residual OH content in the glass.
More specifically, the rate of crack growth as a
function of stress intensity, temperature and water
vapor pressure is reported in two glasses that have
a six-fold difference in OH content. This difference
is because during melting phosphate glasses readily
react with water vapor in the ambient atmosphere
producing chain terminating OH groups. The re-
sults of the present work are presented in several
sections. First the data showing the region I, IT and
III slow crack growth are presented, and the re-
gion I and II data are fit using Wiederhorn’s re-
action rate model. The observed crack growth is
compared with that reported for other glasses
(phosphates and silicates). Next we discuss the
effects of the hydroxyl content in the glass on the
measured slow crack growth. Finally, the condi-
tions that promote crack blunting are compared
with predictions of models for slow crack propa-

gation. Also, we suggest that water condensation
may occur at the crack tip under certain test
conditions.

2. Experimental procedures

Two phosphate laser glasses, LHG-8L and
LHG-8H were prepared containing hydroxyl
group contents of about 130 and 770 ppmw; here
we use the designations ‘L’ and ‘H’ to denote the
low and high OH content of the glasses, respec-
tively. The base glass used in this study is a com-
mercial metaphosphate laser glass, LHG-8 (Hoya
Corporation), having the molar composition: (55—
60)P,05—(8-12)A1,03—(13-17)K,0-(10-15)BaO-
(0-2)Nd,0;.

The compositions are reported as ranges to
account for variability due to doping and melting
methods and to protect certain proprietary aspects
of the composition [18]. There is little variation in
glass properties over this range of compositions.
For example, recently Campbell and Suratwala [3]
have reported laser, optical and physical properties
for a number of phosphate glasses having com-
positions that span the range given here and report
that most properties vary by less than £20%.

The glasses used in this study were prepared
using the melt procedures discussed elsewhere [18].
The hydroxyl content was varied by changing the
degree of O, bubbling (1-atm) through the glass
during the melting phase at 1400 K [18]. The cast
glasses were cooled at a rate <20 K/h from 7 to
room temperature giving a residual stress bire-
fringence <10 nm/cm (i.e., residual stress <0.5
MPa).

The hydroxyl content of the glass was deter-
mined from the infrared absorption of the -O-H
stretching band at 3333 nm (3000 cm™") [19]. The
measured OH absorption coefficient at 3000 cm™!
and some other properties for both LHG-8L and
LHG-8H samples are shown in Table 1. To relate
the OH absorption coefficient to the absolute OH
concentration, the extinction coefficient must be
known. However, reported extinction coefficients
vary from 30 to 100 ppmw/cm~' (from 70 to 230
1/mol cm) at 3000 cm~' [20]. An extinction coeffi-
cient of 30 ppmw/cm~! (=70 1/mol cm) is assumed
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Table 1

Hydroxyl content and glass transition temperature for the LHG-8 glasses used in this study

Glass Optical absorption at Implied OH content* T, (°C) (£5)
3333 nm (cm™!) (£4%) (ppmw)

LHG-8L 4.2 128 472

LHG-8H 25.5 773 425

-1

# Assumes 30 ppmw OH per cm™! absorption at 3333 nm.
based on earlier work by Toratani [21] on phos-
phate laser glasses.

The slow crack growth velocities were mea-
sured by the double-cleavage-drilled-compression
(DCDC) technique. A schematic of the experi-
mental setup is shown in Fig. 1. The details of the
experimental procedure are described elsewhere
[14]. Briefly, the technique utilizes rectangular glass
samples (75x7.5x6.5 mm?) with a hole (I mm
radius) drilled in the center of the 75x 7.5 mm?
face. The samples were mounted in a mechanical
testing machine (Instron 8562) within an environ-
mentally controlled chamber. The applied com-
pressive stress was typically 400-500 psi. The
velocity of the cracks originating from the sample
hole (which is under tension) was determined by
monitoring the position of the crack front as a
function of time using a cathetometer. The dif-
fraction limited resolution of the cathetometer was
about 6x 107> rad which, for our experimental
geometry, allows measurement of the crack front
position to within 210 pm. Crack velocities were
measured for both glasses (LHG-8H and LHG-8L)
at various temperatures ranging from 25°C to

load

vent

N + water vapor l

quartz tube

cathetometer

insulation

>

Fig. 1. Schematic of the experimental setup used to measure
slow crack growth velocities using the DCDC method.

