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I. INTRODUCTION

Tn suppori of the National Institute for Occupational Safety and

Health Contract No, 210-76-0119, Walter C. McCrone Associates, Ine., acted
as a contractor to perform a physical and chemical characterizaﬁon of smelter
dusts. Specifically the objecﬁvé of this work was to obtain for cach of five
smelier dust samples as complete a phyéical- and chemical cha;racterizaﬁon as
possible for at least 1000 individual particles from each dust. In performing
this study an automated electron microprobe was used to analyze the re-
présenta’five particles from the five samples. In total, 6027 particles were

- analyzed using the fully automated electron microprobe. That is, 1657 from

| Sample 1, 1005 from Sample 2, 1155 from Sample 3, 1029 from Sample 4
and 1081 from Sample 5. The analytical techniques used in performing the
sfatement of work along with the daia generatedl from each of the particles
analyzed were detailed in bi-monthly progress reports throughout the period of
performance ofmthe confract. Forwarded to the Project Officer under separate
cover are all of the raw data developed in the performance of this contract.
In addition to this raw data,appended tc this report are the computerized tables
summarizing the analyticél results for each of the five dust samples analyzed.
That is,for each of the five samples there are five different tables. Tablec A-1
details 'the particle size distribution for each sample, Table A-2 sumrarizes
the normalized major elements for each sample, Table A-3 gives a furiher
breakdown of the normalized major elemenis, Table A~4 lists- the total
major elements from the particles analyzed in the sample and Table A-b
summarizes the average particle size of each of the major elements within the
sample. Due to the nature of the statement of work and due to the detail of
information provided in the bi-monthly status reports, details of our analytical
progress during the performance of the contract has been kept to a minimum;
whereas in this report we have taken the oppertunity -to detzail the techniques
used for sample preparation, for sampie analyses, instrument conditions and an
evaluation of the data itself. For example, how good is the data generated using

the automated electron micrdprebe.
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Introduction, cont'd.

What are the short comings in the data, in the insirument iiself and in the
methods used? And, finally, a comparison of the various bulk analyses
performed and the individual particle analyses performed using the automated

electron microprobe,



II. SAMPLE PREPARATION

The five samples for electron microprobe analysis were received
in glass vials with each vial containing the amount of sample shown in Table 1.
The sémples were composed of small particles ranging in size from sub-
micrometer o approximately 10 ym. DMost of the particles in’each vial were
heavily agglomerated therefore for microscopical examinai:loﬁ‘ the particles
had to be dispersed on a glass slide using immersion oil and xylene. Our
normal procedure for electron microprobe analyses involves either individually
mounting particles on a polished beryllium plate or dispersing a group of many
particles for anfomated analyses., Aside from the ease in visual observation a
smooth highly‘ reflective beryliium plate is used, as beryilium yields an ex-
tremely low x-ray background and therefore being indetectable in the electron
microprebe, Per the suggestion of fhe project officer, we used water as the
dispersion medium and after prolonged ultrasonic agitation, small droplets
of the dispersed particles were evaporated onto a beryllium plate and examined
in t}le ligh{ microscope. Since the majorify of the particles were siill
agglomerated after evaporation, several organic solvents were tried as a
dispersant to achieve a better separation. Experimentaily we found that the
best particle separation was obtained using xylene at densities below 0.5% by
Weighi {0.5 g dust in 100 g of xylene). Afier prolonged ultrasonic agitation
a few droplets of the suspension were again placed on a beryllium plate and
allowed o evaporate. Visual examination verified that at least 95% of the
partic.les had been Separéted and that the degree of agglomeration was
negligible, Two sets of such samples were then prepared from each vial.
Each preparation covered an area of approximately 9 mm2 '(9“;106 um'?') and
with a density of one particle per 1000 square micrometers, a total of
approximately 8000 small particles were mounted for analysis. The inherent
electrostatic forces between the particles and the beryllium substrate and the
presence of traces of scluble organics within each sample were sufficient to
keep the particles attached to the mounting plate during our electron micro-

probe analysis.



