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The Discrimination Between Samples of Window
Glass by Combining Physical and Chemical
Techniques

In forensic science laboratories it is frequently necessary to compare properties of glass
fragments. The forensic scientist is asked to determine if a glass fragment came from a
certain automobile headlight, from a certain window, and so forth. The comparison of
glass fragments by means of several physical methods is a routine operation in forensic
science applications.

Physical Methods

The physical methods for glass investigation show generally high reproducibility and
precision, are convenient and rapid, and do not require expensive instrumentation. Dis-
crimination between large fragments of glass can sometimes be achieved by comparing
color and by measuring the thickness of glass samples if they have smooth and undamaged
surfaces. Certain glass specimens also fluoresce and can thus be distinguished from other
specimens [7].2

For many years, determinations of density and refractive index have been the generally
accepted and widely used methods for discriminating between samples of glass. These
methods are applicable to small sample sizes and exhibit high accuracy of measurement.
Both absolute measurements and comparative measurements between pairs of samples are
carried out. Recent improvements in density determination have been published by Dabbs
and Pearson [2] and others. Refractive index methods have been refined in later years by
Ojena and De Forest [3] and others. Many authors recommend measurements at various
wavelengths (dispersion).

One inherent weakness of these determinations is the well-known fact that density and
refractive index are mutually dependent properties. The higher the density, the greater (in
general) the refractive index. Plots of these parameters have been assembled and discussed
by Dabbs and Pearson [I] and Cobb [4].

A second weakness is the narrow range of the values of these properties for the same
type of glass. Thus, modern window glass (manufactured since 1945) has a refractive
index in the range of 1.515 to 1.518 [I] and a density in the range of 2.43 to 2.52 {3].
Furthermore, because of the inhomogeneity of glass, the variation of refractive index and
density within one sample is often greater than the error in the measurements.

To increase the evidential value of discrimination between glass samples further means
of comparison are desirable. In recent years the application of chemical analysis to the
discrimination of glass specimens has been shown to be promising.

Chemical Analysis

The basic elemental composition of glass samples can vary considerably and should be
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examined in forensic science laboratories. The presence of trace elements arising from the
raw materials and the manufacturing processes may further characterize glass specimens.
Various analytical techniques have been suggested for the analysis of glass by trace ele-
ment determination. Glass analyses have been done with spark source mass spectrometry
[5-71, neutron activation analysis [8-10], X-ray fluorescence {11], atomic absorption spec-
troscopy [12, 13], emission spectrography [14], and energy dispersive X-ray analysis in a
scanning electron microscope [15]. With these methods different samples of glass may be
distinguished from each other even though they possess the same physical properties.

Complete analysis of the major and minor elements in glass presents a challenging prob-
lem. In this work an attempt was made to discriminate between samples of window glass
by combining two methods of chemical analysis. The main effort was centered on compar-
ative analyses using energy dispersive X-ray analysis in a scanning electron microscope.
When this analysis failed to distinguish between the samples the glass fragments were
analyzed for trace elements with emission spectrography.

Methods

Density and Refractive Index Determinations

Absolute values of densities for glass samples can be determined by using Archimedes’
principle [1]. Comparison of glasses sent to our laboratory is, however, usually carried out
by vatying the density of a liquid as a function of temperature.

Refractive index was measured with a Mettler hot-stage and the Becke line technique.
Clove oil and MS 710 silicon oil were used as immersion liquids. The refractive index of
the immersion liquids was calibrated as a function of temperature with standard glass
samples. Usually, three readings were taken on each specimen of glass. The apparatus
was equipped with a monochromator, enabling the measurement of dispersion of refractive
index. Our experiences as well as the data reported in the literature indicate, however,
that the studies of dispersion of refractive index generally do not distinguish between glass
samples with the same refractive index.

Energy Dispersive X-Ray Analysis

Energy dispersive X-ray analysis of glass samples was carried out in a Japan Electronic
Optic Laboratory JSM-35 scanning electron microscope equipped with a PGT-1000 X-ray
analyzer. The accelerating voltage was 25 kV.