300°C and ambient water vapor pressures from 2 to
92 mmHg. Each set of data for a single set of
conditions represents the measurements from a
single sample. The water vapor pressure was gen-
erated by bubbling N, gas through water contained
in a temperature-controlled water bath. Stress in-
tensities, K; (MPa m'/?), were calculated from the
applied stress, o (MPa), measured crack length, /
(m) and hole radius, ¢ (m), using the relationship
developed by Michalske et al. [22]

_ a\/a
T 1.595+0.353(//a) @

K;

3. Results

Crack velocity measurements, when presented
as plots of log velocity vs. Kj, typically have three
distinct regions, I, IT and III. These regions have
been observed in a number of glasses [4,11,14,23].
All three of these regions are observed in LHG-8
phosphate glass at 25°C and 2 mmHg (see Fig. 2).
Region I refers to the condition when crack growth
is reaction-rate limited and has a linear relation
between log v and K. In other words, transport of
H,O to the crack tip is rapid enough that crack
growth is limited only by the rate of reaction be-
tween H,O and the P-O-P or P-O-M bond (Eq.
(1)). For example, at 25°C and 2 mmHg H,0O vapor
pressure, the crack velocity in LHG-8L samples is
3.0+ 0.3x 1077 m/s (0.3 um/s) at a K; of 0.405 MPa
m!/2, Increasing K; to 0.420 MPa m!/? results in
about an order-of-magnitude increase in the crack
velocity to 6.0£0.5x107° m/s (6 pm/s). This ex-
ponential dependence of crack velocity with Kj is
seen in Fig. 2; it is commonly observed in other
glasses, ceramics and even polymers [4,5,24-29].

In region II, the crack velocity is no longer re-
action-rate-limited but instead becomes limited by
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Fig. 2. Measured crack velocity (v) in LHG-8L (a low OH
content glass) as a function of stress intensity (Kj) illustrating
region I, IT and III slow crack growth. The measurements were
carried out at 25°C and a water vapor pressure of 2 mm Hg.

mass-transport (diffusion) of H,O to the crack tip
[6]. Consequently, region II is usually observed at
smaller vapor pressures and lower temperatures
where mass transport rates are slower. The mea-
sured crack velocities in region II remain nearly
constant with increasing Kj.

Finally, in region III the crack velocity becomes
independent of the chemical environment and is
limited by the intrinsic toughness of the glass [6].
The on-set of region III, as indicated by an in-
crease in velocity at the end of region II (see Fig. 2),
typically occurs as Kj approaches the glass fracture
toughness. The fracture toughness of LHG-8
samples has been measured by the chevron notch
method [30] to be 0.51 MPa m!/?; notice in Fig. 2
that the onset of region III occurs just below this
fracture toughness.

The measured slow crack velocities for LHG-8L
glass at various temperatures and water vapor
pressures are shown in Fig. 3. Crack velocities
increase with both temperature (Fig. 3(a)) and
water vapor pressure (Fig. 3(b)). In region I the
crack velocity increases linearly with the H,O va-
por pressure and can be fit with an Arrhenius-type
temperature dependence [4,5] with an activation
energy of 253 +3 kJ/mol.

The effect of the LHG-8 OH content on the
slow crack growth velocities at different tempera-
tures and water vapor pressures is shown in Fig. 4.
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Fig. 3. Crack growth velocity (v) in LHG-8L (a low OH content
glass) as function of stress intensity (Kj) at (a) various temper-
atures and (b) water vapor pressures. The points represent
measured velocities and the curves represent model predictions
using Eq. (7) and the model parameters listed in Table 2.

The crack velocities in the low OH content glass,
LHG-8L, are indicated by the solid data points,
and in the high OH content glass, LHG-8H, by the
open data points. At equivalent stress intensities
(K)), the larger OH content glass has faster crack
velocities in both region I and III. Region II ap-
pears to be unaffected by the hydroxyl content of
the glass (Fig. 4(a)).

4. Discussion

4.1. Chemical and mass-transport-limited reaction
rate model

As described in Section 1, the proposed mech-
anism of slow crack growth in phosphate glass is
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Fig. 4. Sub-critical crack growth velocities (v) as a function of
stress intensity (K;) for LHG-8 glasses containing low and high
OH contents, i.e. LHG-SL (®) and LHG-8H (O), respectively.
The data are for (a) 25°C and (b) 150°C. The curves are model
calculations using Eq. (7) and the model parameters listed in
Table 2. The smooth dashed curves are drawn through the
points representing region III growth (the model does not treat
region III).

the stress-enhanced reaction between H,O and P-
O-P or P-O-M at the crack tip. Hillig and Charles
[12] and later Wiederhorn [6,31] have described the
crack velocity in region I by a reaction rate ex-
pression

