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of the suspected contaminates account for that peak or 7 other

Choosing Your Tools®

‘Bruce E. Brinson*, Rice University peaks found by expanding the y-axis (not shown).
Marie Pontier-Johnson, Continental Carbon Company In a predominately Au specimen, arguments for Ag peaks are
*brinson@rice.edu completely lost in the Au peaks. Silver and gold have the same

) . o : symmetry, [face centered cubic (fcc), where a = 4.07 AJ*, crystal
The increasing availability of the user-friendly black box  structure and lattice parameters. Two Cr peaks in the scanned
can present an increased probability of characterization errors.  ange also coincide. If the scan had extended past 2 = 80°, a Cr
The uninformed choice (e.g., any SEM will see this) or depend- 4t peak at 81.72° would have been seen. If Cr is present, this ob-
il sl el instrument can also lead to erroneous results.  tginable data point was lost to operator ignorance. Weak argu-
Failure to understand the limits and advantages of a particular  ants for aluminum. also fcc. could be made but without prior
instrument and bi_as through assumption or desired result can  nowledge would and probably should go completely unnoticed.
be equally deceptive. ¢ That prior or assumed knowledge present a bias to the experi-
n the example presented here, the Objectives are to deter-  mentalist as will be shown. If in significant fractional quantity, the
mme’ primary partlcle size and to identify the |mpur!t|e_s IN 8 Al peaks would be resolvable in the wings of the Au peaks. Alumi-
- specimen. We will look at the data produced by several instru-  ,r was believed to be the most probable impurity from the depo-
ments and discuss the ways each technology can support or  gijtion system.
mislead the analysts. . Copper peaks were not observed, we will find the sample to
Images were acquired optically by secondary electron e -39 Cy (atomic wt. ‘percent). In a review of Au Cunycom-
(SE), x-ray dot maps and F’ECK scattering electrons (B$E). The  pounds? only Bogdanovite (AusCu) has been identified with major
elemental analysis techniques used were E_nergy Dispersive peaks that could be obscured by the pure Au peaks. Bogdanovite
Spectrometry (EDS), Wa_ve1ength Dispersive Spectrometry 5150 has a number of minor peaks but the significant indication is
(WDS) and Powder x-ray diffractometry (PXD). a slight shift in the (220) peak. We do not see the minor peaks or
Field emission SEM (FESEM) and optical images aré  the (220) peak shift. It is worth noting that our x-ray source uses a
used. A comparison will be made between the apparent grain ¢y target. The Cux absorption peak at 8.98 keV will heavily at-
size observed optically, in the p-probe and grain sizé(s) de-  tenuate the incident 8.0 keV x-ray radiation, For a material sus-
rived from x-ray data via the Scherrer Formula. Ductile frac- pected to be only ~ 90% pure this technique is deceptive. PXD
ture at grain boundaries will also be shown and discussed. leads us to believe it is pure gold.
A PXD scan, recorded in an attempt to qualitatively iden- The peak width in our x-ray data provides us with data by
tify el_ements present, will demonstrate the difficulty in resolving  \hich we can make a reasonable approximation of crystal size.
certain combinations of elements. Suspected contaminates are  The Scherrer formula is used to make the grain size calculations.
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Cr, Ni, Al, W, Cu, Si and Ag. By the Scherrer formula the typical gold grain size is found to be
EXPERIMENTAL ~28 nm (x, y, z).
Samp[s.at Prepar:titon: 'Iz'ge specljmfer_-: v;;ns madﬁe fro;n gold T = 0.9A/B*Cosbg Eq. 1
VESHI) G G0 (A (o) Gl WD (G0 ) il where B in radians = FWHM or (202-26)/2

resistively heated thin film deposition system. The material was L. _
melted by direct flame, cast into a bar and cooled at room tem- 8= W= 26/2, Acu= 1.54A

perature. There was no additional annealing. It has been de- This is substantially smaller than the apparent grain size of 5-
termined to be 22 karat gold by an acid litmus test common to 10 Um as seen in Figure 4. These spheroid structures are actually
the jewelry industry. For fracture images, the bar was thinned ~gold aggregates. Close inspection of Figure 2, an FESEM image,
by compression with a wire-cutting tool and broken apart by shows anhedral nano scale crystals about a triple point of 5-10 ym
repetitive flexing. Sample preparation was limited to cleaning Scale aggregates. Further support of the aggregate nature is
with methanol prior to analysis and imaging. Elemental analy- found at the far right of this image where we see two triple points
sis was performed on a broad surface of the bar. within the ~10 p feature.

