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Abstract Taking euxenite (Y,Ce.) (Nb, Ta, Ti), (O, OH); and fergusonite
Y(Nb, Ta)O, as examples. quantitative changes occurring during recrystallization of
metamictic minerals were investigated using X-ray quantitative analysis. An inter-
pretation was given of the inhibition or even a regression of the process of orde-
ring of the structure observed in certain lemperature ranges. Also, the fact that
polymorphic transformation of euxenites was attended by an exothermic peak was
accounted for. It has been found that the heating time does not affect essentially the
rate of ordering of the structure. Changes in the crystallite size occurring during re-
crystalization of metamictic minerals were determined.

INTRODUCTION

The metamictic state is characterized by structural disorder (amor-
phous to X-rays) while the crystal habit is frequently well developed. The
essential features of this state were discussed by Pabst (1952). The meta-
mictic state can be changed by appropriate heating of such mineral at
temperatures higher than 400°C, leading to their recrystallization. This
procedure finds wide application in crystallochemical studies of those sub-
stances. The processes occurring in the course of heating of metamictic
minerals were generally explained from the viewpoint of polymorphic
transformations involved.

This paper is an attempt at quantitative evaluation of the increase in
the crystalline phase content during recrystallization of metamictic mi-
nerals. The method of Ohlberg and Strickler (1962) was adopted, invol-
ving measurements of the intensity of coherent X-ray scattering on glas-
ses for the defined value of 20. X-ray diffraction patterns of amorphous
substances show an increase in the background intensity at small angles of
90. This phenomenon, referred to as amorphous halo, is the effect of the
intensified noncrystalline scattering. Its intensity is reduced as the degree
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of ordering of the structure increases. Measured at one point of the glass,
crystalline and partly crystalline substance, this intensity can become
a measure of crystallinity. This is expressed by Ohlberg’s and Strickler’s
equation:
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where:

1,, I, I. are the scattering intensity of amorphous substance, partly
recrystallized sample and crystalline components, respectively.

This method has certain limitations arising from the assumption that the
intensity measured at one point is proportional to the total amorphous
scattering. According to Ohlberg and Strickler, it is not convenient to
have a content of crystallites less than 10%, as slight changes in non-
crystalline scattering cannot be measured accurately. For the same reason,
in the author’s opinion, the sensitivity of this method diminishes when the
content of the glassy phase is less than 10%.

EXPERIMENTAL

From the amply represented group of silicates and niobotantalates oc-
curring in metamictic state, euxenites from Arendal and Lindesnas (Nor-
way) and fergusonite from Llano County, Texas (USA) were selected for
analyses. All the specimens were taken from the collections of the Museum
of Mineralogy of the Wroctaw University. Crystalline standards were ob-
tained by heating the samples at 1000°C for 2 h. X-ray diffraction pattern
of the heated samples is characterized by the presence of sharp and inten-
sive peaks. Due to recrystallization, the density of minerals has increased,

Z.g. 5.09 and 5.24 resp. for metamictic and crystalline euxenite from Lin-
esnas.

Intensity measurements of amorphous X-ray scattering were carried
out in a DRON-2.0 diffractometer with a scintillation counter, using
CuK, /Ni radiation and time constant 2s. The relative statistical reading
error did not exceed 1%. Considering the high mass absorption coefficient
of the minerals studied, exceeding 150 cm?/g, powder samples were very
carefully ground. The absorption coefficient is lower for non-heated
metamictic glasses. The experimentally determined mass absorption coef-
{}cie)nt for metamictic euxenite from Lindesnas is 96.8 cm?/g (CuK, radia-
ion).

To measure the scattered intensity, a point of a value of 28° 20 was
selected for euxenites and one of 24° for fergusonite. These points exhi-
bited a considerable scattering intensity and no overlapping of diffraction
lines produced by the crystalline phase occurred. In order to change the
metamictic state, the samples were heated at temperatures from 400 to
1000_°C, every 100°C, for different lengths of time. After each run the in-
tensity of scattered radiation was measured. The intensity of amor hous
scattering was.calculated as an average of 10 point measurements Tlge er-
ror of calculation of the degree of crystallinity was =+-5%. The size of error

was determined by measuring the scattered intensi rtifici
: goe ' ity f
mixtures of metamictic minerals and their crystalline %haosizsfhree L
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RESULTS

Heating of metamictic euxenite gives rise to two, low- and high-tempe-
rature, polymorphic modifications of this minerals. Seifert and Beck (1965)
have shown that the low-temperature modification corresponds in its
structure to aeschynite, (Ce, Th..) (Ti, Nb,Ta);Os, whereas at 750°C
pseudomonotropic transformation of aeschynite into euxenite takes place.
Euxenite and aeschynite show close similarity in chemical composition
and have the same atomic coordination, but their structure differ slightly
(Graham, Thornber 1974).