Table 2

m Kb—
vI:A(I%) exp(lTTQI) (3)

where vy is the crack velocity in region I (m/s), 4 a
pre-exponential constant (m/s), p the water vapor
pressure (mmHg), p, the atmospheric pressure
(760 mmHg), b a parameter (m>/>/mol) related to
activation volume and radius of curvature of the
crack tip, Oy the activation energy (kJ/mol), and m
is the ‘order’ of the reaction that often appears in
reaction rate expressions. In our previous study
[14] the above model described crack growth in
LG-770 over the whole range of experimental
conditions except in regions where crack blunting
or capillary condensation occurred. The model
uses a single set of fitting parameters: 4, m, b and
Q1. The same model analysis that was done for
LG-770 samples has also been carried out in this
study for LHG-S8L and 8H samples (see Section
4.3). The only exception is that m is fixed at 1.2 as
determined for LG-770. Setting m equal to 1.2
assumes the reaction is nearly first-order in terms
of the water vapor concentration; similar first-or-
der reactions have been reported for other glasses,
particularly silicates [6,31]. The magnitudes of the
other three model parameters determined for the
two LHG-8 glasses are summarized in Table 2.
The crack velocity in region II is constant at
about 107 m/s at 25°C and a water vapor pressure
of 2 mmHg (see Fig. 3(a)). In this region crack
propagation is limited by the mass transport of H,O
to the crack tip; given in terms of the flux, this is then
vy x D a(g{zo ) 4)

z

where D is the H,O diffusion coefficient and
0Cn,0/0z is the concentration gradient in the di-
rection, z, of crack propagation. Based on Eq. (4),

Model parameters for predicting slow crack growth in LHG-8L and -8H in regions I and II in the absence of crack-tip blunting

Parameter Units LHG-8L (128 ppmw OH?) LHG-8H (773 ppmw OH?)
A 10° m/s 7.3 7.3

m unitless 1.20 1.20

o kJ/mol 253 239

b J/(mol K) 0.480 0.480

C m/s 180 180

Qq4 KJ/mol 26 26

* Assumes 30 ppmw OH per cm~! absorption at 3000 cm™'.
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the rate of crack growth should increase linearly
with water vapor concentration (i.e., pressure)
provided the diffusion constant is not concentra-
tion independent. The exact diffusion mechanism
for H,O transport to the crack tip is not well-
known and could be cither via gas phase, surface,
and/or Knudsen (capillary) diffusion; all have been
proposed at one time or another as the limiting
diffusion mechanism for crack growth [13,14].
Determination of the mass transport mechanism is
not attempted in this study. Therefore we simply
note that the crack growth velocity is proportional
to the water vapor pressure and best described by
Wiederhorn’s mechanism [4]

o = C/(T)20, (5)
Po

where C'(T) is temperature dependent and has

units of m/s and p, is a pressure normalization

factor (760 mmHg). C'(T) contains the tempera-

ture dependence of the diffusion constant which is

assumed to have an Arrhenius dependence

! QII
C(T)fCeprT, (6)
where C is a constant (m/s) and Qy is the activa-
tion energy for H,O diffusion (kJ/mol). In the
present work, region II was only observed at one
experimental condition making it impossible to
determine the activation energy, Q. Therefore,
because of the similar glass composition of LG-
770 and LHG-8, we assume that the activation
energy for H,O transport for both glasses is about
the same and use 26 kJ/mol reported previously for
LG-770 [14]. Thus, the C in Eq. (6) is 180 m/s
based on the fit to the data.

The crack velocity expressions for region I (Eq.
(3)) and region II (Eq. (5)) can be combined into a
single expression given by the harmonic mean of v
and (431

~bitn
- )
U+ g

(7)

where v is a ‘composite’ velocity that in the limit of
region I (v; < vyy) approaches v and in the limit of
region II (v < v1) approaches vy. In addition, it
provides a smooth function for describing the
transition between the two regions.

In Fig. 3, the composite velocities predicted
using Eq. (7) (with the parameters listed in Table
2) are compared to the experimental data. The
solid curves represent model prediction. In general
the model agrees with the data within £10% at the
temperatures and water vapor pressures shown
(see Fig. 3). Considering that crack velocities vary
by four orders of magnitude, the agreement be-
tween the model and the data is quite good.
Therefore this model can be utilized to predict
crack velocities and failure times in LHG-8 laser
glass under various loads and environmental
conditions. The one caveat is that, as presented,
the model is only valid in regions where crack tip
blunting is negligible and capillary condensation
does not occur; the impact of these phenomena are
discussed in Sections 4.4 and 4.5.