Samples of window glass were washed with distilled water and acetone and subsequently
crushed into small pieces. Thin fragments of a maximum of 1 mm in any direction and
with a plane surface were selected for the analysis. The fragments were mounted on a car-
bon block by using paper glue. The mounting was performed while the fragments were
being observed in a stereo light microscope. Care was taken to insure that the surface to
be analyzed was plane and mounted in parallel with the plane of the carbon holder. After
this procedure specimens were directly analyzed (uncoated) in the scanning electron micro-
scope. To obtain reproducible results, all geometric parameters and instrumental settings
were kept as constant as possible. Of particular importance was that the position of the
X-ray detector, the position of the samples in the microscope chamber, and the surface
tilting angle (45 deg in this work) were kept constant. The topography of the analyzed sur-
face was further controlled by observing the backscattered electron image. The samples
were then analyzed with the electron beam sweeping rapidly through a selected area of
80 by 80 um. By performing the analysis with the electron beam in the scanning mode the
effect of contamination of the glass, such as obsetved in the spot analysis mode [16], was
not serious.



252 JOURNAL OF FORENSIC SCIENCES

The analyses were run until the silicon peak had reached a standard height (25 000
counts, with 5 eV per channel). The form of background and the total X-ray counting rate
were controlled in each analysis as these parameters should be similar for all the specimens
investigated.

The following elements were found in the investigated glass samples by energy dispersive
X-ray analysis: silicon, calcium, sodium, magnesium, aluminum, potassium, sulfur,
chlorine, iron, and in some instances barium. Three fragments from each sample were
analyzed. The best agreement between the results of these analyses on different fragments
from the sample was obtained by comparing ratios of the concentrations of the elements.
Therefore, the experimental concentration ratios sodium/magnesium, sodium/aluminum,
magnesium/aluminum, calcium/sodium, calcium/potassium, and sometimes barium/
calcium were calculated and the mean values employed for discriminating between dif-
ferent glass samples. The elemental ratios were computed for peak net heights of the K
lines for sodium, magnesium, and aluminum; the K. lines for potassium and calcium;
the Lo line for barium. The signals for sodium, magnesium, and aluminum were not
completely resolved and the level at 900 eV was taken as background for all three elements.
The elemental net ratios of sodium/magnesium, sodium/aluminum, and magnesium/
aluminum calculated here are consequently lower than the values obtained by more sophisti-
cated background correction.

Emission Spectrography

For measuring the trace element content of the glass samples emission spectrography
was carried out on an Ritzl, Seitner & Veith 3.5-m emission spectrograph (with a resolu-
tion of 75 600). Approximately 2 mg of glass fragments were ground in an agate mortar
and blended with graphite powder. The mixture was transferred to a cup-type electrode
(Ringsdorff Werke RW0052). The top electrode was RW0025, the current 8 A, analytical
gap? 2 mm, and exposure 10 to 20 s. The arcing process was carried out by direct cur-
rent in an oxygen atmosphere (O; flow ~ 7 litres/min) with a glass cup attached to the
bottom electrode. After development the resulting photographic plates were examined in
a Steinheil ‘“‘Doppel-Projektor.”” The densities of elemental lines were measured automa-
tically by using a minicomputer and printer attached to the comparator.

Generally, only specimens that could not be distinguished by energy dispersive X-ray
analysis were analyzed. In addition to the elements found in the samples at higher concen-
trations, manganese, titanium, chromium, arsenic, and copper could be detected by
emission spectrography. Semiquantitative analyses of these trace elements were performed
and the elemental ratios calculated from the intensities of the elemental lines. When
necessary, the intensities of some of the weaker lines for magnesium, aluminum, and po-
tassium were also measured. The densities of the lines given in Table 1 were determined.

Results

Material

Group A consisted of samples from two panes (about 60 by 80 cm) of window glass.
One of the panes was manufactured about 15 years ago, and the second pane was new.
(The panes came from two different factories.)

