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to determine layer structures), but it opens the possibility to find true differences in the finest components
of materials, which may be suggestive of a specific
manufacturer, batch difference or quality issue. Finally,
the resulting images provide a simple and visually
compelling means by which to convey such similarities or differences to a lay audience or jury.

ABSTRACT

INTRODUCTION

Microscopical methods permit the pigment particles responsible for color and effects in paints, inks,
polymers, rubbers and cosmetics to be directly and
readily observed, both in situ and ex situ. Using examples of pigments in paint, fibers and cosmetics, this
research will demonstrate practical sample preparation and imaging methods that permit detailed visualization and utilization of pigments as evidence in
forensic and industrial examinations. Preparation
methods covered here range from the efficient (smears)
to the traditional (cross sections) to the state of the art
(ion-polished cross sections), while imaging methods
spanning length scales of millimeters to nanometers,
which include polarized (PLM) and oil immersion light
microscopy as well as scanning (SEM) and transmission electron microscopy (TEM) will be demonstrated.
Not only does such analytical information provide for
the opportunity to make observations impossible by
more routine, indirect forensic approaches (such as
paint comparisons by infrared spectroscopy) or the
casual application of magnification that is common in
many laboratories (e.g., stereomicroscopy of paint chips

Although based around microscopy, the primary
discrimination methods in a current forensic trace
evidence laboratory rely on microspectroscopic techniques such as visible and infrared microspectroscopy
and energy dispersive X-ray spectroscopy (EDS). While
light and electron microscopes provide the optical (and
physical) basis for these methods, the actual imaging
capacities of these instruments are rarely utilized to
any significant extent. There are reasons for this, such
as the perceived (and real) limitations of specific identification by optical methods, difficulties (or lack of
knowledge) in sample preparation techniques, and the
perceived value that a numerically based result (such
as a spectrum) provides.
Yet there are areas where the visual capabilities of
a microscope provide distinct advantages and clarity.
For example, an infrared spectrometer can identify a
material such as protein by its amide I, II and III bands;
however, in a practical laboratory setting, it is difficult, based on a spectrum or spectral hit list, to specifically and confidently identify a protein as wool, nylon, skin, hair or silk. In contrast, these proteinaceous
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Figure 1. Pure pigment particles that are completely dispersed (1A), i.e. the individual particles are smaller than the resolution limit of the
light microscope optics and cannot be directly resolved (Pigment Red 122), and agglomerated (1B), i.e. pigment clusters can be seen by
light microscopy (Pigment Blue 15:2).

materials can be quickly and definitively identified by
microscopy, even when present in a fairly degraded
state. In the same way, it is difficult, if not impossible
to discriminate between a paint that contains mica
and rutile and one that contains a rutile-coated mica
effect pigment using elemental or spectroscopic methods alone.
Through various examples, this article will demonstrate that the microscopic particles responsible for
color in paints, inks, polymers, rubbers and cosmetics
are directly and readily observable. A range of microscopical techniques spanning length scales of millimeters to nanometers will be utilized to illustrate the
ways in which pigments can be directly observed at
various magnifications and provide a survey of the
information that can be obtained from various types
of pigments and evidence.
PIGMENTS
Before trying to see a pigment, it is important to
understand some of the basic properties that define a
pigment:
• changes the color of light as the result of wavelength-selective absorption or interference phenomena;
• is insoluble in the matrix in which it is dispersed
(as opposed to a dye, which is soluble in its matrix);
• may also be a dye, depending on its form in the
matrix used;