4.2. Comparison with crack growth in silicate
glasses

Comparison of the model parameters describ-
ing crack growth in region I (i.e., Q1 and b) of
different glasses provides some insights into the
relationship between crack growth and glass
structure (Table 3). First notice that the activation
energy for fracture propagation in meta-phosphate
glasses (216-253 kJ/mol) is less than for silicates
(275-705 kJ/mol). This difference is not surprising
considering the smaller fracture toughness and the
smaller resistance to crack growth in meta-phos-
phate as compared to those of silicate glasses [14].
Silica-based glasses have a larger cross-link density
(mainly Q3 and Q* species), whereas meta-phos-
phates are comprised mainly of phosphate
chains and rings (mainly Q? species) and have
fewer cross-links [32]. Decreasing the cross-
link density decreases the number of covalent
bonds to be broken during crack front propaga-
tion. Hence for a fixed energy input we expect
cracks to grow further in metaphosphate than in
silicate glasses.

There are other data that are consistent with the
proposed connection between cross-link density
and fracture toughness in phosphate glasses. We
have observed that the fracture toughness
decreases linearly with an increase in the O/P ratio
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Table 3

Comparison of model parameters describing region I slow crack growth in different glasses in the presence of water vapor
Glass 01 (kJ/mol) b (m >*/mol) Activation volume?® (10~ m3/mol) Refs.
61% Lead silicate 348 0.510 52 [45]
Aluminosilicate 705 0.770 79 [45]
Borosilicate crown 275 0.260 27 [45]
Soda-lime silicate 605 0.880 90 [45]
Phosphate (LG-770) 216 0.496 51 [14]
Phosphate (LHG-8L) 253 0.480 49 This study
Phosphate (LHG-8H) 240 0.480 49 This study

#Calculated from Eq. (8) assuming a crack tip radius of 1.5 nm.

in a series of phosphate glasses [3]. The structure
of phosphate glasses is determined in part by the
O/P ratio and the cross-link density and chain
length decrease with increase in the O/P ratio
[33,34].

The second model parameter which we compare
between glasses is b (Table 3). Both Wiederhorn
and Bolz [5] and Hillig and Charles [12] showed
that the parameter, b, is related to the crack tip
radius (p) and the activation volume for fracture
propagation (V,)

b2
N

The activation volume [35] can be thought of as
the increase in volume of the transition-state in the
stress corrosion reaction. V, can be estimated from
the measured b = 0.480 m>?/mol for LHG-8 if the
crack tip radius is known. Here we assume a crack
tip radius of 1.5 nm based on work of Bando et al.
[36]; the calculated activation volume via Eq. (8) is
49 x 10~¢ m*/mol. Repeating the calculation for the
other glasses in Table 3 gives activation volumes
ranging from 49 to 90x 10~® m*/mol. The activa-
tion volume computed for LHG-8 corresponds to
a characteristic length of 0.44 nm, 50% longer than
the P-O-P bond length of 0.302 nm. A volume
increase in the activated state on the order of the
bond length is not unreasonable; bimolecular re-
actions typically have activation volumes that
correspond to 10-100% increase in the bond length
[35]. However we must be cautious of a strict
physical interpretation of this volume because it
depends on the crack tip radius assumed in the
calculation.

(®)

4.3. Effect of OH content in glass

The introduction of OH into the glass structure
is known to affect a number of properties of both
silicate [20] and phosphate [37] glasses. In partic-
ular, the glass transition temperature and the vis-
cosity both decrease with increase in OH content.
For example, in the case of LHG-8, an increase in
OH content from 128 to 773 ppmw results in a
decrease in T, from 472°C to 425°C (see Table 1).

As described in Section 3, increase in the -OH
content in the glass increases crack growth veloc-
ities in regions I and III (see Fig. 4). We suggest
that the crack growth results indicate an increase
in the OH content of the glass decreases the overall
strength (i.e., fracture resistance). Therefore, it is
not surprising that both region I and III are af-
fected by OH content in the glass; in region I crack
growth is determined by the rate of the stress
corrosion reaction and in region III the on-set of
growth is determined by the glass fracture tough-
ness. In contrast, the crack growth in region II is
limited by H,O transport to the crack tip and thus
the ‘plateau’ velocity is not expected to depend on
glass OH content. Nevertheless, the onset of region
IT growth should be dependent on the glass OH
content simply because of the shift in the region I
(and III) velocities to a smaller K;. This shift is
shown in Fig. 4(a).