Group B comprised 29 samples of window glass collected in one Swedish town (about
100 000 inhabitants) over a period of several weeks. Glass from broken windows in both
new and older houses were represented in this collection. The maximum dimensions of

3The gap increased throughout the burn.



ANDRASKO AND MAEHKLY ON WINDOW GLASS 253

TABLE 1—Wavelengths of elemental lines.

Element Line, nm
Aluminum 308.22
Arsenic 234.98
Barium 350.11
Chromium 425.43
Potassium 404.72
Magnesium 2717.67
Manganese 280.11
Titanium 365.35

the glass fragments varied from 2 to 20 cm and the thicknesses between about 1.8 and
3.7 mm.

Group C comprised ten samples of show window glass with thicknesses of around 6 mm
and similar densities as well as refractive indexes. They were selected from a larger col-
lection acquired from casework in our laboratory in 1952 and 1953.

Group D consisted of three glass samples from an actual case, indistinguishable with
respect to refractive index and density. One of the samples was a comparison window glass,
and the other two were glass fragments collected from suspects.

Group A Samples

In these samples, the variations in refractive index and elemental composition over the
panes were determined. Seven locations on each pane were chosen at random. From each
location four fragments were taken for refractive index determination, one fragment for
energy dispersive X-ray analysis, and one fragment for emission spectrography. The results
of these measurements are shown in Table 2, which also includes the results of energy
dispersive X-ray analysis performed repeatedly on a single fragment.

Group B Samples

The refractive index distribution of the glass specimens is shown in Fig. 1. The distri-
bution curve exhibits a maximum in the range 1.515 to 1.517. This curve has an appearance
similar to the refractive index distribution observed by Dabbs and Pearson [I] for a large
number of window glasses. Tables 3 and 4 list the refractive index (in increasing order)
and the elemental composition for the samples in this group.

Groups C and D Samples

The physical properties and the elemental composition of the samples of Group C are
shown in Tables 5 and 6, while Table 7 lists the refractive index and the elemental compo-
sition of the samples of Group D.

Discussion

Reproducibility of the Measurements

The results shown in Table 2 indicate a good reproducibility in elemental net ratios
obtained by energy dispersive X-ray analysis of a single glass fragment. Slightly higher
standard deviations were observed in the analysis of different samples from the same glass
pane. This difference might be due to variations in chemical composition over the panes
but more likely it stems from variations in surface geometry of the specimens analyzed.
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TABLE 2—The homogeneity of sheet glass.

Single Pane A Pane B
Measurement Fragment (01d) (New)
Refractive index
Standard deviation 0.00002° 0.00004% 0.000035%
Observed range 0.00007 0.00023 0.00021
Energy dispersive X-ray analysis
(7 determinations)
Sodium/magnesium
Mean 1.85 2.25 1.81
Coefficient of variation, % 1.3 1.8 2.0
Sodium/aluminum
Mean 2.51 3.10 3.51
Coefficient of variation, % 2.3 3.2 3.4
Magnesium/aluminum
Mean 1.36 1.38 1.94
Coefficient of variation, % 1.6 1.95 2.3
Calcium/sodium
Mean 1.09 1.15 1.23
Coefficient of variation, % 6.6 10.1 9.2
Calcium/potassium
Mean 6.77 13.2 16.5
Coefficient of variation, % 2.2 3.1 3.6
Emission spectrography (7 determinations)®
Titanium/manganese
Mean e 0.27
Coefficient of variation, % ... 8.1
Potassium/manganese
Mean .. 0.56 1.25
Coefficient of variation, % . 10.4 14.1
Potassium/titanium
Mean .. 1.85
Coefficient of variation, % . 13.5
Barium/manganese
Mean .. . 0.14
Coefficient of variation, % ... Cae 10.4
Magnesium/manganese
Mean .. C 0.77
Coefficient of variation, % ... .. 14.6

¢ Twelve readings.

b Four fragments each from seven locations.