Micro Probe experimental parameters: EDS and WDS
data were collected at 15 kV, 15 nA with a spot size of 10 ym.

The scan dwell times and step sizes are as follows: EDS = 50 (111)

sec and WDS = 1000 msec/step. The PAP® method for matrix
corrections was used. Spectrometer crystals were: LIF, d =
4,03 A PET,d=8.75A, TAP,d=25.745 Aand PC1,d = 61.5
A, where d is the known crystallographic spacing.

PXD experimental parameters: 20 kV, 20 mA, A=1.54 A
(CuKa), x-ray slit = 0.4 mm, detector slit = 0.3 mm, scan range
is 20 = 20 - 40°; step size = 0.05°, scan range is 26 = 40-80° Cus(111) \ 555 (220)
step size = 0.02°, dwell time = 20 sec. A nickel filter was used Sl : B
to attenuate CuK; radiation. e = A

20 30 40 50 60 70 80
RESULTS and DISCUSSION :

PXD: Our specimen is not a powder but in bar form. The  Figure 1 Powder X-ray spectra showing only gold peaks. The
peak intensities could be skewed by preferential grain orienta-  peak labeled Cuks (111) is the Au (111) peak produced by Cuis
tion. With this constraint only qualitative interpretations can be  radiation (1.39A).
made. Gold can account for all major peaks (Figurel1). Minor
peaks appear to be the results of CuKg radiation passing
through the Ni filter. An example is found at 26 = 34.4°. None Continued on page 28
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Figure 2: Field emission SEM image showing triple points &
anhedral nano scale crystals.
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Figure 3: EDS spectra of the specimen showing gold & copper
peaks.
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Figure 4. Au Specimen, BSE image (left), Optical (right)

Figure 5: WDS X-Ray maps of the area shown in the BSE im-
age in Figure 4 indicating a uniform distribution of gold (left)
and copper (right) in the specimen.

X-Ray ANALYTICAL MICROSCOPY: EDS and WDS

The qualitative EDS scan (Figure3) indicates only Au and Cu.
The Cu (assumed previous knowledge) had a low probability, in
the author’s opinion, of being present, but is in fact the only other
viable peak. Expansion of the y-axis (not shown) was required to
observe the Cu peaks.

A qualitative WDS scan for all elements confirmed the Au-Cu
combination. The Au and Cu peaks are well-defined as shown in
Figure 6. In addition to the LIF and PC1 crystals, scans using TAP
and PET crystals were acquired (data not shown) to complete the
search for all elements. All other elements were eliminated. Inter-
estingly, the LIF scan shows a peak in the vanadium (Vk,) posi-
tion, but no supporting peaks were cobserved in any of the spectra,
leaving the author hesitant to make a claim for vanadium. Three
spurious peaks (Figure 6) remain in question but were evaluated
up to 5" diffraction order without a conclusive result. TAP and PET
scans were found to include only higher order Au and Cu peaks.
Figure 7 shows oxygen suggesting the presence of a copper ox-
ide. In the right upper corner of (FESEM image) Figure 8 is a fea-
ture recognized by the author as similar to oxidized copper.

The copper content is ~3.1% (atomic) as determined by
WDS. The deviation was $0.3% indicating some non-homogeneity
on the 10 ym scale, but x-ray dot maps in Figure 5 suggest in gen-
eral we have uniform Cu distribution. An inadequate surface pol-
ishing may result in increased experimental error. The dot maps in
Figure 5 correlate to the BSE image in Figure 4.