We propose that the observed increase in crack
propagation velocities due to larger OH content
are related to modification of the phosphate glass
structure. The basic structure of phosphate glasses
has been well studied and it is known [33] that near
meta-phosphate glasses, such as LHG-8, can be
structurally described as phosphate chains [34]
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(analogous to linear polymeric materials) with a
repeating structural unit

I

|

_O_-P-
| ©)
0]
M

m

where M schematically represents the modifier
cation and m represents the number of structural
units in a chain. During melting and forming, H,O
from the atmosphere and from the raw materials
are assumed to react with the glass structure by the
reaction shown in Eq. (1a) [38]. The addition of
OH reduces the average molecular weight of the
phosphate chains. This reduction correlates with
the observed decrease in viscosity and glass tran-
sition temperature. This same effect is observed in
most linear polymers (i.e., as the average chain
length decreases so does the T, and viscosity) [39].
Several studies have shown that addition of OH to
the structure of phosphate and silicate glasses re-
duces chain lengths and/or cross-link densities in
the glass [20,34,38].

The effects of different chain lengths (i.e., aver-
age molecular weights) on the slow crack growth
velocities in linear organic polymers has been re-
ported by several authors [24-29]. In all these
studies the slow crack growth velocity was ob-
served to increase with a decrease in the polymer
mean molecular weight, similar to that observed
here for the LHG-8 samples. Although most or-
ganic polymers undergo plastic deformation while
glasses undergo ‘brittle’ fracture, some of their
similarities can provide insight to the effect of OH
content on glass structure and crack growth. Hu-
ang and Brown [25] measured crack velocities in
polyethylene of different molecular weights and
proposed that molecular weight reduction de-
creased the number of ‘tie” molecules at the crack
tip zone and thereby affected the crack velocity. A
‘tie’ molecule is one that bridges the walls of the
crack near the tip. Similarly, Michel et al. [26] re-
port the affects of polymer molecular weight on
crack growth in PVC and PMMA and relate this

to a change in the number of chain entanglements
(per unit area) in the stressed region of the crack
tip.

Assuming an ‘ideal’ meta-phosphate glass (O/
P =3) with infinitely long chains, then the effect of
added OH on the average ‘molecular weight’ (i.e.,
chain length) of LHG-8 glass can be estimated as

3.4 x 107(gm/mol) /ppmw
[OH] ’

MW,ju5s = (10)

where [OH] is the OH concentration in ppmw and
the constant (3.4x107) represents the molecular
weight for a glass with 1 ppmw OH assuming all
the OH molecules act as chain-terminating species.
From Eq. (10) the average molecular weight of
LHG-8L is 26x10* gm/mol (at 128 ppmw OH)
and of LHG-8H is 4.3x 10* gm/mol (at 773 ppmw
OH). The difference in the region I crack velocity
caused by this change in molecular weight is about
60-fold based on using the crack growth data at
25°C and 2 mmHg water vapor pressure (Fig.
4(a)). Using crack growth data taken under similar
conditions for PMMA [25], 30-fold increase is
observed. Note that the crack velocities are smaller
at larger molecular weights. We suggest that the
similarities between the effects of molecular weight
on measured crack velocities in meta-phosphate
glass and linear organic polymers indicate a simi-
larity in fracture mechanism. In particular, an in-
crease in the OH content in the glass likely
decreases the number of bonds per unit area to be
broken during fracture (i.e., the covalent P-O-P
bonds). Consequently, the activation energy re-
quired for fracture (Qy) should also decrease.

We used the same reaction rate model discussed
in Section 4.1 to fit the data for the greater OH
containing glass, LHG-8H. However, we kept all
the model parameters equal to those determined
for LHG-8L except the activation energy for re-
gion I crack growth, Q;. We reasoned that the
change in OH content should only affect the en-
ergy associated with the bond breaking process
during fracture and therefore only affect Q;. We
suggest that the agreement between the model
predictions and the data indicate that this as-
sumption is valid. The Q; determined from a fit to
the data for the LHG-8H glass is 239 =3 kJ/mol
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and, as expected, is less than the value for LHG-8L
sample (253 + 3 kJ/mol). The crack growth is very
sensitive to the activation energy and thus the er-
ror limits, as reported above, are small. These
limits were determined by fitting Eq. (7) to the
upper and lower error bars of the data shown in
Fig. 4.

In the remainder of this section, a simple model
is described to quantify the relationship between
O and the glass OH content. This model is gov-
erned by the following assumptions: (1) the ad-
dition of OH to the glass reduces the number of
P-O-P linkages in the structure; (2) the rate of
crack propagation is dominated in part by cleav-
age of the covalent P-O-P bonds (see discussion in
introduction); and (3) the activation energy for
fracture (Q) is proportional to the energy required
for bond breaking. Note that assumption 2 implies
the cation-to-oxygen bond energies are greater for
P-O bonds than for the modifiers. This implica-
tion is indeed the case for all the modifiers except
AD**. In the case of Al (four-fold coordination) the
bond energy is approximately equivalent to that
for the P-O bond [40].