¢ Note that these values express the ratio of line intensities and are not proportional to absolute
concentrations.

The following experiment demonstrates the dependence of measured elemental compo-
sition on one geometrical parameter—the surface tilting angle ¢. A single glass fragment
with a plane surface was analyzed. Figure 2 shows the intensities* of the sodium and
magnesium signals and the calculated elemental ratios sodium/magnesium and magnesium/
aluminum as functions of ¢. For making comparisons, the values of the parameters depicted
in Fig. 2 were all normalized to ¢ = 60 deg. It is obvious that the signal intensities ob-
tained from the analysis of several unpolished fragments from the same sample may vary
considerably. The ratios between the intensities of adjacent elemental signals depend, how-
ever, much less on the tilting angle. Thus, Fig. 2 illustrates the advantage of calculating
elemental ratios (rather than elemental concentrations) in such analyses. Nevertheless,

4The intensities of the sodium and magnesium signals were expressed as the percentage of peak
height of each element: peak height = (peak height of element/sum of all peak heights) 100.
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FI1G. 1—The distribution of refractive index values for the glass samples of Group B.
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FIG 2—The variation of measured elemental composition for one glass sample with sample
geometry. (left) The dependence of the sodium (—(©—) and magnesium (— @ —) net peak heights
on the tilting angle . (right) The dependence of the elemental ratios sodium/magnesium (—® —)
and magnesium/aluminum (— @ —) on the tilting angle ¢.
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TABLE 4—Emission spectrography of the samples of Group B indistinguishable by energy dispersive
X-ray analysis.®

Set 1 Set 2

Ratio Sample 5 Sample 6  Sample 12 Sample 15  Sample 17
Chromium/manganese 0.18 0.15
Potassium/manganese 2.1 2.3
Aluminum/manganese 2.8 2.75
Magnesium/manganese 1.9 1.8 cee e e
Titanium/manganese cee cee 3.0 0.4 0.25
Barium/manganese ... N 0.23 e cee
Potassium/manganese e e 1.8 0.8 0.4
Arsenic/manganese e AN 0.4

% Note that these values express the ratio of line intensities and are not proportional to absolute
concentrations.

careful mounting of samples and choice of a suitable surface to be analyzed are neces-
sary for obtaining good reproducibility of the analyses. The variations in sample geometry
are presumably the reason why the calcium/sodium ratio exhibits the largest standard
deviations: the calcium and sodium signals lie relatively far from each other in the spectrum.

The analysis of glass samples by emission spectrography shows lower reproducibility in
measured elemental ratios (Table 2). On the other hand, this method is more sensitive
than energy dispersive X-ray analysis and can detect trace elements at concentrations in
the parts per million range. The reproducibility for iron is poor, probably because of
contamination [4], and this element was therefore not included in our experimental results.

Variations over Single Glass Panes

No variation in chemical composition could be detected over two panes of sheet glass.
By contrast, a variation in refractive index over the panes was observed. The analysis of
variance showed a statistically significant difference in the refractive index of samples taken
from different points in the panes. This finding is in agreement with previous reports [2].
No evidence of a gradual change of refractive index over the panes was obtained.

Discrimination Between the Samples of Window Glass

The glass samples listed in Tables 3 through 6 all originated from different windows.
Because of the variation in the physical parameters within the same sample, many of the
specimens could not be distinguished on the basis of their physical properties alone. On
the other hand, the elemental ratios obtained by energy dispersive X-ray analysis showed
large variations between the samples. The ratios were mean values of three separate
measurements. Nearly all of the samples could be distinguished by this method. In this
discrimination, a greater uncertainty in the high values of elemental ratios was considered
when the concentration of one of the elements was near the detection limit of the method.

Figure 3 illustrates clear differences in chemical composition of two of the samples with
identical refractive index. A short analysis of such samples would be quite sufficient to
notice the differences.

