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ABSTRACT: Advances in the technology employed for the manufacture of glass have resulted in a final glass product with little variability in
terms of its physical and optical properties. For example, the refractive index of Australian float glass tends to lie between 1.5189 and 1.5194. It has
therefore become necessary to complement physical and optical methods for forensic glass comparison with instrumental elemental analyses. In a pre-
vious study, time-of-flight secondary ion mass spectrometry has been shown to offer potential for the analysis of glass particles as small as a few tens
of microns across. In this study, the three-dimensional homogeneity of a sheet of float glass is described, and consequences for forensic elemental
analysis of glass particles of such size are explored. Variation in Si, Ca, Mg, and Na levels immediately under the nonfloat surface was observed,

with the variance accompanied by a decrease in refractive index.
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Because of the ubiquitous occurrence of glass, it is one of the
most frequently encountered types of evidence in forensic science
(1), with the majority of cases involving float window glass from
incidents such as burglaries. In forensic glass examinations, a rou-
tine method involves comparison of refractive index (RI) of control
and recovered samples. The RI measurement technique is rapid and
inexpensive, performed on instruments such as Foster & Freeman’s
(Worcestershire, UK) glass refractive index measurement (GRIM)
apparatus (2,3). However, advances in glass technology and tighter
controls on raw materials and processes used in the manufacture of
glass have resulted in a narrowing of the RI distribution of sheet
glass (1,4,5). As a consequence, it is now not unusual for float
glass from different origins to have indistinguishable refractive
indices.

Hence, numerous forensic laboratories now employ elemental
analysis techniques to perform glass comparisons (6). In a number of
studies, it was found that elemental analysis techniques could suc-
cessfully be employed in conjunction with RI to discriminate
between samples, where RI data alone could not. Such studies uti-
lized spectrophotometric techniques including SEM-EDX (7-9), ED-
XRF (8,10), u-XRF (8), ICP-AES (10-12), and mass spectrometric
techniques including ICP-MS (8,13,14), LA-ICP-MS (15), and time-
of-flight secondary ion mass spectrometry (TOF-SIMS).

The TOF-SIMS is an elemental analysis technique that was
recently shown by us to have potential in the forensic analysis of
gunshot residues (16,17) and glass. Our initial work on the analysis
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of glass involved the elemental distribution between different glass
samples, but we did not establish to what extent the elemental com-
position varied within a given sample, such as a sheet of window
glass.  Trejos and  Almirall (18), wusing LA-ICP-
MS, have demonstrated that samples as small as 200 ng have an
elemental composition representative of the entire pane. However,
as TOF-SIMS analysis involves depth penetration of at least two
orders of magnitude less than is used in LA-ICP-MS, elemental het-
erogeneity might still be a concern if the former technique is used.
The variation of RI across (i.e., along X and Y axes) and
through the thickness (i.e., along the Z axis) of sheet glass is
well documented (7,19-25). It has been established that most of
the RI variation in the Z axis arises as a result of structural stress
in the sheet. In the case of toughened glass, in which structural
stress is deliberately induced through rapid freezing of the surface
of glass heated above its stress point, the change in RI (or ARI)
between surface and bulk glass is quite marked. In glass that has
not gone through the tempering process, such as float window
glass, ARI is much smaller. To be not misled by the affects of
residual structural stress, forensic glass comparison can include an
annealing step that relieves it. It is evident, however, that an
additional phenomenon contributes to a change in RI along the Z
axis in glass manufactured by the float process. It has been
found (22-24) that the RI of the tin contact surface of float glass
is higher than that of the bulk, whereas the nonfloat surface
exhibits an RI lower than the bulk. As “‘thermal history” should
result in both surfaces having a positive ARI compared with the
bulk, that effect alone would not appear to account for the phe-
nomenon at the nonfloat surface at least. In the manufacture of
float glass, one surface of the glass (the float surface) is in con-
tact with molten tin while the opposite surface (the nonfloat sur-
face) is exposed to a hot reducing N,/H, atmosphere within the
tin float bath (26,27). It has been established that the incorpora-
tion of tin into the float surface causes an increase of RI (28—
36), while depletion of species such as Fe, Na,O, CaO, and SO,
in the nonfloat surface results in a locally higher concentration of
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Si, and therefore a decrease in the RI (28,31,35). In these studies,
etching solvents (HF) were used so as to erode the glass surface
so that the sub-surface glass might be analyzed. It was not indi-
cated whether the procedure caused the preferential leaching of
any elements (28,31).

It has been established that during the act of breaking a window,
a large proportion of particles deposited onto the person breaking
the window originate from the surface closest to them (37-41).
Furthermore, in case work, it is not unusual to encounter particles
containing less than 200 ng of glass. If techniques such as SIMS
are to be exploited to reduce the analytical domain of glass analy-
sis, then the extent to which the elemental levels at that domain
represent the levels in the bulk must be established.