Consider a plane running through an unfrac-
tured glass; it contains a surface density of n P-O-
P bonds per unit area that must be broken when a
crack propagates along that surface. Thus, the
energy, O, required for fracture is assumed to
be proportional to the areal density of P-O-P
bonds (n)

O = EEO, (11)
no
where, in the absence of glass, ny is the areal
density of P-O-P bonds (hereafter simply called
the ‘bond density’) and Ej is the fracture activation
energy. As discussed above, the P-O-P bond
density decreases as the OH concentration in-
creases.
The quantity, ng, is related to the glass molar
volume, Vy, (m*/mol) by

Ny \ 3
= (2 12
o (VmS> : (12)

where N, is Avogradro’s number and S is the
number of atoms in a ‘monomer’ of the phosphate
chain (Eq. (9)). We relate the OH concentration to

the areal density of OH bonds using a simple 2/3
power volume-to-area scaling relationship

OH|p N, 2/3
=(%) , (13)

where non = ny — n, pg is the density of the glass
(g/lcm®) and MWy is the hydroxyl group molec-
ular weight (g/mol). Substituting Eqs. (12) and (13)
into Eq. (11), gives an expression that describes the
activation energy of fracture as a function of -OH
content in the glass

O:([OH])

) ( /) = ([OI_”/’glNA/MVVOH)2/3 >E0
(Na/(VuS))™? 7

(14)

where for LHG-8, V,, is 39 cm?/mol, py is
2.83 g/em® and S is 5.

The activation energies determined from the
reaction rate model, fit to the measured crack
growth velocities for LHG-8L and 8H, can be
compared to the activation energy predicted by
Eq. (14). Based on the Q; for LHG-8L (2533
kJ/mol) and its hydroxyl content (128 ppmw), the
activation energy, Ej, for fracture growth in a
hydroxyl-free glasses is computed to be 260+ 3
kJ/mol using Eq. (14). Using this Ej;, the cal-
culated Q; for LHG-8H (773 ppmw) is 238+ 3
kJ/mol. This energy is in agreement with the en-
ergy obtained by fitting the reaction rate model
(Eq. (7)) to the slow crack growth data
(01 =239+ 3 kJ/mol, see Table 2).

A simple physical representation of the effect of
OH content on the number P-O-P bonds to be
broken on a fracture surface is given in Fig. 5. A
hypothetical glass sample under tensile load and
containing a pre-existing fracture is pictured at the
bottom of Fig. 5. Also shown is a 15x15 nm?
plane extending beyond the crack front plane, into
the unfractured glass. The expected OH density in
this plane, for both LHG-8L and 8H, is repre-
sented by the black dots in the grids in the top
portion of Fig. 5. The grid size (0.7 nmx 0.7 nm)
approximates the overall bond density (ny =2
nm~? from Eq. (12)), and the number of hydrox-
yl groups within each 15x15 nm? surface is
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Fig. 5. Hypothetical representation of a glass sample undergoing brittle-fracture illustrating how a change in ~OH content in the glass
would alter the number of bonds to be broken as the crack propagates. The grid represents a cross-section of the potential fracture
surface for both a low (LHG-8L) and high (LHG-8H) OH containing glass. Each square in the grid represents (on average) a bonding
site, and each circle represents a bonding site on the fracture surface that has been broken due to a chain terminating OH group.

calculated using Eq. (13). Based on this simple
picture, the increase in the OH content in going
from LHG-8L to 8H reduces the P-O-P bond
density across the fracture plane by about 7%, in
agreement with the ~6% change in activation en-
ergy (Qr) for crack growth in these two glasses.
Note that this ability to measure small relative
changes in activation energy is due to the sensi-
tivity of the crack velocity to small changes in

activation energy. For example, a change of 14 kJ/
mol in activation energy governing crack growth
(i.e., from 239 to 253 kJ/mol) produces a change in
the crack velocity by a factor of 100 (see Fig. 4).

4.4. Crack blunting

Due to the geometry of the DCDC crack
growth method (Fig. 1), the stress intensity
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decreases with increase in crack length (Eq. (2));
hence the crack velocity decreases over the course
of the test. We observed that under conditions of
relatively low temperatures and water vapor
pressures, the crack velocity decreases; when the
crack movement becomes undetectable, a small
increase in load (<40 N (~10 1bf)) restarts crack
propagation. However, at higher temperatures and
water vapor pressures, we found that the propa-
gating crack often stops abruptly. Furthermore, an
increase in load, typically >400 N (~ 100 Ibf), is
required to restart crack growth, and once re-
started the crack propagates at greater velocity, in
many cases much greater than can be measured by
our apparatus. We refer to this arrest in crack
propagation as crack tip blunting where the term
‘blunting’ infers an increase in radius of curvature
of the crack tip. The effect of crack tip radius (p)
on the local stress at the crack tip (oy.x) Was first
formulated by Inglis [41]

1
Omax X —=. (15)

N/g

As the radius of curvature increases, the local
stress at the crack tip decreases. This decrease in
the local stress reduces the rate of crack propa-
gation.

