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Abstract

The positive identification of asbestos in industrial products

frequently requires the application of more than one method of analysis.

Phase contrast optical microscopy, a standard method of asbestos analysis, is

often inadequate, particularly if interfering fibres are present. Character-

ization and determination of asbestos is facilitated by the complementary

application of X-ray diffractometry and scanning electron microscopy coupled

with energy-dispersive X-ray spectrometry (SEMEDS). Identification of

asbestos type and semi-quantitative estimation of content is often possible

in bulk specimens by X-ray diffractometry. In the event of ambiguous results,

definitive qualitative identification may be achieved by SEMEDS analysis

based on the determination of characteristic ratios of constituent elements,

including magnesium, silicon, iron, sodium and calcium, relative to standard

asbestos fibres. Details of analytical procedures are described.
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INTRODUCTION

Asbestos is the name given to several fibrous materials belonging

to the serpentine and the amphibole mineral groups. The asbestiform minerals

in the amphibole group include amosite, anthophyllite, crocidolite, tremolite

and actinolito, while chrysotile is the only asbestos mineral in the

serpentine group. These minerals have attained considerable commercial

importance because of their extraordinary thermal stability, resistance to

strong chemicals, and electrical insulation properties. For many years it

has been known that exposure to asbestos may induce cancers in the lungs,

stomach and esophagus. With additional evidence of the toxicity and

lethality of products containing asbestos, concern for those in the work-

place has created the need for rapid and definitive methods of identifying

and monitoring the various mineral forms. The techniques most commonly

utilized for this purpose include X-ray diffraction (XRD) ', scanning

electron microscopy (SEM) in combination with energy dispersive spectrometry

(lil)S) - 13, transmission electron microscopy (mm) with selected area electron

diffraction (SAi:)''' and polarized light microscopy1 8 . E"ach of these

techniques has some limitation which may not permit a definitive analysis,

depending upon the type and quantity of specimen available. X-ray diffraction

analysis of a bulk material requires a larger amount of material and often

produces uncertain results if asbestos is present in low concentrations.

The SEM-EDS and light microscopy techniques are not able to identify the

smallest fibrils of chrysotile (300-400 R). Selected area electron diffraction

patterns are often of too low quality for very small fibrils. It should,

however, be possible to gain enough information for the identification of

the material by the judicious use of a combination of two or more of the

above techniques. Chemical and morphological information obtained by the

application of SEM-EDS, combined with the unique structural information

provided by XRD or TEM-SAED should produce a positive identification of

asbestos fibres in most instances.

DREP has been periodically requested to carry out asbestos

determiaations in various products used by the Canadian Armed Forces. It is

usually necessary to at least identify the type of asbestos mineral present

and, occasionally, to estimate the concentration of asbestos in an industrial

product. The approach most often taken at DREP involves a preliminary
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analysis of the bulk material by an X-ray diffraction procedure, followed by

SEM-EDS analysis similar to that proposed by Langer et al7'9 and other

workers. This combination provides sufficient morphological, chemical and

structural information to qualitatively identify fibre type. The X-ray

diffraction technique may be quantified by calibration with suitable standards,

and estimates of asbestos concentration can be obtained by the SEM-EDS method

by counting fibres which have a composition corresponding to a known asbestos

type.

Composition and Properties of the Asbestos Minerals

Six minerals are typically classed as asbestos: chrysotile in

the serpentine group and five minerals from the amphibole group. By far the

most commercially important and most commonly encountered form is chrysotile,

which constitutes approximately ninety-five percent of the total world

production of asbestos. The principal sources of chrysotile are Canada and

Rhodesia and their respective varieties exhibit only minor differences in

morphology and physical properties. The amphibole group contains the

minerals crocidolite, amosite, anthophyllite, tremolite and actinolite. All

of the asbestos minerals in this group contain a common (Si802 2(OH)2)
-14

structure, to which variable amounts of Mg, Fe, Na and Ca are substituted

to form the characteristic composition of each. Structural formulae and

chemical compositions of the asbestos minerals are presented in Table 1. It

should be noted that the chemical compositions of the individual forms are

quite unique within the asbestos group and it is possible to distinguish

each type on the basis of composition.

The morphology and physical properties of the five common forms of

asbestos are summarized below:

(1) Chrysotile (Figure 1). The most prominent characteristic of

this asbestos type is a tendency to form in bundles of smaller fibres or

"fibrils" (usually 300-400 R in diameter). This tends to give the fibres a

rough surface or a rope-like appearance. Individual fibrils usually have a

hollow central shaft, a characteristic which is only readily observable in

the TEM. The fibres tend to be quite fine and long, with a length-to-width

ratio commonly greater than 100.
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(2) Amosite (Figure 2). Fibrous masses are grey to white in

colour and exhibit a much straighter fibre in comparison to chrysotile.

