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1.

Introduction

Float glasses are common components in a wide variety of commercial applications
including windows and doors for homes and buildings, automobile windows, and
display cases. These glasses are also employed as the strike face in some transparent
armor systems. In many applications the glass is exposed to environmental
conditions that can affect the strength and optical properties; in transparent armor
these environmental conditions can also affect the ballistic performance. Extensive
research has been conducted showing that the strength of float glass is significantly
reduced by the introduction of a single indentation or scratch on the surface.1–16
Recently, research has revealed that gross contact damage, similar to what might
be expected during a sand or hail storm, or after extensive in-service exposure,
adversely affects the strength and optical properties of float glass.17
A possible alternative to float glass in transparent armor systems could be
glass-ceramics. Glass-ceramics have an amorphous phase and contain at least one
crystalline phase, which results in better thermomechanical properties than glass.
They are formed using a traditional glass-forming process but undergo a subsequent
reheat step after forming that nucleates and grows crystallites. The ability to control
the nucleation and growth of these crystallites determines both the mechanical and
optical properties. The resulting microstructure consists of a glass matrix with a
uniformly dispersed crystalline phase where the crystals are less than 100 µm in
size. The most common glass-ceramics have a composition based on the
Li2O-Al2O3-SiO2 system.18–21 Similar to the base glass, these glass-ceramics have
high transparency but also have minimal or zero coefficient of thermal expansion
values and a maximum use temperature that is higher than the base glass. Many
commercial applications, such as telescope mirrors, cooktops, cookware and
bakeware, doors in microwave ovens, and fireplaces take advantage of these unique
properties.
In this study, gross contact damage was generated on the surface of glass-ceramic
plates using abrasive media to ascertain the effect of the resulting damage on the
optical properties and flexural strength. These results are compared to the results17
from similar experiments conducted on borosilicate (Boro) and
soda-lime-silicate (SLS) float glasses.
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2.

Material

The glass-ceramic examined in this effort is from the Li2O-Al2O3-SiO2 system. It
was produced by SCHOTT* under the trade name Robax. It is an extremely
heat-resistant glass-ceramic with a very low coefficient of thermal expansion that
is marketed as a fire-resistant glass for use in fireplace and stove windows.
Properties of this glass-ceramic, provided by the manufacturer, are summarized in
Table 1 and the chemical composition is provided in Table 2.
Table 1

Properties of Robax glass-ceramic

Density (g/cm3)
Elastic modulus (GPa)
Shear modulus (GPa)
Poisson’s ratio
Fracture toughnessa (MPa√m)
% optical transmission (visible)

2.6
92.0
38.6
0.25
0.86722
90

a

Measured in dry N2 gas using the Single-Edge Precracked
Beam Method

Table 2

Robax composition23

Oxide
SiO2
Al2O3
Li2O
P 2 O5
MgO
ZnO
TiO2
ZrO2
Na2O
BaO
CaO
MnO
NiO
CoO
Cr2O3
Fe2O3
As2O3

Wt%
63.68
21.82
3.95
0.10
0.42
2.08
2.18
1.25
1.45
1.97
0.08
0.08
0.08
0.01
0.04
0.42
0.07

The TiO2 and ZrO2 serve as nucleating agents; Na2O, BaO, and CaO serve as
fluxing agents; As2O3 is a fining agent; and MnO, NiO, CoO, and Cr2O3 are added
to control the color.

*

SCHOTT North America, Inc., 5530 Shepherdsville Road, Louisville, KY 40228, USA.
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3.

Experimental Procedure

Plates, nominally 150-mm square and 5-mm thick, were obtained for evaluation.
The dimensions of each plate were determined. The transmission haze* was
measured after each plate was thoroughly cleaned using a commercial glass
cleaning solution. Damage was introduced through abrasion by placing 250 grams
of #12 grit alumina/zirconia particles on one 150-mm square surface of a plate then
laterally oscillating the plate for a designated number of cycles. Five samples, each
containing 10 plates, were abraded for 150, 300, 600, 1200, and 2400 cycles,
respectively. After the appropriate number of abrasive cycles were completed, the
plate was thoroughly cleaned with the glass-cleaning solution and the haze was
again measured. Optical transmission was measured as part of the haze
determination but the decrease in optical transmission was consistently 1% or less,
irrespective of the number of abrasion cycles. As a result, transmission haze was
selected as the optical property to compare with the flexure strength.
The equibiaxial flexure strength was determined using a universal load frame
following the procedures outlined in ASTM C1499† for a ring-on-ring loading
condition. The load and support rings were made of steel, had a diameter ratio of
0.5, and comprised a 42.5-mm diameter load ring and an 85-mm diameter support
ring. Specimens were loaded using a crosshead displacement rate of 7.6 mm/min
(30–35 MPa/s) until fracture occurred. After fracture, the fracture initiation location
was identified, and each datum was classified as a valid fracture (fracture initiated
inside the load ring area or at the circumference of the load ring) or an invalid
fracture (fracture initiated outside the load ring diameter, typically at the edge of
the plate). The average strength was calculated using only data from plates that
exhibited valid fractures.
Baseline haze and strength values were determined using 30 plates in their
as-received condition. Additional details on the procedures, methodologies, and
equipment used in this effort can be found in Murdock et al.17

