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Soveral of the foaricen rarc-carth clement
{plus 5¢ and Y') orthophosphalc san-

dards growm al Oak Ridge Natiomal 1.abom-
lory im the 1580= and widchy disiribwicd

hy ke Smithsomion Instsistion’s 1epartmemt
of Mincrul Sciences. are sigmilicamtly
comlaminabod by Ph. The origin of this im-
parity is the PhaP( Mux that is derived
fromn the thermal decomposition of
PEHPCY. The bkead pyrophosphale MNex s
uscd b dissobwe the owide starting maibcrials
ol clevaled emperatures (<= 1360 ")
prior o the crysial symibesis. llecomse these
rarc-carth cloment standards are cx-

tremnecly siable under the clectrom beam: amd
comsidered homogonoas, they have been

of cmormeous valee 1o clectrom probe macro-

anabysis (FPMA)L The monockinic, mon-
nrilc sreciure, or thophospheics show o
higher degree of b imcorporation than

the wiragonal xenobime siroechsrne, oF-
thophosphaies. This paper will alicmpl 1o
de=cribe amd rtioaaliee the cvlent of the Ph
conlamination in theso othersise excel-
leml matcrials.
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1. Introduction

Highly accurate analyses from the electron m-

erties

due to the lack of specimens exhibiting these vital prop-

croprobe analyzer (EMPA) are only (but not solely) ob-
tamnable through the use of wellcharactenzed and stable
standards contaiming a major and/or known concentra-
ton of the element 1n question. For the rare earth ele-
ments (REE) this goal has, unbl recently, been elusive

693

The lanthamde orthophosphates, consising of com-
pounds with the stoachiometry LaP(Oy where Lo repre-
sents any of the REE in the senes extending from La to
La {plus the related compounds Y POy and 5cPOy), are
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chermically durable and radiation resistant refractory
materials. During the early 1980s a vanety of single
crystal rare earth orthophosphate samples were synthe-
sized at Oak Ridge Mabonal Laboratory and the struc-
tures determined from x-ray refinements [, 2, 3, 4, 5,
and 6]. The primary purposes of these studies were
vaned, but they mcluded nuclear and actimide waste
disposal and scintillator material research as well as
fundamental matenals charactenzaton nvestizations.
The crystals were synthesized using a high-temperature
solvent (flux-growth) techmigque, the detmls of which are
available from the original papers, and a good overview
of the development of these orthophosphates 15 dis-
cussed 1in Boatner and Sales [7], and references therein.

One interesting fact 15 that although the starting mate-
nals were carefully selected o be free from REE impu-
rtes, they were grown in oa lead pyrophosphate
(PEHPOY) flux. Ph contamination was not a concern for
the original purposes of those expenments, however its
presence was detected early on, and the sohid state
chemistry (but not the concentration) of Pb in the or-
thophosphate was charactenized by means of electron
paramagnetc resonance spectroscopy (EPR) [B]. Sub-
sequently, these matenals were investgated for possible
use as standards for EPMA by the Smuthsoman Institu-
ton (9], and put through a senes of tests. These included
homogencaty testing and a companson to the commonly
used REE doped aluminum silicate glass standards of
Drake and Well [10] using the EPMA, and a check of
10 selected REE contaminants on 7 of the compounds
using instrumental neutron activabon analysis. The ma-
terials appeared to be robust under electron bombard-
mient, did not oxidize or seem hygroscopc, and no seri-
ous contarmination or inhomogencitics were noted at the
tme and these efforts were followed by a general distri-
bution of the matenal to interested parties.

In the late 199k 1t was reported to one of us (1JD)
that at least one investigator (E. J. Ezsene, University of
Michigan, personal commumication) had raised the 1=sue
of the role of the Pb impurity in some of the REE
phosphate standards. The Pb impunty s especially sig-
mficant in the CeP(Oy crystals whose black coloration 1s
consistent with possible mixed valence (Ce® — Ce*) ef-
fects—the presence of which could alter the high-tem-
perature solid-state chemical properbes and lead to an
enhanced mcorporation of Pb during the crystal-growth
process. Subsequent mmvestigations of the matenals re-
vealed Ph ranging in concentration from less than (.01
mass fracbon to more than (004 mass fracbon mn the
CeP(),, depending on the speaific grains analyzed. It 15
the intent of this paper to charactenze the extent of the
Pb contarmination in these otherwise extremely useful
standards for EPMA.