Figure 1 shows the dependence of the calculated degree of crystallinity
of euxenites on the temperature and time of heating. As appears from the
plot, recrystallization of euxenite starts at 400°C, but this process is actu-
ally reflected only by a reduction in the intensity of the amorphous halo.

 Between 400 and 500°C the content of crystalline phase increases up to

40%. This increase is attended by an exothermic peak on DTA curves (Fig.
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Fig. 1. Plot of the degree of crystallinity (C) of euxenites vs. heating time and

temperature ;
Kuxenite from Lindesnas heated at different temperatures for: 1 — 2h, 2 — 1h, 3 — 15 min.,

4 — euxenite from Arendal — 20 min.
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9) and two broad peaks of equal intensity (29.9° and 39.75° 20) appearing
in X-ray diffraction patterns. This is the stage of partial recrystalpzat'lon,
when the crystalline phase has an aeschynitic structure. At this point, ins-
tead of further increase in the content of the crystaline phase, the inhibi-
tion of the process or even a regression has been noted. This fact can be
accounted for as follows: In the first stage of recrystallization there is only
40% of crystalline phase in the system; therefore, further condensation of
atom groupings must take place in order that the recrystallization be com-
plete. This process is attended by
a loss of energy, which is the greater

the less mobile are the cations (the

greater their ionic radii), e.g. on

the DTA curve of euxenite from
Lindesnas a pronounced endothermic

L

™ peak appears at 540°C, attended by
a weight loss of more than 2%.
Similar peaks can be observed on
b J Al ] some DTA curves presented by Sei-

fert and Beck (1965). It follows,
therefore, that the regression of re-
crystallization is due to the conden-
sation of the mineral components,
< /\J\//-—J\ and high energy consumptiorll) of this
NS process results in partial breakdown
: of the existing crystalline phase.
This implies that the difference
between internal energies of the
glassy and crystalline phases must
et . be insignificant at this stage.
al%— Arendal, %ux.‘_‘_,efsxrgxi;daelm((aeg:e&essgiggm .Between 700 and 750°C polymor-
Btk av0m). Bl Thddesnas phic transformation of aeschynite
into euxenite takes ptace, involving
. a change of the space group with the
point symmetry D, preserved. On DTA curves a pronounced exothermic
peak appears instead of the expected weak endothermic peak (Fig. 2).
Seifert and Beck (1965) think that this peak is due to recrystallization.
They suggest at the same time that a chemical reaction leading to the
change of the low- into high-temperature modification may occur. How-.
ever, measurements of the degree of crystallinity provide a slightly
different explanation for this behaviour. The initial temperature of the
exothermic peak (T; 750°C) corresponds to 65—70% of the crystalline
(low-temperature) phase in the system while the final temperature
(T., 820°C) to as much as 85—90% of the crystalline phase. At 770°C phase
wmb the euxenitic structure recrystallizes directly from the glass as
a high-temperature modification. The heat of euxenite recrystallization can
be .usec.l to change the aeschynitic structure (designated as « — AB,O )‘
which is unstable at this temperature, into the euxenite structure ([2 6—1
AB206).. Thus the rgcrystallization effect coincides with that of poly-
morphic transformation of the low- into high-temperature modification
The answer to the question whether the heat energy of euxenite recr %
stallization is sufficient to convert 70% of ¢ — AB,Oq into p — AB,04 };S
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positive because the transformation of these structures requires only
slight displacements of atoms, mainly oxygens, resulting in the change
of coordination numbers of A ions from 8 to 4 (Graham, Thornber 1974).
Besides, this energy can be used just to initiate the transformation, which
will then proceed as an avalanche process. It is worth noting, however,
that this process does not lead to the transformation of all a-AB,O4 into
B-AB,O,, but the aeschynitic structure is partly preserved (metastable)
at high temperatures. This statement is substantiated by the analysis of
X-ray diffractograms and, specifically, by the double exothermic peak
recorded on DTA curves. The first peak corresponds to recrystallization
of the bulk of metamictic euxenite and the second to crystallization of
euxenite on the relics of the aeschynitic structure. Complete recrystal-
lization of the mineral does not depend on the heating time (Fig. 1).
Prolonged heating (e.g. 2h) results in that complete crystallinity is
attained at 900°C whereas polymorphic transformation is effected at
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Fig. 3. Plot of the degree of crystallinity of fergusonite from Llano County vs.