4.

Results and Discussion

Figure 1 summarizes the effect of abrasion cycles on the haze and the equibiaxial
flexure strength of the glass-ceramic compared with results for Boro and SLS float
glasses.17

*

Haze is defined as the ratio of diffuse transmission to total transmission through the plate times 100.
ASTM C1499 “Standard Test Method for Monotonic Equibiaxial Flexural Strength of Advanced Ceramics
at Ambient Temperature,” ASTM Annual Book of Standards, Vol. 15.01
†
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Fig. 1
Effects of abrasion on the haze and flexure strength of a glass-ceramic (Robax)
compared with Boro and SLS glasses. The data for both float glasses between 0 and 1200 cycles
comes from Murdock et al.17

The haze prior to abrasion is essentially the same for both float glasses (≈ 0.07) but
the haze for the glass-ceramic was appreciably higher at ≈ 0.20. This higher value
is most likely the result of the nanosized crystallites that are in the Robax but not
the float glasses. The abrasion resistance of the SLS and the Robax are very similar
through 300 abrasion cycles but after 600 cycles the haze of Robax is higher, which
may indicate a higher amount of damage from the abrasive cycles. The Boro on the
other hand appears to be significantly more resistant to this abrasion test, since it is
harder24 and accordingly the haze change is significantly less, at least up to and
including 1200 cycles. Previous research17 on the Boro did not include tests after
2400 abrasion cycles so 10 plates were abraded. There is an almost 80% increase
in haze of the Boro between 1200 and 2400 cycles but the haze is still much lower
than the Robax after the same number of cycles.
The baseline strength of the Robax is essentially the same as both float glasses and,
similar to both float glasses, it has a large standard deviation. The Robax strength
after 150 abrasion cycles drops by approximately 30% to a level similar to the SLS
while the Boro remains relatively constant, at the baseline strength level, through
150 cycles.17 After 300 cycles the strength of the Boro decreases to essentially the
same level as the Robax and SLS. There is no further strength decrease in either the
Robax or the Boro up to and through 2400 abrasion cycles. The standard deviation
associated with each Robax strength value decreases to a constant level after
abrasion, well below the deviation associated with the baseline strength and, once
again, similar to both float glasses. This standard deviation decrease indicates there
4

is a high density of flaws generated on the surface during the abrasion process and
that these flaws have a similar size.
Two additional tests were conducted on the Robax material. The strength was
determined after 300 abrasion cycles but the amount of abrasive media placed on
the plate was doubled from 250 g to 500 g. Ten plates were exposed to this
increased amount of media but the resulting strength and haze was no different than
what was obtained when only 250 g of media was used. In the second test the
strength was determined after a single, 10-mm long scratch was placed in the center
region of one 150-mm square face of 10 plates using a diamond scribe under 10 N
applied load. The procedure for scratching the plates is outlined in Swab et al.16
The resulting strength decreased by about 50% due to the damage created by the
scratching process. This is significant but less than the 60–70% decrease noted
previously for the float glasses.16 The Robax is about 15% tougher than the SLS
and Boro (0.87 MPa√m22 compared to 0.75 MPa√m25), which may account for the
higher retained strength after the scratch test but this does not translate into
improved abrasion resistance as indicated by the strength decrease that is
comparable to both float glasses after 300 or more abrasive cycles.

5.

Conclusion

The effect of abrasion on the haze and flexure strength of a glass-ceramic (Robax)
was examined. The haze increased and strength decreased with an increasing
number of abrasion cycles. The change in these properties is comparable to results
obtained on Boro and SLS float glasses subjected to similar abrasive conditions.
Further studies are needed, but these results coupled with previous results on the
float glasses show that there is no distinct advantage of using this glass-ceramic as
the strike face in transparent armor systems. It is no more resistant to optical and
mechanical degradation than the float glasses that are currently used.
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