The conditions where blunting was observed
during the course of this study are shown in Fig. 6.
For comparison, also shown, is the complete range
of conditions for which crack growth measure-
ments were made. The edge of the shaded region
represents the approximate transition from blunt-
ing to non-blunting conditions and compares well
with the transition zone we observed in previous
work [14].

We assume that the blunting process is the re-
sult of mass transport of glass to the crack tip; this
is conceptually similar to the material transport
that occurs during sintering of small particles [42].
A number of mass transport mechanisms are
possible including viscous flow, evaporation—con-
densation, surface diffusion and bulk diffusion.
Viscous flow near the crack tip is perhaps the most
likely mass transport mechanism because of the
decrease in phosphate glass viscosity with in-
creasing hydroxyl content. Therefore at higher

‘Temperature ("C)
393 v 127 0 13
T N l ¥ g T ! T
Saturated vapor

W Blunting
1 No blunting

g

Waler vapor pressure
P{{zo {mm Hg)}
&

25 2 3.5
Reciprocal temperalure
(TR o100

1.5 20

Fig. 6. Conditions (temperature and water vapor pressure),
represented by the points, for which crack propagation mea-
surements were made during the course of this work. Also
shown are the regions where crack tip blunting was observed
and the region for possible capillary condensation. The
boundary separating the various regions is approximate.

temperatures and greater water vapor pressures,
where OH diffusion into the glass surrounding the
tip becomes more rapid, we expect to see a greater
degree of blunting. This expectation agrees with
our general observations (Fig. 6).

Up to this point, crack blunting (static blunt-
ing) is simply described as a decrease in the crack
tip curvature that occurs after the crack has
stopped. However, the driving force for blunting
must also exist even while the crack is propagating;
therefore, the propagating crack tip radius could
differ depending on the temperature, water vapor
pressure and stress intensity (i.e., velocity). We
refer to this process as ‘dynamic’ crack tip blunt-
ing. Therefore, the size of the crack tip radius is
determined by a balance between the rate of mass
transport to the crack tip (leading to blunting) and
the rate of crack propagation (leading to crack
sharpening). In a moving crack, we expect a con-
stant radius of curvature that can be described by

p:p0+pb([OH]7T’p’U)7 (16)

where p is the observed radius of curvature, p, the
atomically sharp crack tip, and py, is the contri-
bution of mass transfer to the crack tip radius. In
the case of crack propagation in an ideal brittle
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material, the observed crack tip radius is equal to fectly brittle, p, contributes to the total crack tip
po and is expected to be on the order of a bond radius. The degree of blunting that takes place is a
length (~0.15 nm). In a material that is not per- function of the OH content in the glass, tempera-
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Fig. 7. Measured crack velocities for LHG-8L (a)—(c) and LHG-8H (d)—(f) at temperatures and water vapor pressures where crack-tip
blunting was observed. The solid curves represent the predicted dependence using Eq. (3) and assuming no blunting (b = 0.480 m®/?/
mol). The dash curves represent the predicted dependence using Eq. (3) but varying b to account for crack tip blunting.
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ture, water vapor pressure, and, of course, the
velocity of crack propagation (i.e., Kj). Note that
crack blunting which occurs once the crack stops
(‘static’ blunting) is simply a limiting case for the
above conceptual model.

In instances where blunting is experimentally
observed, the region I slow crack growth model
(Eq. (3)) does not predict the crack velocity. Dif-
ferences between model predictions of crack ve-
locities and measured velocities in the blunting
region are illustrated in Fig. 7(a)-(c). The solid
curves in Fig. 7 represent crack velocities predicted
by the region I reaction rate model using the pa-
rameters in Table 2. The crack velocity predicted
using Eq. (3) is dependent on the crack tip radius
through the constant b; based on Eq. (8), b is
proportional to p~'/2. Note that because of the
exponential dependence of v; on b, the velocity is
affected by small changes in crack tip radius, p; a
10% increase in the radius of curvature typically
causes 10-fold reduction in the crack velocity.

The b determined in the region of negligible
blunting is 0.480 m*?/mol and it predicts crack
growth velocities in that region (see Fig. 6).
However, using this b the predicted crack velocity
under blunting conditions does not agree with the
data as shown in Fig. 7. The reduction in b (while
holding all other model parameters constant)
needed to obtain a fit to the data corresponds to
about a 12% increase in the crack tip radius for
these temperatures and water vapor pressures (see
dashed lines in Fig. 7). This increase in crack tip
radius agrees with that reported from crack
growth measurements on another phosphate glass
under similar conditions [14].

