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HOT EROSION OF GLASS

S. M. Wiederhorn and B. J. Hockey

\T:§ ABSTRACT
In this paper the effect of plastic flow on the erosion of soda~lime-
silicate glass at elevated temperatures is investigated. Although the erosion
of glass at SOOXC and 600%C is still basically a brittle process, viscous
relaxation of glass during impact reduces the driving force for fracture and
thus the size of the chips that are formed during erosion. As a result, the
erosion rate of glass at SOOXC or 600*C is decreased by a factor of 2
compared to that measured at room tempﬁgﬁfgfg: ??‘gpmpletely eliminate
fracture during erosion, a temperature of &SOOVCI ;ls estimated for soda-lime-
silicate glass.
INTRODUCTION

Glass at room temperature is usually considered to be an ideally elastic
solid. When subjected to distributed loads, glass always returns to its
initial size and shape provided fracture does not intervene. By contrast,
metallic or polymeric materials will generally deform plastically when stressed
beyond their elastic limit. Because of its elastic behavior, glass has been
used by a number of investigators to illustrate the response of elastic
materials to impact by solid particles. It is a well documented fact that
the erosion of brittle materials occurs by crack formation at the impact
site, and that chipping of material from the surface accounts for the loss of

materials during erosion [1-5). As a consequence of this mechanism, erosion is

greatest for brittle materials when impact occurs at normal angles of
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incidence [2,4]. This behavior differs from that observed for metals and polymers;
for these materials, erosion occurs primarily by plastic cutting or ploughing
mechanisms and the rate of erosion is greatest at an impact angle of 15 to

20 degrees [5]. The dependence of erosion rate on impact angle has been

used extensively to distinguish between erosion that is primarily brittle

and erosion that is primarily ductile.

Despite the fact that brittle materials (such as glass) behave in a
elastic manner when subjected to distributed loads, concentrated loads, such
as those developed during quasi-static indentation or impact with angular,
solid particles, can cause plastic flow [1,4]. The small, highly localized
plastic deformation that occurs during these contact situations is very
important to the erosion process, since it affects the development of cracks
and surface chips. As a consequence, recent theories for the erosion of
glass and other brittle materials have related the volume of material lost
by surface chipping both to fracture toughness - as represented by the

critical stress intensity factor, K_. - and to the resistance to plastic

IC
flow - as represented by the hardness - of the target material [1,5].
These elastic-plastic theories, moreover, predict a minimum impact load
below which chipping should not occur. They, thus, provide a basis for
explaining Sheldon and Finnie's observation [2] that the erosion of glass
changes from a brittle mode to a ductile mode for sufficiently small
particles (<1l0um).

In an effort to further explore the importance of plastic flow to
the erosion of glass, the effect of temperature on both impact damage and
erosive wear was investigated., Because glass readily softens at elevated

temperatures, substantial changes in impact erosion behavior were antici-

pated. This paper presents the results of that study.
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PROCEDURE

Experiments were conducted on soda-lime-silicate glass using SiC
particles with a nominal size of 150um. Studies were conducted at room
temperature, 500°C, 600°C and 680°C, using erosion equipment that has
been described elsewhere [6]. The glass selected for study had a glass
transition temperature of V470°C and an annealing temperature of 510°C,
so that the high temperature erosion measurements were made at temperatures
at which stress relaxation occurred easily. Specimens eroded at 600°C showed
clear signs of distortion by viscous flow; specimens eroded at 680°C gave
indication of gross changes in shape due to viscous flow. -Plastic flow
and stickiness of the glass precluded the measurement of the erosion rates
at 680°C; however, optical micrographs of the impact sites were obtained.
Impact angles ranging from 15° to 90° and particle velocities ranging from
40 m/s to V125 m/s were used in these studies. To illustrate the type of
damage that occurs as a result of impact, optical and scanning electron
micrographs were obtained for representative exposure conditioms.
RESULTS

Under all erosion conditions damage to the target surface consisted of
plastic impressions, arrested cracks, and chipped areas where material was
removed from the surface. At normal impingement, crack formation at the
point of impact dominated the erosion process, Fig. 1. Two types of cracks
could be distinguished: one type lying on planes perpendicular to the target
surface; the other type lying on planes roughly parallel to the surface [1,4,5].
The first type of cracks, known as radial or median cracks; are mainly
responsible for strength degradation in glass. The second type of cracks,
known as lateral cracks, lead to the formation of chips and are primarily

responsible for the erosion of glass. Although radial and lateral cracks also
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form during impact at elevated temperatures, their formation and growth was

y
affected by the enhanced plastic properties of the glass. Compared to room ?
\‘
temperature results, a much larger fraction of impact sites produced at 500°C

and above showed no indication of cracking, indicating a relative increase in

impact fracture threshold load. The size of cracks produced at these
temperatures was measurably less than that produced at room temperature, and
the lateral cracks, in particular, were more often arrested in the glass
(compare, for example, Figs. la and 1b). This reduced tendency for chipping
usually led to the retention of the central, plastic impact impression at
500° and 600°C, whereas at 25°C, the plastic impressions are usually
indistinct or lost due to chipping within the contact area. Also, when
examined by transmitted light microscopy, the margins of arrested lateral

cracks produced at elevated temperature are much more distinct than those

produced at room temperature. This suggests that at elevated temperatures,
crack-tip blunting by plastic flow has occurred. In agreement with this
interpretation, the tips of surface-intersecting cracks produced at 600°C
appear rounded rather than sharp (Fig. 2). At 680°C, the process of plastic i
flow during erosion is further accelerated by the less viscous nature of the
glass. Plastic impressions at the impact site are more pronounced than
those at either 500° or 600°C, and cracks that are formed are closely arrested |
in the vicinity of the contact impression (Fig. 3). Thus, while cracks can
be produced by impact at 680°C, they cannot propagate easily because of viscous r
relaxation of the glass.