Energy dispersive X-ray analysis did not distinguish between the glass Specimens 5 and
6; 12, 15, and 17; and 32 and 34. Glass Samples 12, 15, and 17 had, however, quite dif-
ferent refractive indexes. Finally, emission spectrography showed that Samples 12, 15, and
17 were different from each other, as were Samples 32 and 34. Only Samples 5 and 6
were indistinguishable by all the methods employed in this study.
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TABLE 6—Emission spectrography of the samples of Group C
indistinguishable by energy dispersive X-ray analysis.®

Ratio Sample 32 Sample 34
Titanium/manganese 0.8 0.7
Barium/manganese 0.2 e
Potassium/manganese 0.6 0.95
Chromium/manganese .. 0.35

?Note that these values express the ratio of line intensities and are not
proportional to absolute concentrations.

TABLE 7—Elemental analysis of three glass samples from an actual case. The samples were
indistinguishable by density measurements.

Analysis Sample A Sample B Sample C
Refractive index 1.5174 1.5174 1.5175
Sodium/magnesium 2.11 1.89 1.91
Sodium/aluminum 2.38 2.45 3.82
Magnesium/aluminum 1.13 1.30 2.00
Calcium/sodium 1.12 1.12 1.23
Calcium/potassium 15.6 51 o

T T T T
1 2 3 4
ENERGY, KeV

o

FIG. 3-—X-ray spectrum resulting from a 400-s analysis of glass Samples 23 and 24 of Group B.
The refractive index of both of these samples was 1.5198. The height of the silicon peaks exceeds the
intensity scale in the figure.
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Table 7 shows the results of an actual case. Eight glass samples were sent to our labora-
tory for investigation. Three of the samples were indistinguishable with respect to refractive
index and density. By using energy dispersive X-ray analysis, all these samples were found
to be clearly different from each other.

A recent report on quantitative analysis of glass by emission spectrography [14] revealed
a correlation between refractive index and calcium concentration. The number of glass
specimens investigated in this study was too low to draw any definitive conclusions. How-
ever, it seems that the calcium/sodium ratio of the samples increased with increasing re-
fractive index. This ratio also only rarely discriminated between glasses with similar re-
fractive index. The frequency distribution of the other elemental ratios for window glass is
depicted in Fig. 4.

Conclusions

The comparison of glass fragments may be performed by four methods in our laboratory.
The measurement of refractive index and density of samples is a routine operation. In this
study, two semiquantitative methods for chemical analysis of glass have been added. By
combining these methods, 38 of 40 window glass specimens could be distinguished from
each other. All the methods, with the exception of emission spectrography, are non-
destructive and can be used for a single glass fragment. The whole procedure for the
examination of actual cases in our laboratory is as follows.

The physical properties of samples are examined first. Density, refractive index and,
when possible, the thickness of glass fragments are measured. A rapid discrimination be-
tween samples with sufficiently different refractive index may be done on the Mettler hot
stage equipped with a monochromator. At constant temperature, the Becke line will dis-
appear at different wavelengths for such samples.

When the physical methods do not discriminate between the glass samples, they are
analyzed by energy dispersive X-ray analysis. This method is nondestructive, applicable to
extremely small fragments (submilligram samples), and rapid in comparison with, for
example, emission spectrography. A complete analysis (that is, sample preparation,
analysis, and calculation of elemental ratios) of two glass samples requires approximately
1 h. Two or more analyses performed on each sample increase the analysis time a little,
but the precision is improved. A short analysis time and small sample size (such as samples
obtained by vacuuming) are the greatest advantages of this method.

Emission spectrography is a more laborious method. It is used if energy dispersive X-ray
analysis finds samples indistinguishable. Because of its longer analysis time, this method
is employed as a last resort for discriminating between the samples. The analysis is de-
structive and requires at least 1 mg of glass for each measurement.
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FIG. 4—The frequency distribution of the elemental ratios calcium/potassium (a), sodium/
magnesium (b), sodium/aluminum (c), and magnesium/aluminum (d) for 39 specimens of window
glass from Groups B and C.
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