• may be manufactured from a dye by precipitating a soluble dye with a metallic salt, a pigment known
as a lake (1);
• are often less than 1 μm in size (and below the
resolving power of the light microscope).
Given this last property, it seems that pigments
should be inaccessible by light microscopy, which has
a theoretical resolution limit of around the wavelength
of light (near or just below 1 μm). While this is technically true, the practical difficulties in compete dispersion and/or uniform particle size results in the presence of particles in the 1–5 μm range that can be observed by light microscopy. Figure 1 shows two examples of pure pigment particles as observed by light
microscopy. In Figure 1A, the particles are extremely
well dispersed and no discrete particles can be observed. In the other half of the figure, visible pigments
with discrete (i.e., agglomerated) particles are observable (Figure 1B).
OTHER METHODS
Presently, trace evidence analyses involving pigments are routinely limited to 1) macroscopic comparisons of paint chip color; 2) spectral overlays of paint
chip compositions by elemental and spectroscopic
methods, which may provide some insight into the
types of pigments used; 3) a determination that effect
pigments were utilized in a paint; and 4) the visual
recognition of glitter.
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Figure 2. Morphology of a white spray paint as it appears dried on a synthetic fiber
observed in transmitted light (2A) and reflected light (2B). A loose black spray paint sphere
between two white paint spheres observed in transmitted light (2C) and reflected light (2D).

2D

With a bit more care, some pigments may be identified specifically on the basis of their FT-IR spectrum,
though this application is typically confined to pigments that have infrared absorptions that fall in areas
between groups of peaks originating from the binder
(2, 3). Similarly, Raman spectroscopy is capable of identifying a wide range of pigments, though fluorescence,
resonance effects and binder interferences can result
in limitations to the method (4). Regardless of their
capabilities, neither of these techniques is commonly
applied to forensic paint comparisons.
BLACK AND WHITE
Carbon black and titanium dioxide (rutile and
anatase) represent three of the most commonly utilized pigments, responsible for the overwhelming majority of all black and white pigments produced worldwide. In the following paragraphs, some of the notable
information that can be obtained by observing these
pigments is presented.
Paintball
An oblong sphere that appears black in transmitted light is shown in Figure 2A. The shape of particle is
indicative of an aerosol droplet of wet spray paint
when it lands on a fiber. Once in contact with the fiber,

the low surface energy spherical shape of the wet paint
aerosol is distorted by capillary action, which results
in the periphery of the sphere being drawn along the
length of the fiber to form a “football.” This morphology, which was observed by Skip Palenik on fibers
shed from the home-painted headliner of a vehicle
owned by Booker T. Hillary, played a key role in his
conviction and re-conviction (5). Although the particle
in Figure 2A appears black, examination of the same
particle in reflected light (darkfield; Figure 2B) shows
its true color is white. In this case, the reason that the
white paint appears black is because the particle is
thick enough to be opaque transmitted light.
To extend this example, illustrating the importance of using reflected light to examine coloration,
another group of spheres is shown in Figure 2C. By
transmitted light, the particles appear black and not
so different from those shown in Figure 2A. However,
in this case, the reflected light image (Figure 2D) shows
that they actually consist of a black spray paint sphere
flanked by two white spheres, illustrating the importance in taking advantage of multiple illumination
methods.
Titanium Dioxide
Titanium dioxide (Pigment White 6), responsible
for the white color noted in these paint spheres, is the
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Figure 3. White titanium dioxide pigment (rutile). The white pigments appear dark, or even black, in transmitted light (3A), but the true white
color becomes apparent when observed in darkfield illumination (3B).
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Figure 4. A macro image of a spool of solution-dyed polyolefin automotive carpet fiber (4A) and a plane polarized transmitted light image of
one of these fibers in which agglomerates of black pigment particles used to color the fiber are visible (4B). In comparison, a macro image of
a “black” dyed nylon fiber (4C) and a transmitted light image of this same fiber (4D), which shows that the color of the fiber is neither truly
black nor colored by solid particles. The inset in figures 4B and 4D show contrast-adjusted magnified images of areas from each fiber. A
visible spectrum (4E) from the carbon black fiber and the dyed nylon fiber are shown together to illustrate the difference between the true
black of the carbon black pigment and the composite black of the dyed fiber.
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Figure 5. A black paint smear (5A) shown at two different magnifications in transmitted light. At a higher magnification (5B), some clusters of
carbon black particles are visible. However, the even tone of the matrix is the result of dispersed carbon black particles that cannot be
individually resolved due to their small size.