IMAGING MICROSCOPY: The nominal aggregate size is 5-
10 pm. This is observed in the BSE and optical images found in
Figure 4 and SE images in Figure 2. Examination of the left-hand
images in Figure 8 shows that the material fractured at the aggre-
gate boundaries. Without knowing that spheroids seen in the p-
probe images are actually polycrystalline aggregates, one might
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Figure 6: WDS scan showing gold, copper and spurious peaks.
Horizontal units are in angstroms (A).
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Figure 7: WDS scan clearly showing an oxygen peak. Horizontal
units are in angstroms (A).

Continued on page 30
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draw the conclusion from PXD data that the failure is associ-
ated with the nanoscale grains, where in fact it appears to fail
at aggregate boundaries. The crystallite size indicated by PXD
and imaged by FESEM are not significant in the failure, ie., it
is a ductile failure not catastrophic.

DISCUSSION AND CONCLUSION

Of the chosen instruments, none of them alone would pro-
vide a correct analysis. Yet, for 2 of the 3 techniques it would
be easy to believe the solutions were complete and correct.
The PXD gave the approximate crystal or grain size by the
Scherre equation. PXD provides crystallographic spacings (d)
but cannot discriminate between gold and several metals. The
FESEM is an excellent imaging tool but does not have analyti-
cal capability. It gives a visual conformation of the nanoscale
crystals predicted by the Scherrer formula. It also nicely re-
solves the details of the fracture surface and triple points be-
tween and within aggregates. It should note that “grains” are
presumed to be single crystals in a polycrystalline material. In
a secondary electron or optical image the various orientations
of grains can provide a contrast mechanism (both in gray scale
and texture) that can allow for the observation of grain bounda-
ries.

In many cases special surface preparations are required.
The High Resolution FESEM image (Figure 2) shows uniform-
ity in the gray scale and texture suggesting the isotropic nature
of the ~10 pm structures, i.e., they are aggregates. The FE-
SEM also allows us to visualize that fracturing will occur at ag-
gregate boundaries, not grain or crystallographic boundaries.
The detail seen in these FESEM images are observable be-
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Figure 8: FESEM images of the specimen showing morpholo-
gies in the fracture zone. Scale bar =10 ym. Left upper and
lower FESEM images show ductile parting of grains. The right
upper image shows a feature of lower secondary emission and a
decisively different form. In the authors experience it is similar
to copper oxide but elemental analysis was not available. The
lower right image shows distinct features that are much smaller
than our typical aggregate. This area was in contact with the
beveled surface of the cutting device used to thin the sample
before cold-working to fracture the sample. This is probably a
form of extrusion. Again the Au crystals are significantly smaller
the ribbon like features.
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cause this instrument is optimized for high-resolution imaging. ¢

The hardware configuration differs between h]gh-resolution§
imaging and analytical SEMs. For analytical work, e.g., x-rays
spectrometry, secondary electron imaging resolution is sacrificed=
for higher beam currents and electron emission stability. This isg
done to improve the signal statistics of their respective detectionZ
systems.

The EPMA (electron probe microanalysis or p-Probe) EDS§
qualifies the presence of Cu to the trained eye, but WDS truly con-&
firms and quantifies that which PXD could not - the presence 0f§
Cu. WDS also indicates oxygen, suggesting the presence ofZ
Cu,0 or CuO support by FESEM and the analyst's previous ex-2
perience. Even with the WDS data on oxygen, making the claim3
that an oxide is present based on past experience and an SE im-
age (Figure 8) is only an informed opinion.

The BSE image does not suggest the presence of nano-2
crystal gold grains for 2 reasons: 1) As an analytical platform, theg
p-probe is designed to get many of electrons to the specimen.%
This necessitates the use of larger aperture optics and thus a con-5
cession in probe size and resolution. In this case, the minimum#
electron beam size at the specimen is larger than the nanoscale§
features. 2) Unlike the secondary electron signal intensity, which”
is highly dependent on the angle of incidence (5(6)=80SECS),
backscatter electron coefficients are dependent on the element.?
With these two constraints, the fine details are not to be seen.

This data has shown with a seemingly simple sample that in
this age of automated, easy-to-use black boxes, the potential for
error is not negligible. Likewise, assumptions, desires and as-
sumed properties can easily lead the researcher to erroneous
conclusions.

To the research student or scientist choosing your tools
means choosing tools that you understand well. W
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