2. Experimental Methods

Quantitative wavelength  dispersive  spectrometry
(WDS) analyses for the REEs S5c, Y, and Pb in each of
the |6 orthophosphate samples were done using a
Cameca SX-51" electron microprobe at 20 keV, 20 nA
(2.0 % 10 * A), using a 10 pm beam diameter at UC
Berkeley. In addition, one of the Drake and Weall REE
glasses [10], and two other REE doped calcium alu-
munum silicate discussed in Roeder [11] and Roeder et
al. [ 12] were analyzed. For quantitative analyses, the K,
x-ray line was used for Sc, L, hnes for Y and the other
REE elements, and the M, hine was used for Pb. Count
omes were 20 5 on peak and 10 5 on each off-peak
position except for Pb where the count mes were dou-
bled, respectvely.

A complete descnpoon of the analytical setup and
secondary standard accuracy for the analyzed elements
(the composibon of the REE phosphate pnmary stan-
dards in these cases had been previously adjusted for
average Ph concentrations) 15 presented in Table |. Sec-
ondary standards mcluded synthetic yttrum-aluminum
garmet (YA(G) and alamosite (PhSi10)y) from Tsumeb,
Namibia and were assumed to be stoachiometric for Y
and Pb, respectively. The Roeder REE glass $5-254 [12]
was assumed © have a nominal concentration
(1.04 x 10 * mass fraction) for La, Ce, Pr, Nd, Sm, Dy,
Ho, Er, Yb, and Lu, and the Drake and Weall REE-]
glass was used based on published concentrations for
Eu, Gd, Th, and Tm [10]. For all rare-earth clements,
the relative differences obtaned when companng the
secondary standards to the primary standard 15 better
than 10 % at the (.01 mass fraction to (.04 mass fraction
concentration levels and better than 6 % n all but three
cases (Pr, Sm and Lu).

The difficulty of dealing with interfering elements for
REE analyses using the L, x-ray hnes 15 panfully evi-
dent in even cursory WIS spectral scans on these sam-
ples and can only be overcome by careful and consistent
apphcation of an automatic cormection scheme. Table 2
shows the REEs that interfere with the analyzed cle-
ments. These were interferences quantitatrvely commected
for using the teration method of Donovan et al. [13],
that 15 especially well suited for using large magnitude
interferences for trace element determinabions. For the
Pb analyses, the M_ hine was used with a quantitatve
iterference comection for Y (possible high order imter-
ferences from La and Th were not observed). Standard

"MNIST disclaimer: Certain commencial cquipment, instrements, or
malerials are identificd im this paper o fesler endersianding. Such
identification docs nol imply recomamendation or endorsoment by ithe
Maticmal Institmie of Standards and Tochnology, nor does it imply that
the makcrials or equipment idemtificd arc nocessarily the best svailablo
for the purpose.
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Tuhle 1. Analytical sciap and measured dilTorences between the secondary standards and the primary stamdard for BEL guantiotive analysis"

llememl Spoecl. sclup Frimary siandand Socondary standand Relative dill.
5c Ka Lili (FC-2) ScPMy (syn.) Conc in mass fraction % 1P

Y. PIET (FPC-T) ¥ Py (syn.) Y AL (sloic. ) HI36K, +0.82 %
lal., Lil? {IFIAC-2) LalP(}, (sym.) 5-254 (1.04 nom.) 00X, —1.92 &
Cel Lili (FC-2) Ciel™y {syn) 5-254 (1.04 nom.) 0O, —095 %
.. Lili (FC-2) POy {syn.) 5-254 (1.04 nom.) 0103, —995 %
Pl Lili (FAC-2) MMy {syn.) 5-254 (1.04 nom.) 0007, —0.70 %
Sml.. Lili (FC-2) Smiy (syn.) 5254 (1.4 nom.) 0055, —52T %
Ful . LikF {FPC-Z) a0y (sym.} REL-1 {363 pab.) HLES, +1.90 %
| Lili (FAC-2) Cadl™y {syn.) RED:-1 (3.7 pub.) 0oz, 031 %
Thi., Lili (FAC-2) ThMD, {syn.) RED-1 (3.78 pub.) 0116, —308 &
Iyl Lili (FFAC-2) Iyl {syn) 5-254 (1.04 nom.) 0035, 335 %
Hol .o Lili (FAC-2) Hiold™y {syn.) 5254 (1.4 mom.) 041, 392 %
Il Lili (FC-2) POy (sym. ) 5-254 (1.04 mom.) 07T, —451 %
Tml., Lili (FFAC-2) TmPCl (sym.) RId:-1 (3.E]1 pub.) Q17 —333 %
Yhi.. Lili (FFPC-2) Y hiMy {syn) 5-254 (1.04 nom.) 07T, —4.53 %
Lul., Lili (FAC-2) Lul™y {syn.) 5-254 (1.04 nom.) 0103, 9% %
FbM, PET (FPC-1) FhO0y, (Tsumch) Ph&il, (stic.) +H155), +0.75 %