In addition fo the two seis of samples for discrete (individual)
particle analysis, an additional set of sampies with high particle density for
bulk analysis was prepared. These samples were easily prepared by sus-
pending & large number of pariicles in a small quantity of xylene and then
evaporating relatively large droplets onto a beryllium plate. Each of these bulk
samples contained well over a million swmall particles. As we have determined
from our prsvious expeﬁence small particles (below 10 ym) do‘nof_; require an

clectrically conductive coating, thus none was applied {o these samples.
Iii, INSTRUMENTATION AND OPERATING CONDITIONS

Chemical anzalysis of the small particles from each of the samples
was performed using a completely automated Anplied Research Laboratory
EMZX type electron microprobe. During the analyses for these studies the
electron microprobe was operated with an accelerating voliage of 20 KV, a
spscimen current on beryliimm of 25 nA and g 0. 5.1.i:m diameter electrom beam.
Each of the three crystal spectrometers mounted within the EMX were used for
the detection of 25 predetermined x-ray lines and the measurément of their
respective intensities. For example, spectrometer number one is fitted with
a Lithium ﬂuoride crystal which was used for the detection of mostly heavy and
intermediate atomic weight elements. Spectrometer number two has an ADP
crystal and was used for the detection of both light and heavy elements.
Spectrometer nuraber three has a KAP crystal and was used to detect most
of the light elements such as sodium, fluorine, oxygen, etc. Table 2 lists
the elements detectable for each of the thres spectrometefs. Each x-ray
chamnel has a pulse height analyzer which was permaﬁently set on a thresholdof
0.5 volts with an electronic window of 10 v. The beam current was maintained

constant by the digital computer.



V. SOFTWARE

The completely automaised electron microprobe was entirely under
the control of our PDP-11/15 computer system which had been interfaced to the
EMX through an especially designed McCrone interface system. Although several
specific computer programs have been developed, the software syé%em used for
thig study was designed to detect small particles by chaﬁges in the specimen current.
The small particle analysis program was designed to locate a small partele
mounted on a polished substrate, measure its size and calculate ifs ¢chemical com-
position from the measured x-ray infensities. Using the éor-fesponding input
parameters the {eletype prints out the tofal rectangular area searched, the stage
stepping increments, the beam scan area and the number of raster lines within fthe
beam scan area,

The detection of a particie is perceived by the computer as a decrease

in the ahsorbed specimen current signal as the beam rasters through a search
area of approximately 24x30 um. Specifically, a decrease in the specimen current
signifies the presence of material with an average atomic mmiber greater than
that of the beryllium substrate (Z=4). As beryllium is a low atomic number element,
over 99% of the particles have a higher backs cattering factor, thus giving a lower
specimen current., For example, light minerals such as A120 4 cause an electron
backscatter about 10% greater than that of beryllium. However, materials which
cause less than 10% backsecatter are usually organic in nature and cannot be
differentiated by automated microprobe analyses. The input parameter for the
decrease in specimen current can be chosen so thal only material of general
interest would be selected for analysis. For small particles the electron back-
scatter decreases rapidly due to the particle size effect; therefore during the study
the increment for the change in specimen current relative fo the subsirate ranged
fiom 2-5%. |

| When o decrease in specimen current is detected within the pro-
grammed value, the beam transverses the particle in X and Y divections, The
comaputer then calculates the center of the particle and positions the beam on the
particle. If the average dimension is smaller than the input requirement
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(>0.5 pm particle size), the particle is rejecied and the beam continues
searching for another particle., If the particle physically overlaps the perimeter
of the raster area the beam is centered only on that portion of the payticle which
is within the raster area. For practical reasons minimum particle size of 0.5
to 1 pm was accepted. for the routine mass scan work. A minimum particle size
can be established at any greater value depending on the requirez;lent's (degree of
dispersion and maximum particle size) for the sample. Once the beam is
positioned on the particle the spectrometers then cycle through the normal operatling
range to provide a complele semiquantitative anal:y;sis. The chemical composition,
raster area and particle size are determined and recorded within the computer
system and thereafter printed outl by the teletype. The new data are stored on
magnetic tape and computed values may be ouiput onfo various periphials, After
complefing an analysis, or if a particle is not detected within the raster area, the
stage moves o the next raster position, During this process the beam current is
monitored for drifts and adjusted if necessary. This sequence is repealed until
the dimensional limits of the mass scan are reached or an operational failure occurs.

The actual analysis of a particle is performed as the spectrometers
are resel to the initial position and the three scanners start to operate in parallsl
to measure the intensity of the 25 clements and 12 background positions, The
counting or accumuiation period used throughout this study was 10 seconds as
manually preset on the tfimers. Each measured value is read and stored by the
computer after the scanner cycle has been completed.