heating temperature
At the top: Komkov’s plot (1957) of the difference of lattice congtants a and b vs. temperature

45




lower temperaturs. On the other hand, it depends on he heating
time whether a pure phase with the euxenitic structure will be formed
or relics of the a—AB,O¢ structure will be preserved.

Measurements of the degree of crystallinity of fergusonite from Llano
County are preserved in Figure 3. It has been found (Komkov 1957, 1959;
Wolten, Chase 1967; Graham, Thornber 1974) that from 750°C the low-
-temperature fergusonite of tetragonal symmetry (T) changes after cooling
into the monoclinic modification (M) and this, in turn, converts at 1200°C
into its modification (M’). On the plot of the degree of crystallinity against
heating temperature (Fig. 3), the transformation of T-into M-fergusonite
is attended by a slight increase in the content of glassy phase (by about
5%). From Graham’s considerations (1974) it appears that the change
of T-into M-fergusonite requires slight atomic displacement and, as fol-
lows from Figure 3, this process occurs in the virtually recrystallized
substance. A correlation of the plot discussed with that of Komkov (1957),
presenting the relationship between the difference of lattice constants
6 = b — a and recrystallization temperature (Fig. 3), yields some inter-
esting data. A steady increase in the value of o and, simultaneously,
a deterioration in the degree of crystallinity due to structural changes
corresponds to the interval of transformation of the modification T into M.
It has been noted that the rate of increase in the content of the crystalline
phase becomes slower between 500 and 600°C, which, as in the case of
euxenite, is due to condensation of atom groupings.

DETERMINATION OF THE SIZE OF CRYSTALLITES

The crystallite size of the minerals studied was determined by X-ray
approximation method using Scherrer’s equation: ;

K1
D B;cos O
: Table 1
Crystallite size (in A) obtained by Scherrer’s method
a — euxenite, b — T' — and M—fergusonité
D
T, °C a b
Dgr Dy Daygs D131 , Dyor
600 70
700 99 210 460 250
800! 110 220 480 280
900 560 310 710 B 360
1000 1450 i 200 e
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where Dy is the crystallite thickness measured along the normal to hkl
planes; K is a constant depending on the shape of crystallites and the me-
thod of determination of the diffraction line breadth; B, is the integral
breadth of a diffraction line free from non-diffraction broadening. Klug
and Aleksander (1974) recommend the value of K = 1.05 for calculation
of the integral breadth.

The results of calculations are presented in Table 1. A comparison of
these results with the degree of crystallinity of the minerals studied
reveals that the smallest increase in the crystallite size (the interval
between 700—800°C) corresponds to a decrease in the rate of ordering of
the structure due to polymorphic transformation of T-into M-fergusonite
and a-into -euxenite.

DISCUSSION

When heated progressively at temperature higher than 400°C, meta-
mictic minerals assume a crystal structure, undergoing simultaneously po-
lymorphic transformation. The exothermic peak associated with the poly-
morphic transformation of the low- into high-temperature modification
of euxenite at 750—770°C can be accounted for by crystallization of the
remaining (about 30%) glassy phase. The emitted heat of crystallization
is used to change the aeschynitic (low-temperature) into euxenitic struc-
ture, This thesis could be proved by making a DTA analysis of completely
nonmetamictic aeschynite, in which case a weak endothermic peak will
correspond to its polymorphic transformation into euxenite. A deterio-
ration in the degree of crystallinity noted for euxenite in the range be-
tween 500 and 600°C is due to condensation of atom groupings of the
amorphous phase, which leads to disproportionation. The inhibition of the
increase in the crystalline phase content noted for fergusonite in the range
of 800—900°C is a result of the displacement of atoms (mainly oxygens)
during the change of the tetragonal into monoclinic modification. Poly-
morphic transformations of the minerals studied are attended by a decrease
in the rate of growth of crystallites. The achievement of perfect crystalli-
nity depends on the heating temperature alone. Prolonged heating results
in that crystalline perfection is achieved at a lower temperature and poly-
morphic transformation is complete.
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Janusz JANECZEK