Fibres are coarse and may be very long (up to 10-11 inches), and usually

exhibit a rectangular cross-section. A common morphological characteristic

of all forms of amphibole asbestos is the formation of cleavage planes with

angles of 560 and 1240 between the planes. Cleavage, where visible, is an

important morphological feature of all types of amphibole asbestos.

(3) Crocidolite. This mineral form is blue in colour. Fibres

are long and coarse and circular in cross-section, and are stronger than

chrysotile.

(4) Anthophyllite. This variety is grey in colour. Fibres are

typically very short and brittle, and are usually milled to a length of

11/10" due to extreme inflexibility.

(5) Tremolite. A characteristic feature of this form is the

occurrence of long lath-like crystals with a length-to-width ratio typically

ranging from 10 to 20.

(6) Actinolite. This variety is chemically similar to tremolite,

but fibres are smaller in width and are very brittle. The mineral is useful

only as a cheap filler.

Specimen Ireparation

The methods of specimen preparation necessary for the examination

of asbestos fibres by the two techniques of principal interest, i.e. SEM-EDS

and X-ray diffractometry, are to a large extent in conflict. The SEM

technique requires a representative dispersion of both the fibres and the

matrix material, with only a minimum disturbance in the fibre length and

morphology, whereas the X-ray diffraction technique demands a very finely

ground (<1 pm) and homogenous mixture of both the asbestos fibres and the

matrix components. For this reason, after a preliminary examination of the

sample in a light microscope to determine the major morphological character-

istics, the sample is divided into two appropriate portions for analysis by

the two techniques. The larger portions is then prepared for X-ray diffraction

analysis by grinding in a tungsten carbide ball mill for about ten minutes.

The resulting fibre size is sufficiently small for the identification of

major amounts of asbestos by X-ray diffractometry. Sieving of the sample is

usually avoided, since it may isolate the longer asbestos fibres and thus

- ] . . . - .. . . . i I ll . . . . . .



-5-

change their distribution in the specimen. It has been noted that preferred

orientation effects are not usually seen for most asbestos forms and that the

grinding procedure is adequate, as outlined, for qualitative identification

purposes.

Preparation of a representative distribution of asbestos fibres

and matrix components with minimal alteration of the fibre size is required

for SEM analysis. Selective collection of asbestos fibres should be avoided.

Initially, the sample may require light grinding to break the larger fibrous

masses and to provide a more homogenous mixture of asbestos fibres and

matrix material. The sample is then dispersed in a small volume of acetone

and a few drops of this suspension are transferred to the surface of a

polished, graphite planchet. The acetone is allowed to evaporate on the

planchet surface, which is then coated by evaporation with approximately 100

of graphite to prevent charging effects in the SEM and to facilitate the

subsequent X-ray microanalysis.

In some instances it may be desirable to eliminate the matrix

components. This must be done in such a way that little or no change in the

asbestos fibre composition or morphology is observable. The technique chosen

will he largely dependent upon the nature of the matrix material. An organic

matrix may be eliminated by low-temperature ashing or by dissolution in a

suitable solvent. It should be noted, however, that chemical modification of

the fibre may occur in strong acid or alkaline solutions, and that the

stability of the minerals in such chemical environments follows the approximate

order:

Anthophyllite > crocidolite>>amosite >>> chrysotile7 .

In many asbestos-containing products, refractory components such

as silica or diatomaceous earth compose the bulk of the matrix. In such

cases, it is virtually impossible to selectively remove the matrix components

without alteration of the asbestos fibres. For samples such as these, all

matrix components must be known since interference by the matrix in the

analysis of the asbestos fibre will be unavoidable and must be accounted for.

Several alternative specimen preparation techniques have also

been proposed which produce a distribution of fibres such that they are

essentially sandwiched between two layers of evaporated carbon on a copper

grid 6 ''0 '. This procedure is far superior for quantitative estimation of

asbestos fibre content by the SEM-EDS technique, since the original collected
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distribution is not altered and the X-ray continuum emission is greatly

diminished by the removal of the graphite substrate. For the types of sample

considered here, where accurate fibre counts are not necessary and fibres are

not usually broken down to their smallest dimension (300 R), this more time-

consuming approach is not considered necessary for simple qualitative

identification of the fibre type.