The percentages of the slements as detected are calculated and
corrected for background. These values are then stored within the computer and
' printed out on the teletype in decreasing order of the composition within the per-
centage categories. The calegories are as follows: major for elemental
percentage >5%; minor for 1-5%; and trace for <1%. Elements present in {race
quantities are not printed out.

The elemental percentages are calculated using a standard intensity
file and a general background correction file. The standard intensities are com-~

piled from primary x-ray line intensities measured on the pure elemental standarcs.
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In turn, the genseral .background file is computed from the interslement interference
file and the measured background intensities. The interelement interference file
iz generated by analyzing each standard and exiracting all the background intensities
other than primary lines. This generated information thersefore provides the
intensity ratios that any element contributes to any other element's primary in-
tensity measurement. As these files are sensitive {o individual spectrometer
| misalisnment or drifts they are monitored on a regular basis. TI;e continuum for
' background values are detérmined by fitting an empirical curve to the values
measured at selecte;i specitral background positions. The interference and back-
ground caleulations are then summed and subiracted from the total observed counts
for each eiement, The elemental composition is calculated to an unnormalized
first approxdimation by raticing the net counts to the expected values for pure
elements. The concentrations are then normalized to 100%.
+ An example of the actual data generated and pﬁfinted out dui’ing an
analysis is shown in Table 3. The first six columns of mé'anaiysis printeut list
the chemical symbol of the detecied element and the respective raw count data.
Column 7 lists the wnnormalized-background-corrvected first approximations for the
major and minor concentrations. These values vary with the established specimen
current and accumulation intervals as well as sample variety.‘ Column 8 represents
the background-corrected intensities normalized to 100% and Column 9 gives the
standard deviation based upon the counting statistics from the normalized column,
The analytical data determineﬁ from our electron microprobe analyses
are semiquantitative in nature since no atomic number, absorption, or fluorescence
corrections were performed on any of the sample dafa. The ahsence of a ZAF
correction generally introduces a relative error of 2;5%. In extreme cases such as
very light elements in a heavy matrix this relative error could be as large as
20-30%. However, on very small particles (approximately 2 ym in size) the ZAF
correction is not applicable since the absorption effect (the most important of all
the corrections) is reduced significantly due to the physical size of the particie. That
is, the ghorter the absorption path the less the x~rays are absorbed by the particle
itself,



V. STANDARDIZATION, iNTENSITIES, PEAKS, BACKGROUND FILES

Before performing the electron microprobe analyses both the micro-
: Drobe - and the computer wers standardized following routine pfoce&ure. Afier
adjusting the sample current to a predetermined value (25 nA)> ata 20 kv
accelerating potential, a pure element standard or a pure compougd was analyzed
and evaluated. This standardization and/or calibration procedure consists of
locating the precise posifion of the majoi’ x-ray line for the standard, meaéuring
the number of x-ray counts for 10 seconds and then storing both of these values
in the computer memory. At various settings near the major peak a number of
. positions are selected for measuring background intensities and in furn these
values are also stored in the computer for later use in calculating the background
file. _

" As in most highly sophisticated analyﬁeal. ingtruments calibration is
an essential task.As the electron microprobe has been operating in an automated
mode for nearly ten years, the x-ray spectrometers were continuously checked to
verify their positionings for both the major lines and the background. Using a
series of standards the intensities of these lines were routinely measured after
the analysis of approximately 500 small particles, )

The necessity for such frequent measurements is the frequent
changes in these fralues. As the x-ray diffracting crystals normally deteriorate
with use and lose their efficiency, alignment of the x-ray spectrometers is
extremely critical, Any slight misalignment could cause up to a 20% change in
the x-ray intensity of a particular element within a week's {ime,  Ancther source
of fluctuation in the x-ray intensities is the proportional counter itself; the
counters are affected by temperéture, pressuvre (flow type) and changes in
voltage and thus can alse cause significant changes in the respecﬁve Intensities.
The factors mentioned will affect the count rafes of both the x-ray peaks and the
background positions. Since the count rates determined for backgrounds are

commonly one to two orders of magnitude lower than the peaks of interest,
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background fluctuations can easily affect the analytical results more severely.
Therefore, in our analyses we had fo use more than one background file for
each sample in order to maintain consistency with the analytical results.