OKRESLENIE STOPNIA KRYSTALICZNOSCI
METAMIKTYCZNEGO EUXENITU I FERGUSONITU

Streszczenie

Ppslugujac sie metoda Ohlberga i Stricklera (1962) rentgenograficznego
okreslania stopnia krystaliczno$ci szkiel, przesledzono zmiany przyrostu
fazy krystalicznej w trakcie ogrzewania mineraléw metamiktycznych:
e}lxenitc')w z Norwegii i fergusonitu z Texasu. Wyniki przedstawiono na
figurze 1 i 3. Mineraly te w trakcie ogrzewania w temperaturach wyzszych
od 400°C rekrystalizujg podlegajac jednoczesnie przemianom polimorficz-
nym.

Egzotermiczny efekt przemiany formy niskotemperaturowej w wysoko-
temp_eraturowa euxenitu w 750—770°C wytlumaczono krystafizacja, pozo-
stale] (okolo 30%) fazy szklistej. Wydzielane ciepto krystalizacji zuzywane
jest do przebudowy strukturalnej istniejacej juz do tego momentu formy
nls}iotemperaturowej. Spadek stopnia krystaliczno$ci euxenitu notowany
A4 gxterwa}e temperatur 500—600°C wigza¢ nalezy z kondensacjg ugrupo-
wan atoméw fazy amorficznej, co powoduje efekt dysproporcjonacji. Za-
hangowamg przyrostu fazy krystalicznej fergusonitu w przedziale'éOO—
900 C wigze sig z przemieszczeniami atomoéw (glownie tlenu) w trakcie
g;z;gsc;&: {)Orény te}‘iragpnalnelj w jednosko$ng. Etapowi przemian polimor-
krys'c};xiitéwa(tir‘;?’(lz). mineraléw towarzyszy zmniejszenie tempa wzrostu

Osiagniecie pelnej krystalicznosci podczas i i 5
ze stanu metamiktycznego zalezy wylaz(?znie od tvgf\;l%re?;v‘iﬁ‘?nllﬁu?(igée rcalow
ggaé(z:?r(l)llz‘aa ngy:ga na obnli{zlegie temperatury osiggniecia peinej krysta??cszu

, czy w ukladzie pozostan ikt i ‘
wych czy tez dojdzie do calkowiterj) przemizrlr;l;}c{)‘iiynlfg;frir::zrrlllz?owmperaturo-

OBJASNIENIA FIGUR

Fig. 1. Zalezno$¢ stopnia krystalicznosci

% (C) euxenitéw od temperatury i czasu ogrze-
Euxenit z Lindesnas prazony w ) —_ = =
% W poszcze, 0
i . i . ] ; gélnych temperaturach: 1 2h, 2 183
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Fig. 2. Krzywe DTA euxenitow ;
a — Arendal, b — Arendal (Seifert, Beck 1965), ¢ — Lindesnas

Fig. 3. Zalezno§é stopnia krystalicznoéci fergusonitu z Llano County od temperatury
prazenia
W goérnej czeSci przedstawiono wykres Komkowa (1957) zalezno$ci roznicy statych sie-
ciowych a i b od temperatury

sinuu AHEYEK

ONPENEJNEHUE CTENEHU KPUCTAJNJIHUYHOCTH
METAMUKTHOTO 3BKCEHUTA U ®EPTYCOHHUTA

Peswme

Ucnosibaysi meron OsbGepra u Iltpuknepa (1962) penTresorpaduuecKo-
FO ONpE/IeJEHHUs] CTeNeHH KPHCTAUIHUHOCTH CTEKOJ, OBIH MPOCICIKEHbl HIME-
Helusi NPHPOCTA KPHUCTAJIIHueCKoi (asbl BO BPEMs HarpeBaHus METAMUKT
MyHepa/iop: 3BKCeHnTOB 3 HopBernn u ¢epryconnra u3 Texaca. Peaysbrarh:
nokasansl Ha ¢urypax | m 3. DTH MuHepajbl BO BPeMs HAarpeBaHusd B TEM-
nepatypax Bbime 400°C peKpHCTAJIM3UPYIOTCSH, MOABEPTAsiCh OJHOBPEMEHHO
10JMMOP(HBIM TIPEBPSILIEHUTM. v