most commonly used white pigment (as either the
rutile or anatase polymorph); however, it does not always appear white under a microscope. When present
in a paint, light scattering or simply the thickness of a
layer can cause the pigment to appear dark or black in
transmitted light. This same concept holds for white
paints observed in smears and cross sections. In fact,
even at higher magnifications, individual rutile particles can appear dark, or even black, in transmitted
light (Figure 3A), but with oblique illumination, the
white color of these particle can be seen clearly (Figure
3B). Here, the individual pigment particles appear black
because the high refractive index of rutile (nω=2.6,
nε=2.9) relative to the mounting medium results in a
high particle contrast.
Carbon Black
Carbon black (Pigment Black 7) is the only truly
black pigment and is the colorant ubiquitous in black
and gray paints, pigmented black inks, black printer
and copier toners, and black rubbers. The macroscopic
image of a spool of solution dyed (i.e., pigmented) black
polyolefin fiber is shown in Figure 4A. The fine agglomerates of carbon black pigment can be observed
by a detailed microscopical examination of this fiber
(Figure 4B). Although many other “black” fibers have
a generally black macroscopic appearance, such as the
dark nylon fabric shown in Figure 4C, the color in such
fibers results from a combination of multiple dyes. In
the case of the fiber shown in Figure 4C and 4D, the

fiber is dyed with a combination of three nylanthrene
(acid) dyes. By plane polarized light microscopy, the
fiber is pleochroic and exhibits a generally notable dark
orange-navy-brown color (as opposed to the true black
of carbon black pigment) with no visible pigmentation (Figure 4D). The occasional inclusions that are
observed in this fiber, which have a dark appearance,
are due to a low concentration of titanium dioxide,
which is used as a delusterant. To illustrate the difference in color between the true black of carbon black
pigment and the apparent black of the dyed fiber, the
visible spectrum from each of these fibers is presented
(Figure 4E). The spectrum from the carbon black fiber
shows complete absorption across the visible spectrum (true black), while the dyed nylon fiber shows
several deep absorption bands that can be attributed
to the chromophores of the three dyes used to give it a
dark color.
In the same manner, it is possible to recognize when
carbon black pigment is present in an automotive
paint. Figures 5A and 5B show a black automotive paint
smear at two different magnifications in transmitted
light. While individual pigment clusters can be seen at
higher magnification (Figure 5B), it is clear that the
black pigment particles are much smaller than the
rutile particles observed in the white paint and, in fact,
cannot be seen individually by light microscopy. In
order to see the individual pigment particles, it is necessary to utilize a higher resolution instrument such
as transmission electron microscope, which can re-
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Figure 6. An aciniform cluster of carbon black (Pigment Black 7) (6A) observed in a brightfield transmission electron microscope image. A
higher magnification image (6B) of an area of the cluster shown in figure 6A reveals individual nanoparticles of carbon black.
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Figure 7. A single glitter particle observed in plane polarized transmitted light (7A) and between crossed polarizers (7B).
solve the aciniform (i.e., “grape-like”) morphology that
is characteristic of carbon black. A cluster of aciniform
carbon black (~400 x 800 nm) is visible in Figure 6A. By
magnifying a portion of this cluster (Figure 6B), the
individual particles comprising the aciniform matrix
can be observed, which, in this case, are on the order of
~50 nm (roughly 10–20 times below the resolution of
light microscopy).