Most of the elements searched for within our analyses were easily
analyzed but some presented special problems., For example, thti most serious
problem was encountered in analysis of oxygen due to a low crysfél efficiency in
detecting this element. With the background values for oxygen at 2-5 cts/sec and
the peak values at 20-50 cts /sec the slightest drift or change in the spectrometer
alisnment produced erroneous resulis ranging from a total absence of oxygen o
an abundance of various oxides. Therefore, the measurement of oxygen was
specifically watched.

Similar difficulties were experienced with some of the other light
elements such as fluorine or sodium. In order to detect these elements when
the count rates were at a low level, the sensitivily had to be increzsed; in scme
instances the sensitivity increased so much that the computer prdgram occasion-
ally calculated and produced particles with unusual compositions. . For example,
the detection of iodine as shown in Table A5-2 is artificially detected due {o the
low background. Such results were sometimes further caué ed by spurious

electrical pulses during elemental peak measurements,

Vi, SAMPLE ANALYSES

¥or each of the five samples, approximately 1000 particles from
the finely dispersed sample preparation were analyzed for 25 elements, using
the automated mass scan technique, The data generated during these analyses
are summarized within the data tables of the Appendix. Although we were very
Pleased with the overall performance of the instrument during cur analyses, we
experienced numerocus short comings as the analytical work progressed. Thus,
the subsequent analytical procedure was rectified and readjusted with more
than 1000 particles belng analyzed from each sample. The main reason for
analyzing particles in excess of 1000 was to compensate for the earlier dafa
that was unfortunztely poor data. In particular, during the anaiysis cf Sample 1

the operating cond_itions deteriorated and had to be readjusted thus causing poor
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and erroneous data on the first few hundred particies. The analytical data
obtained during our automated electron microprobe analysis of the small particles
from each of the samples are presented in the various individual computer
printouts. For each particle analyzed the computer printout contains the
sample and particle number, the size and the elemental componerits detected
in major and minor quanﬁfies; A summary of the results obtaived on all the
particles are presented in six different tables prepared for each of the samples
(see Appendix A). The tables are as follows: |

Tablé A-i summarizes for each sample the particle size

distribution of the particies analyzed. The particles are

characterized into nine size ranges varying from <1 um to

>8 pm, The table containg the number and percentage of

particles in each size range.

Table A-2 summarizes the chemical composition of all the

particles into two groups: elements with concentrations of

5-10% and those with >10% concentration by weight.

‘Table A-8 is similar to Table A-2 exéept that it containg a more

detailed division of the particles according to chemical com-

position in each percentage range, i.e., 5-10%, 10-30%.

30-50%, 50-75% and over 75%.

Table A-4 lists the total number of particles for sach major

element identified in & particular sample. |

Table A-5 summarizes the relafionship between the size, the

chemical composition and frequency of the occurrence of the

particles in each sample.

A, Bulk Analysis Data

"As mentioned in the sample preparation section, five bulk samples,
one from each sample, were prepared for electron microprobe analyses.
Following our analyses of these bulk samples a comparison of the resultant data
was made with these data supplied by NIOSH from their bulk analyses of similar
samples, The results of both bulk analysis are given in the attached block

diagrams in Figures 1 and 2. Despite the general apparent agreement of these

- 10 -~

1<



results, there are considerable differences in the relative proportions of

certain elements, Tn our opinion the major reason for the discrepancy appears
to be the sampling technique which in spite of the small particle size is
extremely difficult to use and thus cannot ensure a homogeneoﬁs sample monnting,
Also due to the presence of a s_mall quantity of artifacts such as fibers, organic
material and other trace meaterials, and due to the presence of Tnherent
élecfrostatic forces on the particles, there is a significant degree of segregation
present within the vialg., This resultant segregation is a2 major cause of the
hetercgeneous samplings from the glags vials, We believe that the initial bulk
analyses which we perforimned prior to cur single particie analyses arc more
'fepresentaﬁv'e of the samples than those data supplied o us.

Another possible source ofdisparity in the comparison of the two
data sets is the solubilify of some of the dust components in the dispersant
solvent, xylene. An additional source of discrepancy was the segregation of the
particles after they had been dispersed and dried within the droplets on the |
beryllium plate. During our microscopical examingfion, it was observed that g
distinct segregation of smaller particles had occurred towards the periphery of
the droplet while the center portion contiained relatively coarsé particles. This
segregation was partially compensated for by the random sampling of the areas

for electron microprobe analysis within the droplets.