This article describes an investigation into the elemental variation
within a pane of float glass, particularly within the nonfloat surface
regions where it is known that the RI differs significantly from the
bulk and there is some literature evidence to suggest that trace ele-
ment concentrations vary as well.

Methods
Glass Samples

Clear window float glass (nontempered) 100 x 100 cm, 3 mm
thick, was purchased from Marion Glass (Adelaide, South Austra-
lia). According to the supplier, this is a typical sheet of float
glass supplied for window glass in Adelaide. The sample was cut
in half to obtain two sheets of 100 cm X ~50 cm. One of these
sheets was sectioned further using a glasscutter so as to obtain
samples suitable for RI and TOF-SIMS analysis. A schematic of
the sectioned sheet is illustrated in Fig. 1. The float surface of
the sectioned samples was identified using UV-irradiation at
254 nm.

Glass Sampling for RI Analysis

Glass samples of 2 X 2 cm were obtained from five locations
(1.1, 4.1, 6.1, 9.1, 12.1) across the sheet of glass as shown in
Fig. 1. Each of these samples was crushed to obtain fragments
across the 3 mm width of the glass sheet. This was performed
using a modification of a method of Newton et al. (41):

¢ Different colored permanent-inks were used to mark four layers
through the thickness of the glass, as well as to color the float
and nonfloat surface (Fig. 2), a total of six samples through the
3 mm thickness.

The colored edges were broken and crushed, and fragments col-
lected. The fragments were carefully separated into groups
according to color.

Large fragments and those containing more than one color were
crushed further.

The surface of the chip was struck obliquely and the thin surface
layer fragments produced were collected.

The sample fragments, now separated into six groups based on
color, were placed in vials into which acetone was added. The
vials were agitated to help remove the ink, drained, and left to
stand for residual acetone to evaporate.

The method outlined above enabled the collection of fragments
from both surfaces, as well as from four layers through the bulk.
Upon recovery of the fragments they were prepared for GRIM
(technique outlined below) by placing them onto a GRIM micro-
scope slide, immersing in precalibrated silicone oil, and covering
with a cover slip.
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FIG. 1—Schematic illustrating the sectioning of the float glass sample.
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FIG. 2—Layering as a function of glass thickness.

Glass Sampling for TOF-SIMS Analysis

Pieces of glass of 1 X 1 cm were obtained from sections 2.1,
3.2, 7.1, 10.1, and 11.1 (refer to Fig. 1), selected to be in as close
as possible proximity to the samples obtained for RI analysis. The
samples were mounted on 12 mm diameter SEM stubs with carbon
adhesive, nonfloat side up. Prior to TOF-SIMS analysis, the surface
of the glass samples was wiped with acetone to remove any extra-
neous contamination. A further two 1 X 1 cm samples were
obtained from section 2.1, selected to assess the elemental variation
as a function of depth. These samples were mounted in resin for
easier handling, nonfloat side up and abraded using silicon carbide
sanding disks, thus allowing the removal of 0.5 mm (labeled as
Sample 2.1 [2.5 mm]) and 0.8 mm (labeled as Sample 2.1
[2.2 mm]) of material from the nonfloat surface. The glass samples
were recovered from the resin by dissolving the resin in dichloro-
methane, and mounted on 12 mm diameter SEM stubs with carbon
adhesive, with the freshly etched surface up permost.
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FIG. 3—Variation of refractive index (RI) through the thickness (99% confidence interval) measured for glass fragments (a) 1.1; (b) 4.1; (c) 6.1; (d) 9.1;

(e) 12.1.

JOURNAL OF FORENSIC SCIENCES

Refractive Refractive
Index Index
152010 152010
15890 - 15850
15870 15870
15850 - 15850 -
15830 151830 $
¥ E = 3 3 F 3 E 3 x
1580 { 15810
15890 151890 . - - - -
Mon- Bulk 1 Buk?2 Bulk3 Bulks Float Mon-  Bulki1 Bulk2 Buk3 Buk4 Float
float Surface float Suface
Surface Surface
(a} (I}
Refractive Refractive
Index Index
15200
152050
15890 152030
1520m
15870 4
151890 -
15850 18970
15830 - ¥ 3 ¥ ¥ 15850
15830 ¢ 3 = =
15810 E
15810
15890 15890 : : :
Maoh- Bulk1 Buk2 Bulk3 Bulka Float Mo Bulk1 Bulk2 Bulk3 Bulkd4 Float
float Surface float Surface
Surface Surface
9] (dy
Refractive
Index
15200
15890 -
15870 (€)
15850 -
15830 - $ ¥ + $
1580 E
158690 -
Maoh- Bulk1 Buk2 Bulk3 Bulka Float
float Surface
Surface