X-Ray Diffraction Analysis

If the asbestos component is present in sufficient amount, X-ray

diffraction analysis alone may prove adequate to identify the asbestos mineral

in the product to be examined. The major lines of the X-ray diffraction

patterns and their interplanar spacings - d(R) - and relative intensities

(I/I have been measured previously 1 9 and are listed in Table 2. Since it is

Table 2

Principal Diffraction Lines of UICC Asbestos Standards

Mineral d( ) 1/11

Amosite 8.26 100

3.27 36

3.07 52

2.77 43

Anthophyllite 9.50 100

8.40 26

4.58 55

3.25 47

3.13 58

5.06 64

Crocidolite 8.43 100

4.51 26

3.43 26

3.11 ,I

2.72 5 0

2.(1 2(0

2.54 30
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Table 2 (continued)

Mineral d (R) I/Il

Chrysoti IC 7.38 100

4.55 27

3.66 57

2.46 24

1.54 21

not always possible to separate or to concentrate the asbestos fibres in the

matrix, it is usually necessary to produce a homogenous mixture of the entire

product. In these cases, the reliability of this method to identify positively

the mineralogical forms is inhibited by two factors; diffraction lines of the

asbestos component and of the matrix may fortuitously overlap and the

concentration of asbestos in the specimen may not be sufficient to produce a

diffraction pattern which has an adequate number of lines for qualitative

identification. Figure 3 shows a typical X-ray diffractogram of chrysotile,

obtained from a product which until recently was in local service (asbestos

fibre rope). The concentration of chrysotile in the sample is well in excess

of0t , by weight and does not contain a matrix component which may complicate

the diffraction pattern. The resulting identification of chrysotile as a

major component in this sample would be definite, without resorting to a

further analysis by a complementary technique such as SEM-EDS. A less con-

clusive example may be seen in the diffractogram of the abrasive component in

a non-slip epoxy deck coating (Figure 4). It is immediately noted, after

reference to Table 2, that the majority of the specimen is some component

other than an asbestos mineral (subsequently identified as --quartz, Si0 2).

Since the asbestos forms tend to have rather simple diffraction patterns

which contain only one or two strong lines, the small peaks present in the

diffractogram are not adequate to unambiguously identify chrysotile in this

specimen. Furthermore, it is usually necessary to identify all phases present

in the matrix in order to eliminate the possibility of a fortuitous occurrence

of a matrix diffraction line at the same position as the major line of an

asbestos mineral. Although the presence of chrysotile is strongly suspected,

this example illustrates that X-ray diffraction analysis of the bulk specimen

often does not supply enough information for the positive identification of
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asbestos. The required information may be obtained by further investigation

with other techniques, such as SEM-EDS.

Scanning Electron Microscopic Analysis

Valuable information may be obtained from individual fibres of

asbestos by combining two unique capabilities of the scanning electron

microscope (SEM) coupled with energy dispersive spectrometry: high resolution,

high magnification imaging and the ability to perform X-ray microanalysis.

Asbestos fibres with diameters as small as 0.1 pm can be easily located and

imaged if the substrate is sufficiently flat and featureless. The SLN has

the unique ability of obtaining high magnification with a large depth of

fields, thus decreasing the possibility of overlooking many of the smaller

fibres. Still higher magnification may be obtained in the transmission

electron microscope (TEM), but the ability to view the smallest chrysotile

fibrils (300-400 R) is seldom required for the identification of this mineral

in products which, by nature, contain relatively large fibres (0.1-1 Jlm

diameter). The resolution of the SliM is adequate for the elucidation of many

of the finer morphological characteristics peculiar to the particular asbeslos

fibres that are not otherwise visible by light microscopy.

Perhaps of even greater utility is the ability of the SlIN to

obtain easily and rapidly qualitative or semi-quantitative chemical information

from individual fibres by the use of either energy dispersive (lIDS) or wave-

length dispersive (WDS) X-ray spectrometry. Several methods for the

identification of the various asbestos minerals have already been established 6
1

Usually full quantitative analysis of an individual fibre is impractical and

some form of elemental intensity ratio is used to characterize the chemical

composition of the asbestos fibre. Pattnaik and Meaki1 7,11 I 1' consider the

five element intensity ratio ("A-ratio") for the elements Si, . Fe, Na and

Ca as defined by:

Ai = i/ i  / i j/

where I i is the intensity of element i in the sample and I i is the intensity

obtained for pure element i, under the same anal)'tical condit ions. I f an I 1)

system is used for the acquisition of X-ray data, compar'ison| to the pure

element intensity should not be necessary since relative elemental intensities

under a given set of working conditions are essentially invariant for long

periods of time. Therefore, a simple intensity extraction with background

-I
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subtraction may be 11sed to calculate net elemental intensities and a modified

A--rm io may he defined ;is follow;:,

AiA I i >_ I' = peak intensity (2)

Although the operating conditions of the electron beam and the specimen-detector

geometry must be selected and reproduced for each analysis, the normalization

of the X-ray intensities obviates the need for close monitoring of the electron

beam current. Values of Ai* were measured for the asbestos minerals chrysotile,

crocidolite, amosite and anthophyllite and these data are presented in Table 3.