' Analytical spoctromcior sciup (kv proportional detcctors: FIRC-1 imdicaies 1 aim P10 and FPC-2 indicates 2 atm P-10) for REL clomcnis {plus
Sc, Y, omd I"h) amd resalis of sccondary standard messuremenis (algchric differenoe and  relative dilferemce) porformed ol UC Berkeley. All
clements were measured al X keV, 20 nA (13 nA for the four graim map), 1 pm boam diameter, 2 s on-peak imegration tme amd 10 5 on coch
olT-peak cxcopl for Ph which was counled for 40 5 on-peak and 20 £ on cach ofT-peak position (240 s on-peak and 130 = on cach off-peak position
for the loar grain map im Fig. 5). ach resall shoamn is the average of 10 measurcmenis.

and background intensities along with the calculated
PIB (peak o backeround) for each hne in 1tz associated
primary standard are shown in Table 3.

Under the analytcal conditions which were utilized at
Berkeley, the maimimum detection hmats for both single
analyses calculated from Love and Scott [14), and for
the average of 10 replicate analyses based on Goldstein
et al. [15], are shown in Table 4. Mimmum detection
limits for 10 rephicate analyses based on the actual mea-
sured standard deviation are about 3.0 > 10 * mass
fraction to 6.0 % 10 * mass fraction for all clements in
all matrices although only values for CePOy or GAdPO,
are shown n Table 4. A measured detection himit of
3 » 10 * mass fracton to & > [0 * mass fraction for the
average of 10 rephcates at 99 % a conhidence level was
typical for the REE analyses under these conditions. The
Pb detection limat at a 99 % confidence level was about
45 » 10 * mass fraction.

Another set of measurements, for the analysis of Pb
homogeneity only, were also done on the same grans,
but in a different area from the REE and Pb measure-
ments done at UC Berkeley. These measurements were
made for cach REE orthophosphate using a JEQOL 8900
Superprobe at the Umniversity of Maryland-College Park
X-ray intensities of Ph were obtained using an accelerat-
ing voltage of 20 keV, and a beam current of 150 nA.
Count tmes were 60 s on peak, and 30 s for back-
grounds on each side of the peak. Pb was analyzed using
a PETH (which utilizes a smaller diameter Rowland
Circle allowing for higher count rates, but has poorer

wavelength resolution) crystal, and back ground positons
of +4 mm (L= 173.307 mm or 54013 A) and —3 mm
(L=166307 mm or 5.1828 A). Natural cerussite
(PHCO5) from Tsumeb, Namibaa, was used as a standard
for Pbh ((.8393 mass fracton Pb(O). It should be noted
that although cerussite 15 a carbonate mineral 1t did not
appear o degrade under the electron beam duning the
analyses. The Pb M x-ray line was used for all analyses,
with the exception of YPOy where Mg was used due to
an interference from Y, ; on Pb M, . For these Pb homo-
gencity measurements, the REE and phosphate concen-
trations were not measured but were incorporated as
stoichiometnic proportions inte the ZAF algonthm in
order to approsimately account for matnx effects. The
single analysis detection himit at a 99 % confidence level
for Pb under these analybical condibbons was about
1.4 = 10 * mass fraction Pb based on a standard count
rate of 2639 cps/nA and a background of (1.8 cps/nA
mieasured on CeP(O,.

Measurements were done on two different sets of
REE orthophosphate samples. The first set consists of
material for 16 orthophosphates, including Sc and Y
obtained from one of us (JMH) and mounted along with
primary and secondary standards for analysis and inter-
ference cormectons. These matenals were mounted 1n a
25 mm diameter acrylic mount approcmately 1.3 cm

desp using a cold set epoxy and circulated to both labo-
ratories. This sample will be referred to as the “Round
Robin™ mount in the discussion that follows.