COUMBAROS ET AL. « VARIATION IN THE SPATIAL ELEMENTAL DISTRIBUTION WITHIN A PANE OF GLASS 315

Refractive Bulk 1 (B1) Refractive Bulk 2 (B2)
Index Index
1.51940 1.51940
1.51938 1.51938
1.51936 1.5193¢{
1.51934 151924
1.51932 1.51922 _—
1.51930 1.51930
1.51928% 1.51928{
1.51926 1.5192¢& L ]
1.51924 1.5192H
1.51922 1.51922
1.51920 T T 1.51920 T T T T
1.1 4.1 5.1 91 121 11 4.1 6.1 LR 121
Refractive Bulk 3 (B3) Refractive Bulk 4 (B4)
Index Index
1.51340 1.51940
1.519381 1.51938
1.51936 1.51938&{
1.51934 1.51934
1.51932 1.51932
1.51930 { 1.51930{
1.51928 1.51928{
1.51926 { 1.5192¢{ {
1.51924 1.51924
1.51922 1.515822
1.51920 T - 1.51920 T T - -
1.1 4.1 6.1 9.1 121 11 4.1 6.1 a1 121
Refractive Maon-float Surface (S1) Refractive Float Surface (S2)
Index Index
1.51935 1.52070
1.51930
1.52045
1.519254
1.51920 { 1.52020+4
151915
1.519954
1.519104
1.51905- 1.51970-
1.51900
1.519454
1.518954
1.51890 1.51920 . -
1.1 4.1 6.1 a1 121 11 4.1 6.1 851 121

FIG. 4—Refractive index measurements across the sheet of glass (99% confidence interval).

Instrumental Parameters

Refractive Index—A Foster and Freeman (Worcestershire, UK)
GRIM3 GRIM apparatus was used for the measurement of RI. The

apparatus consists of a Leica DMLB2 phase contrast microscope
with a Mettler Toledo FP§2HT Hotstage and a monochrome CCD
video camera, interfaced to a desktop computer. Analysis was per-
formed using the heat—cool cycle set at 5°C/min. A minimum of
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FIG. 5—(a) Tin depth profile on nonfloat surface; (b) and (c) silicon, sodi

10 replicate analyses were performed per sample (error bars on fig-
ures depicting RI measurements are indicative of twice the standard
deviation of the replicate measurements). Analysis of a “daily”
standard (known RI) was performed for calibration purposes, and
to compensate for any instrumental drift between measurements
performed on different days.

TOF-SIMS—A Physical Electronics, Inc. (MN, USA) Model
2100 PHI TRIFT II"™ TOF-SIMS equipped with a pulsed liquid
metal ®Ga* primary ion gun (LMIG) was used for the analysis.
The LMIG was operated at 15 kV energy, 600 pA beam current,
and 18 nsec pulse length. The LMIG was also operated in continu-
ous (DC) beam mode for controlled periods, allowing the removal
of sequential layers of the surface, while in pulsed beam mode a
mass spectrum was acquired from each exposed layer, thus acquir-
ing a depth profile of the sample.

(4]

um, calcium, and magnesium depth profile on nonfloat surface.

Results and Discussion
Variation of RI Through the Glass Thickness

Refractive index measurements were performed on a minimum
of 10 fragments originating from each layer. The data for each sam-
ple are illustrated in Fig. 3. Statistical #-tests, performed at a 99%
confidence interval, provided evidence that there was no significant
difference in the RI data of the bulk fragments, with the exception
of sample fragment 4.1, where the #-test suggested that a difference
existed between the RI of Bulk 2 and the other bulk fragments.

The nonfloat surface exhibited a RI lower than that of the bulk,
while the RI of the float-surface was significantly higher than the
bulk. For both surfaces, the variance in RI data was greater than
that exhibited for the bulk glass, with the variance in the float sur-
face greater than that for the nonfloat surface. These findings are
consistent with literature reports (22-24).
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FIG. 7—Elemental depth profiles (a) bulk elements and (b) trace elements.

Variation of RI Across the Sheet of Float Glass

The RI measured across the pane is illustrated in Fig. 4; no sig-
nificant difference in RI is apparent.

Elemental Homogeneity of Float Glass as a Function of Depth

The elements Li, B, Na, Mg, Al, Si, P, K, Ca, Ti, V, Cr, Ni, Co,
Cu, Sn, and Ba were selected for monitoring based on recommen-
dations in the literature and preliminary work (7). Depth profiles

0 30 60 90 120 150 180 210 240 270 300 330 350 390
Sputter Time (s)

however were limited to 14 elements due to software limitations;
the elements Li, B, Na, Mg, Al, Si, P, K, Ca, Ti, Ba, V, Ga (pri-
mary ion-beam), and Sn were selected.