Extraction of net intensities from the recorded spectrum was carried out by

two methods:

(1) simple background subtraction by spectrum stripping,

integration of peaks in a region of width 2o and a simple iterative overlap

correct ion (DREIP program - "Asbestos").

Table 3

Measured A-Rat ios for Asbestos Minerals

Mineral Si Fe Mg Na

Chrysotile (1) 0.547 + 1.4-- 0.024 ± 56% 0.427 ± 4.1% --

(2) 0.573 t 1.1% 0.021 ± 40% 0.404 ± 3.4% --

(3) 0.583 0.023 0.393 --

Crocidolite (1) 0.$59 t 3.9% 0.371 ± 6.8% 0.040 ± 37% 0.024 ± 31%

(2) 0.584 ± 5.01. 0.379 ± 10.4% 0.011 ± 47.2% 0.021 + 66%

(3) 0.540 0.388 0.032 0.039

Ainosite (1) 0.520 6 6.3% 0.425 ± 11.8% 0.047 ± 38% --

(2) 0.533 A 4.9% 0.425 ± 8.4% 0.038 ± 26% --

(3) 0.532 0.423 0.045 --

Anthophyllite (1) 0.665 t 2.70 0.073 ± 39% 0.256 ± 11.4% --

(2) 0.689 ± 4.2% 0.065 ± 13.6% 0.241 ± 6.3% --

(3) 0.688 0.071 0.241 --

(1) A-ratios calculated by DREP program "Asbestos".

(2) A-rat'os calculated by least squares fitting to stored spectral data
("Super ML").

(3) A-ratios estimated from relative elemental sensitivities and stoichio-
metric concentrations.

(4) All uncertainties are ±20 relative, based on 12 determinations on
separate fibres.

t

k£
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(2) multiple least squares fitting of the digitally filtered

spectrum against standard pure element spectra (Tracor Northern program -

"Super ML").

Although the first program is a less accurate means of intensity extraction,

it can execute much faster than the multiple least squares fitting procedure.

The increased speed of execution is of great benefit if a large number of

fibres are to be identified. A comparison of the uncertainties in the

A-ratio produced by each procedure indicates that large relative intensity

variations may occur, most likely as a result of fibre inhomogeneity and

variable fibre diameter, and not as a result of the intensity extraction

procedure.

If sufficient asbestos minerals are not available, it is possible

to at least estimate suitable values of Ai* from the pure element intensities

of the elements concerned, i.e. Si, Mg, Fe, Na and Ca. Table 3 also includes

values of Ai* which have been calculated using the stoichiometric concentration

for these elements and estimated values of Ii, assuming no ZAF correction is

necessary, i.e. Ii = Ci x Ii.

It is noted that these estimated values compare quite well with

the measured values of Ai*, especially those generated by multiple least

squares fitting. From this it may be inferred that most asbestos fibres are

not sufficiently large to warrant corrections necessary for bulk specimens,

i.e. ZAF correction. Acceptable results may be obtained by assuming a direct

proportionality of concentration with relative intensity.

Conclusion

The utilization of two analytical techniques, X-ra . diffractometry

and X-ray microanalysis with a scanning electron microscope, produces structural,

morphological and chemical information on comimon varieties of asbestos. This

information suffices to discriminate the asbestos minerals from other mineral-

ogical forms and to characterize asbestos minerals. X-ray diffractometry is

capable of rapid identification of asbestos components in bulk materials,

provided that sufficient sample is available. In some instances, the quantity

of specimen may be limited or the concentration of asbestos in the sample is

not sufficient to produce adequate diffraction information for the positive

identification of asbestos. In these cases, individual fibres may be viewed

and semi-quantitatively analyzed in the SEM in order to identify them by
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their morphological and chemical characteristics.

The asbestos minerals of interest have sufficiently unique

compositions to permit the unambiguous identification of single fibres.

Certain non-asbestos minerals may interfere with the analysis of the asbestos

minerals; for example, the mineral diopside is similar in composition to

chrysotile. However, the occurrence of similar minerals in the type of

proprietary products commonly examined is thought to be rare and possible

confusion with an asbestos mineral is unlikely. If, however, the analysis

is limited to fibres which have morphological features characteristic of the

asbestos minerals, all possible ambiguities in the identification are eliminated.
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Figure 1. Typical Chrysotile Asbestos
Fibres. (900X/2600X)

Figure 2. Typical Amosite Asbestos
Fibres. (1"100x)
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event of ambiguous results, definitive qualitative identification i,.ay be achieved
by SEMEDS analysis based on the determination of characteristic ratios of
constituent elements, including magnesium, silicon, iron, sodium and calcium,
relative to standard asbestos fibres. Details of analytical procedures are
described.
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