draoTepMUUECKHH  3((eKT mepeMeHbl HH3KOTEMIEeparypHoi  (opMbl
I BBHICOKOTEMIIepPaTypHYIO 3BKCEHHTa NpH TeMIepaTypax 750—770°C o0mbsic-
HsieTcsl KpucTajuuaanueii octatka (OKoJIo 30%) crexaooGpasnoil hasel. Bbi-
fleJICHHBIE TEMJIO KPUCTAJIM3alldH HCHOJb3YeTCs JJ1a CTPYKTYPHOI TIepect-
POMKH CyLIeCTBYIOLLEH yxKe B 3TOT MOMEHT HHM3KOTeMIepaTypHoil (asbl.
[ToHMKEHHe CTeNeHH KPHCTAJUIMYHOCTH IBKCEHHTA, OTMEUEHHOE B HHTEpBAJE
500—600°C, HaLO CBSI3BIBATH C KOHJEHCALWeil rpynniupoBOK aToMOB amopd-
1oii ¢aspl, uTo Bbi3bIBaeT 3((EKT AUCIPONOPLUOHALITH. [IpuTOpMOKEHHE
NpPUPOCTA KPUCTAJIHUECKON (asbl (depryconnuTa B HHTEpBaJe 800—900°C
CBY3AHO ¢ MepeMelleHsiMH aToMOB (B OCHOBHOM KHCJIOPOJa) BO BpeMs Ie-
pexofa OT TeTparoHaJbHOH K MOHOKJIHHHON (opMe. Drame MOAUMOPPHbIX
NnepeMeH H3YUeMbIX MHHEpaJoB COMYTCTBYET YMEHBIICHHE CKOPOCTH TIPHPOCTA
KpHUCTaNINTOB (TabJ. 1).

TIOCTHKeHHE TOJHON KPUCTAJUIHUHOCTH BO BpEMs BbIBOAA MHUHEPAJIOB H3
METAMHKTHUHOCTH COCTOSIHHSI 3aBHCHT JIHIIL OT TEMIEPaTyphbl. Bpewmsi KaJlb-
wiatnd (MPOKAJIMBAHH|s) BJIMSET HA CHHXKEHHE TEeMIepPATypbl JOCTYKeHH ST
NOJHOH KPHCTAJVIHYHOCTH H HA TO, OCTAHYTbCS JIH B CHCTEME PEJIUKTBl HU3KO-
TeMnepaTypHbIX GOpM HIIH MPOH3OHMAET MOJTHEIE nosuMopgHbIe NpeBpalleHHe.

OBBbJICHEHUS K ®PUTYPAM

®ur. 1. 3aBICHMOCTb CTEMNCHH KPHCTAJWIHUHOCTH (C) 3BKCHHTOB OT TeMIEpaTypbl H BpeMme-
HH 11arpeBa 5 i
OBKCeHHT H3 JIMHAECHAC KaJbUHHHPOBAHILIN (npokasauBaeMblil) B pasHbIX Temmeparypax: [/
2h, 2 — 1h, 3 — 15 MHH., 4 — 3BKCEHHT H3 Apenpanb — 20 MHH.

Gur. 2. Kpusble aud@epeniuanbioro TEPMHUECKOTO aHalH3a SBKCEHHTOB
a — ApeHnanp, b — Apenjalb (3efidepr, Bex 1965), ¢ — JluHaecHac

@iy, 3. 3aBHCHMOCTDL CTENeHH KPHCTAIIHUHOCTH (epryconura H3 JIpsino KayHTH OoT Temiie-
parypbl KaJbllMHalni 3 5
B pepxHell uacTH IoxkasaH rpagdux Komkosa (1957) 3aBHCHMOCTH Pa3HOCTH IMOCTOSIHHBIX PEilITKH

a n b or Temneparypbl
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