At oblique angles of impact (515°), plastic flow plays a greater role

in the erosion process. 1In all cases, the impact craters are clearly elongated w

in the direction of particle travel (Fig. 4). While the majority of oblique




impacts at room temperature result in cracking, there is a definite decrease
in the incidence as well as the extent of cracking with decreasing particle
velocity. Thus even at room temperature (Fig. 4a), material removal by a
plastic ploughing or cutting process occurs and contributes to the erosion
process. At 15° impingement, the cracks produced were predominantly of the
lateral type, and they most often extended from the side edges of the elongated
impressions. However, impact sites at which deep particle penetration occurred
(usually at high velocities) often exhibited lateral cracks extending from

the exit edge of the impact crater. This crack geometry seemed to form as a
result of the wedging action of the impacting particle against the side of

the plastically formed crater.

As expected, the plastic response of the glass to oblique-impingement
erosion is enhanced at elevated temperatures. At 500° and 600°C, well over
half of the impact sites are crack free, indicating plastic removal mechanisms
contribute significantly to the erosion process. Lateral crack formation
tends to form primarily at the exit edge of the impact crater indicating
deeper penetration and the importance of the wedging action of the impacting
particles (Fig. 4b). As was observed at room temperature, crack formation at
elevated temperatures is enhanced as the particle velocity is increased;
however, at all velocities, cracking is more severe at room temperature than
at elevated temperatures.

A particularly interesting observation made in this study was that glass
melted locally as the result of solid particle impact. Melting was indicated
by the formation of glass fibers drawn from the exit edge of the impact

crater (Fig. 4b). These fibers were observed both at room temperature and at
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elevated temperatures. At 500°C and 600°C, fiber formation was more common
than at room temperature. The use of stereographic micrographs also indicated
fiber formation at normal impact angles for elevated temperature exposure. In
addition to fiber formation, topographical features within impact craters
suggest that pools of molten glass had formed during the impact process.

These experimental results suggest that substantial temperature rises occur
when a solid particle impacts the surface of glass. As discussed elsewhere
by Lawn et al. [7], localized temperatures of +900°C are expected at the point
of impact in soda-lime-~silicate glass. A temperature rise of this magnitude
would explain the observation of surface melting during the erosion of this
glass.

Considering the microstructural evidence obtained for plastic deformation
in glass during single~particle impact, an effect of plastic flow on the erosion
of glass is expected. This expectation is supported by measurement of erosion
rates as a function of temperature, impact velocity, and impact angle. Figure 5a
shows that at 15° and 90° impact, the erosion rate at 500°C was approximately
one-half that found at room temperature regardless of impact velocity.

Results similar to those at 500°C were obtained for glass eroded at 600°C.

This decrease in erosion rate is due to the enhanced role of plastic deformation
in the erosion of glass at high temperatures. These results are consistent
with the microscopic observations that chip formation is suppressed at 500°C

and 600°C and that when chips of glass do form at the impact site, they are
smaller at elevated temperatures than at room temperature.

Despite the observation of plastic deformation during the erosion of glass
at 500°C and 600°C, the dominant process of material removal still appears to
be brittle in nature. This conclusion is supported by the fact that, although

reduced in magnitude, chipping 1s still a major factor in material removal,
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especially at normal and near normal angles of particle impingements. The

fact that erosion is basically brittle in nature is also supported by the

dependence of the erosion rate on impingement angle, which is clearly a
maximum at 90° impingement (Fig. 5b). Therefore, although plastic flow
of the glass plays a role in reducing the rate of erosion at 500°C and 600°C, ;

the erosion process in glass is still brittle in character.

DISCUSSION

Glass behaves in a brittle fashion during hot erosion because it is
viscoelastic at elevated.temperatures. Stress relaxation in glass is time
dependent, so that the response of the glass to impact will be brittle if
the impact process occurs at a faster rate than the relaxafion processes.
Impact times in materials that suffer plastic flow duirng impact are typically
of the order of 10"5 s or less [8]. A qualitative measure of relaxation
in glass at elevated temperatures is given by the relaxation time, 1, which
depends on the shear modulus, u, and the viscosity, n, of the glass: 1= n/u.
Glass 1is expected to behave in complately ductile manner during erosion when

T < 10-5 s. For the glass used in the present study (u ~30 GPa) a temperature

of the order of 800°C would be required for completely ductile behavior. This
result is consistent with our observation that crack formation still occurs
during impact at temperatures as high as 680°C.

Results of the present study clearly show that the size of cracks formed
during impact are limited by plastic relaxation at temperatures as low as {
500°C and 600°C. Since the lateral cracks form after the impact event [5],
this result suggests that relaxation of the driving forces for fracture is
rapid enough to arrest the cracks formed during impact. At 600°C, n "«109 Pa ' s ,%

0
(10™" poise) and the relaxation time is approximately 0.034s. Since the cracks




propagate approximately 100um at this temperature, the mean propagation

velocity for these cracks must be 3 x 10-3 m/s for crack arrest to have

occurred. This estimate of the rate of growth of lateral cracks during

impact has yet to be confirmed by direct experimental observation.
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Figure 1.

Normal-incidence impact damage in glass at:

a) 25°C and
b) 500°C

Partial velocity, 54 m/s.




Figure

2
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Figure 3,

Crack in glass due to impact at 600°C. Note
blunt nature of crack growth.

Impact site produced in glass at 680°C.
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Figure 4. Impact sites in glass produced by oblique (15°)
impingement:

a) 25°C and
b) 500°C

Thin fibers drawn from impact in (b) indicate
surface melting.
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