ENGINEERED PIGMENTS
Effect pigments, which are found (among other
places) in makeup and automotive paint are often
highly engineered and can be composed of a multilayered structure. Effect pigments such as these are
generally larger than the 1 μm size that is the typical
upper limit of most traditional organic and inorganic
THE MICROSCOPE 62 (2014)
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Figure 8. An individual mica flake (8A) observed in the area of an alleged cosmetic stain shown with the elemental analysis of this particle
by EDS (8B). One of many silica spheres (8C) observed in the vicinity of the mica flake along with the EDS spectrum of this particle (8D).

pigments. One of the most notable examples is glitter,
of which a fair amount has been written in forensic
literature (6). This is due in large part to the fact that
many cosmetic glitter particles are large enough to be
observed by the relatively low magnification of
stereomicroscopy used to search for trace evidence.
The glitter particle shown in Figure 7 is a prime
example. This particular glitter particle originated
from a faint stain on a tissue suspected to contain a
cosmetic product wiped from the face of a homicide
victim.
Another free pigment (i.e., not bound in a matrix)
that is considerably smaller and more difficult to find,
but is still a diagnostic form of evidence, is mica (Pig-

ment White 20). One class of particle observed in the
area of the alleged cosmetic stain discussed above had
the characteristic, platy morphology of mica (Figure
8A). In combination with elemental analysis by EDS
(Figure 8B), the particle was identified as biotite mica
(nominally K3AlSi3O10(OH)2). The titanium and iron observed in the spectrum is due to thin film coatings of
titanium dioxide and iron oxide, applied to control
specific interference colors of the flake (7).
Another unusual particle type seen in the vicinity
of the mica flake (in the area of the alleged makeup
stain) are small silica spheres (Figures 8C and 8D). Such
microspheres are used in various cosmetic formulations, with stated applications for both absorption of
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Figure 9. Blue automotive paint cut in a planar section (parallel to the surface of the vehicle) observed at low magnification (9A) and
magnified to the point that effect pigments as well as clusters of individual blue, green and red organic pigments can be observed (9B).

oils (sebum) and to achieve a “softening effect” (8). Together, the silica microspheres, mica flakes and glitter,
along with microchemical analysis of the residue in
the stained area strongly suggested that the tissue stain
was composed of a makeup residue.
Such effect pigments are also used in automotive
paints. Currently, automotive forensic paint examinations often make note of and discriminate between
metallic flake and micaceous effect pigments. A blue
automotive paint that contains opaque metallic flake
(purple circle) and mica effect pigment (green circle) is
shown in planar sections observed in transmitted light
(Figure 9). In these images, the opaque metallic flake
appears black, while the mica appears as thin, off-white
flakes.
With higher magnification, other features of an effect pigment can be observed. For example, in an ionpolished section of a mica effect pigment, the coated
structure of the highly engineered pigment can be seen
(Figure 10). In Figure 10B, the stratified coating of the
mica flake is clearly visible. In this pigment, the mica
is coated with a bismuth oxide layer, which can be
seen in the elemental maps presented in Figures 10C
and 10D.
PAINT
The benefit from looking at pigments in situ, as
they exist encapsulated in a matrix, was the original
motivation for compiling this article. For example, the
high magnification image of the planar section shown

in Figure 9B illustrates that blue, green and red organic pigments are observable (in addition to the two
effect pigments). Given that the ultimate size of most
organic pigments is smaller than the resolution limit
of the light microscope, the pigment particles seen in
this image are mostly likely agglomerations of finer
pigment particles. Nonetheless, the ability to visually
observe the discrete particles responsible for composing the ultimate color of an object is not obtainable by
any other method.
In attempting to observe individual pigments (or
clusters), sample preparation becomes important. Care
must be taken to prepare a suitably thin preparation,
whether it is a smear (e.g., Figure 5), planar section
(e.g., Figure 9) or thin section (e.g., Figure 11). The thin
sections shown here were prepared on a rotary microtome with a tungsten carbide blade using a 2 μm
setting (nominal), which produced the thinnest sections possible with this instrument configuration. The
paint can then be mounted under a coverslip in xylene
(or another medium) and studied by oil immersion
microscopy (Figure 11).
Once identified, the color, size and frequency of
these colored pigments can be used as a point of comparison. In the case of Figure 11A, red, purple, blue
(possibly two shades) and black pigments are seen.
Once visualized, such pigments can often be identified
using confocal Raman spectroscopy (9). Here, three of
the pigments, Pigment Violet 23 (β) (dioxazine),
Pigment Blue 15 (copper phthalocyanine), Pigment
Black 7 (carbon black) could be identified specifically.
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Figure 10. A cross section field-emission scanning electron
micrograph of a coated mica flake (10A) made for use as an effect
pigment prepared by ion polishing (Ar ions); the stratified, coated
surface of the pigment as observed at higher magnification (10B); a
field-emission SEM image of the same bismuth coated mica (10C);
and elemental maps of the area outlined in figure 10C that show the
distribution of elements (10D).