Figure 5a represents the tin depth profile of a nonfloat surface
fragment taken from region 7.2 (refer to Fig. 1) in the pane. The
x-axis in Fig. 5 has been converted to depth by assuming an aver-
age sputter rate of 0.2 nm/sec (Skinner, 2002 personal communica-
tion). Furthermore, the elemental data have been normalized with
reference to total counts.
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Clearly there is a regionally high level of tin in the glass 4—
11 nm from the nonfloat surface. This profile resembles the “tin
hump” found in the analysis of glass directly under float sur-
faces, which is reported elsewhere (28,34,43,44) and reproduced
in Fig. 6.

Figure 50 shows the depth profiles for other elements over the
same region. The depletion of tin with depth appears to be corre-
lated with depletion in sodium, magnesium, and calcium and
enrichment in silicon. It should be noted that the depth profiles rep-
resent an elemental response and do not represent absolute concen-
tration. Further to this it became evident that a sputter period of
1500 sec, equivalent to a depth of approximately 300 nm into the
nonfloat surface, is required for the elements to provide a steady
response (Fig. 5c¢). Therefore, for any subsequent analyses of non-
float surfaces, a minimum sputter period of 1500 sec was used
prior to any comparison of the elemental data.

Repetitive depth profiles acquired after the initial 1500 sec sput-
ter period (Fig. 7) confirmed that the observed surface heterogene-
ity disappears and a steady ‘homogeneous” response is observed
for bulk and trace elements. Figure 7 therefore suggests that the
profiled elements are homogeneous from a depth of c. 300-
380 nm. The only exception was potassium, which throughout this
TOF-SIMS investigation appeared to be an unstable element in the
glass matrix.

To assess elemental variance at greater depths within the bulk,
cross-sections were examined. Analyses were performed in three
regions—c. 400 ym from the nonfloat surface, in the edge-center,
and c¢. 400 um from the float surface. Comparison of the data is
presented in Fig. 8.

Statistical #-tests indicate that a small difference exists in the con-
centrations of sodium and magnesium between the three analyses.
All other bulk elements and all trace elements fall within the error
range (two times standard deviation) and there is no significant dif-
ference as determined by the #-tests.

Elemental Variation Across the Pane of Glass

Analyses were performed on the nonfloat surface, and data
comparison was performed on data obtained after an initial
1500 sec sputter period to eliminate any contribution from tin
diffusion and any subsequent elemental variation. Data were
obtained from the analysis of the glass fragments 2.1, 7.1, and
11.1 (refer to Methods section). Comparison of the data is pre-
sented in Fig. 9. Error bars are represented as two times the
standard deviation.

The data suggest no significant difference for most of the pro-
filed elements. Exceptions to this were phosphorus, vanadium, and
nickel with respect to Sample 2.1 Analysis 1, for which a second
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analysis of the same sample indicated that this may have been an
outlier.

Relationship Between Surface RI Measurements and Elemental
Distribution

Results obtained by TOF-SIMS indicate an “enrichment” of Si
and depletion of Na and Ca and possibly Mg in glass nonfloat sur-
faces. This confirms earlier work that relied upon acid etching as a
means of depth profiling the nonfloat surface and therefore would
appear to eliminate the possibility that leaching was responsible for
the observed depletion of Na, Ca, and Mg (28-36).

Conclusion

Results presented here confirm that the RI of both the float and
nonfloat surfaces differs significantly from the RI of the bulk.
These results support the practice of avoiding float surface frag-
ments, which are easily distinguished, when measuring RI. This
work also indicates that the analysis of nonfloat surface fragments
is also not straightforward as their RI and elemental composition is
not representative of the bulk. This is of significance because non-
float surface fragments are not as easily recognized as float surface
fragments. The work reported here confirms other studies that have
concluded that there is no significant variation in RI and elemental
composition across the pane with reference to fragments recovered
from the bulk (i.e., by avoiding surface fragments).

The variation in elemental composition demonstrated in this arti-
cle is not a concern if analytical conditions are such that the glass
surface is sampled to a depth beyond a few microns, for example
under the conditions reported by Trejos and Almirall (18).

However, where analytical techniques such as SIMS are used,
which operate to a depth measured in tens and hundreds of nano-
meters, the glass examiner must take care so as to avoid Type 1
errors. Either the surface under examination should be subjected to
erosion until bulk glass is exposed, or surfaces originating from the
bulk must be chosen.

Work in our laboratory is continuing in an effort to describe the
extent of tin diffusion in the float surface and its impact upon ele-
mental composition.
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