In the glass containing the greater OH content
(LHG-8H), blunting under the same experimental
conditions as LHG-8L (see Fig. 6) was observed.
A similar analysis of dynamic blunting was carried
out on this glass and the results are shown in Fig.
7(d)—(f). Again the solid curves represent predicted
crack velocities using Eq. (3) and Table 2 param-
eters, and the dashed lines are the best fits obtained
by adjusting b. A larger adjustment in » (corre-
sponding to a radius of curvature change of be-
tween 25 and 60%) was required for the greater
OH content glass. We suggest that the larger the
OH content of the glass, the more prone it is to

blunting. Fig. 8 further illustrates this effect. Here
the ratios of the LHG-8H/LHG-8L crack veloci-
ties (at the same stress intensity) are plotted as a
function of water vapor pressure. At water vapor
pressures of 2 mmHg, the OH content of the glass
dominates the crack growth; notice that the ve-
locities are approximately 30 times greater in the
sample with the larger amount of OH. On the
other hand, at higher humidity (92 mmHg) the
LHG-8H sample has velocities only about three
times greater than the LHG-8L sample. The much
greater relative decrease in crack velocities ob-
served in the high OH glass with increased vapor
pressure indicates that this glass is more suscepti-
ble to blunting.

4.5. Water condensation at crack tip

At 25°C and 22 mmHg H,0, the measured
crack velocities for both LHG-8L and H samples
did not follow the expected temperature or K
dependence (see Fig. 9). The measured crack
growth under these conditions may be affected by
capillary condensation of liquid water at the crack
tip as suggested by Crichton et al. [14]. Crack
growth velocities are greater in liquid water com-
pared to water vapor [5]. At 25°C the saturated
vapor pressure for water is only 23.7 mmHg.
Hence a water vapor pressure of 22 mmHg at 25°C
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Fig. 8. Ratio of measured crack velocities in LHG-8H (128
ppmw —~OH) to that in LHG-8L (773 ppmw —~OH) as a function
of water vapor pressure. Data are for a fixed K;. The line is
drawn as a guide for the eye.
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Fig. 9. Crack velocities for LHG-8L (@) and LHG-8H (D)
measured at 25°C and 22 mm Hg. The solid curves represent the
predicted crack velocities based on the Wiederhorn model for
region I and II crack growth (Eq. (7)).

is close to the dewpoint. Therefore liquid water
may form at the crack tip due to temperature
variations within the apparatus. In addition, the
curved surface at crack tip can lead to capillary
condensation as predicted by the well-known
Kelvin equation [43]. The region of expected cap-
illary condensation (for a crack tip radius of 1.5
nm) is shown in Fig. 6. Note the condition where
increased slow crack growth is observed also falls
within this region. Measurements under similar
conditions on another metaphosphate glass
showed the same effect [14].

Apart from the increased crack growth veloci-
ties, the data at 25°C and 22 mmHg H,O also
depart from the expected linear dependence of
logv with Ky (Fig. 9). The curvature in these plots
is similar to that seen in data on other glasses
measured in liquid water and saturated water va-
por environments [31,44].

5. Conclusions

The crack velocities for both LHG-8 samples in
regions I and II can be described using Wieder-
horn’s chemical and mass transport limited reac-
tion rate model for crack growth. The model is fit
to the data using a single set of parameters that

predict crack velocities as a function of tempera-
ture, water vapor pressure and stress intensity in
the absence of crack blunting and capillary water
condensation at the crack front.

An increase in OH content of the glass results in
an increase in the slow crack growth velocities in
region | and III. We argue that the greater veloc-
ities in regions I and III are due to a strength de-
crease which we attribute to a reduction in the
number of P-O-P bonds at the fracture surface
caused by chain terminating P-OH. A simple
model relates the glass OH content to the activa-
tion energy for fracture. The activation energies
predicted from this analysis correlate with the ac-
tivation energies obtained by fitting the reaction
rate model to the measured crack velocities.

At higher temperatures and water vapor pres-
sures, crack blunting is observed. Under these
conditions measured crack velocities are less than
those predicted using the reaction rate expression.
An increase in the crack tip radius can account for
these discrepancies. We propose that the steady-
state crack tip radius is determined by a balance
between the rate of mass transport (causing
blunting) and the rate of crack propagation
(causing crack sharpening). The higher -OH con-
tent glass is found to be more susceptible to
blunting.
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