10D

The presence (or absence) of such notable particles may
also provide insight into identifying manufacturers,
discriminating between manufacturers or possibly
even differentiating between batches of paint (since
pigments and pigment dispersion efficiency may vary
between paint manufacturers).
EXTENDERS
Using the same methods as those discussed for
studying automotive paints, some extenders and fillers can also be studied directly. While infrared spectroscopy can be used to efficiently identify components
such as talc and kaolin, this method does not permit
direct observation of these or other minor components.
For example, architectural tinting pigments (i.e., pigment dispersions added to white paints in different
ratios to achieve a specific color) produced by two
manufacturers are shown in Figure 12. The elongated
crystals, visible in Figure 12A, are notable to even the
untrained eye but are not detected in the other green
tinting pigment shown in Figure 12B. Since these tinting pigments are present at only a small concentration relative to the actual paint sample, the utility of
this particular marker remains unknown; nonetheless,

11A

11B

Figure 11. Oil immersion images of cross sections (11A and 11B)
of the color layer in two automotive paints illustrating that various
individual pigments can be observed.
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Figure 12. Green architectural tinting pigments produced by two different manufacturers. The sample from Brand A (12A) contains notable,
elongated extender particles, while the sample from Brand B (12B) does not contain any of these particles.

13B

13A

Figure 13. Fragments of a colorless glass coated with a thin, cranberry-colored glass layer give the original object a cranberry color
(13A). A brightfield TEM image of an ion-milled fragment of the glass (13B) shows the gold nanoparticles responsible for the cranberry
glass color.

it is not inconceivable that a difference such as this
could be significant when attempting to discriminate
between two nearly white paints. Furthermore, the
presence of this component in a sample could very well
be suggestive of a specific manufacturer.
COLLOIDAL
The future of pigments and pigment characterization will be found in the nanoscale. While nano has

become a buzzword and a very important sector of
the economy, such technology is not entirely new. Since
the late 17th century, cranberry glass has been commercially produced (Figure 13A). The color of this glass
is due to gold, dispersed as colloids (nanoparticles)
in solution (i.e., glass). The presence of these
nanoparticles particles can be confirmed by TEM. Examination of the brightfield TEM image shown in Figure 13B shows the particles (~10–20 nm) dispersed
within the glass matrix.
THE MICROSCOPE 62 (2014)
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SUMMARY
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In our laboratory, we have found that direct observation of virtually any sample by an appropriate
form of light microscopy (stereo and compound) and
electron microscopy can provide useful insights into
questions of a forensic, artistic or industrial nature that
are not obtainable by other methods. Ultimately, careful sample preparation and sample mounting, combined with care in acquiring a good image can go a
long way toward visualizing organic, inorganic and
effect pigments, both in a free form (e.g., makeup) or in
a encased form (e.g., paint).
Not only does such analytical information provide the opportunity to make observations that are
overlooked by routine protocols (such as infrared spectroscopy) or casually applied microscopical methods,
but it also opens the possibility to see real differences
that may be directly related to a specific batch or manufacturer. Finally, the resulting images provide a simple
and visually compelling means by which to convey
such similarities or differences to a jury.
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