B. Data Fiuctua‘::ions and Limitations

Oue of the first problems encountered was the ste{idy drift of the
sample current due to rapid aging of the instrument filament. Although the
computer is programmed to compensate for such drifts with a relatively short
responge Hme, the drifts had caused a number of erroneous réadingé hefore
the computer could react. These therefore caused a number of non-existent
particles to be analyzed revealing results which were mbre or less random.

We also vealized that the stability of the spectrometers varied
from spectrometer to specirometer resuliing in non;detectable elemental
peaks, This error was rectified by more frequently aligning the spectrometers

and by continuously checking the infensities for most of the elements.
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The inherent problems caused during the analysis of agglomerated
particles was avoided only by exireme sample dispersion. Such sparse dis-
persions, however, increased the time for analysis as the computer requived
considerably more time to search for the particles than in the early work where
the dispersion of the particles was significantly less. Therefore, in reality, our
average speed of analysis ranged from 5 to 8 particles per hour. i

Ancther factor which affected our average analysis time was the
electron microprobe filament life. The filament life is deﬁniteljf too short for a
fully automaied analysis since without manual readjustmént and reduction of the
filament current, the filament would last only a few hours. A considerably longer
filament life time was obtained by manually reducing the filament current every
few hours. Itis possible to computerize this part of the proceduré and it will
probably be incorporated into the program in the future,

The analytical data generated during our analyses show a general
correlation between the hardness of the dust components and particle gize. Tor
example, in general - relatively hard compounds such as silicates were found
predominantly in the larger particle sizes while the softer compounds were found
more within the smaller size ranges. Also the bulk analyses data shown in
Figure 1 reveal good correlation with the individual analyses summarized in
Figures 3-8. It should be noted, however, that the lower limit of particle size
for analysis was dictated by the electron beam size at 25 nA sample current,r This
Iimitation was 0.5 um and it restricted our complete evaluation of the parificle size
versus sample éomposiﬁon study. Itis apparent from our examination of the
samples that a large percentage of the small particles are below 0.4 pm and thus
they could not be analyzed within the present instrumentation while operating in
an automatic mode,

Although not a major problem, an occasional el_ect—fical pulse within
the main power supply and within other elecirenic components about our building
may have caused ervatic reading on the x-ray counters thus creating extremely
high infensities on the spectrometers. This electronic noise is very difficult to

eliminate and was corrected or compensated for within this work by a purely
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statistical analysis of the results obtained from analyzing a large number of
particies from each sample. Knowing fhe average background and the collected
intengifies of pure elements, the percentages of each element in a small particle
wag calculated, Since the total x-ray infensity from a small pariicle decreases
as a function of particle size, the percentage of all detectable elements were then

normalized and the elements above 5% were categorized as majoe and minor elements.

1o<

-13 -



Table 1. Net Weight of Each Dust Sample as Received

Sample no. Weight (g)
11.0

8.8
4.8
4.3
5.8

L N

W
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Table 3. An example of the data output during an analysis
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Figure 3. Bar graph showing elemental composition of sample 1-1 as determined
oy McCrone Assoclates by number of particles for major elements,
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Figure 4, Bar graph showing elemental composition of sample 1-2 as determined
by McCrone Associates by number of particles for major elements.
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Figure 6,

Bar graph showing elemental composition of sample 3 as determined by
McCrone Associates by number of particles for major elements.
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Bar graph showing elemental composition of samle 4 as detexrmined by
McCrone Associates by number of particles for major elements.
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Appendix A

Computerized Tables Suramarizing

the Analytical Results for the Five
Smelter Dust Samples

Note: Table numbers are detailed as follows:
Table A-1-1

P! L

Appendix number Table number Sample number




Table A-1~1, Sample 1
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Table A-2-1, Sample 1
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Table A-3-1, Sample 1
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Table A-4-1, Sample 1
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Table A—4-1, cont'd, Sample 1
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Table A-5-1, Sample 1
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Table A-5-1, cont'd, Sample 1
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Table A-2-2, Sample 2
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Table A-3-2, Sample 2
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Table A-4-2, Sample 2
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Table A-5-2, Sample 2
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Table A-1-3, Sample 3
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Table A-2-3, Sample 3
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Table A-5-3, Sample 3
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Table A-1-4, Sample 4
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Tahle A-4-4, Sample 4
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Table A-5-4, Sample 4
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Table A-1—5, Sample 5
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Table A-2-5, Sample 5
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Table A-3-5, Sample 5
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Table A-5-5, Sample 5
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