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Differential thermal analysis (DTA), thermogravimetric analysis (TG), X-ray 
diffraction and M6ssbauer spectroscopy were employed in the investigation of crystal- 
line products of FeOx--P~O~ glasses generated by various heat treatments. In glasses 
with a high value of e = Fe~+/(Fe 2+ q- FEZ+), absorption of oxygen occurs in a broad 
temperature range identified by TG. Depending on the value of e, two exotherms 
appear in the DTA curves, the low-temperature one corresponding to crystallization 
of the Fe3(PO4) ~ type regions, and the high-temperature one being related to various 
phases with dominating FePOa. Each exotherm has its own transformation region, 
identical in absolute value. The MSssbauer spectra of glasses which underwent ther- 
mal treatment at higher temperatures exhibit some indication of phases of the types 
Fe3(PO~)~ " xH20 and FePO4 " xHeO. 

It  is assumed that the transport  of  charge in iron phosphate glasses is due to 
the migration of charge carriers between Fe ions of various valencies. In  our recent 
paper devoted to the analysis of  F eO~ -P 20  5 glasses, using the thermostimulated 
depolarization method (TSD) we predicted the presence of  microscopic regions 
of  the dispersed phase inserted in the homogeneous matrix of  the glass [1]. The 
mechanism of devitrification, studied in this connection by means of  transmission 
electron microscopy [2], as well as some indirect structural conclusions based on 
ac and dc characteristics measurements [3] and considerations of  the phase sepa- 
rat ion of phosphate glasses [4, 5], assume the existence of several phases. 

I t  is the aim of this paper  to investigate the crystallization of FeOx-  P205 glasses 
in a non-isothermal way (using differential thermal analysis, DTA, and thermo- 
gravimetry, TG),  to identify crystalline phases generated by heat treatment (using 
X-ray analysis and M6ssbauer spectroscopy), and to judge the possibility of  
liquid-liquid phase separation. 

Experimental 

Sample preparation 

Reagent-grade P~Os, F%Oz and dextrose were carefully mixed in the desired 
proport ion and then approximately 15 g of  the mixture was placed in an SlOe 
crucible and melted in an electric muffle furnace. An argon atmosphere under 
normal conditions was present during the preparation of  glasses with a > 0.5 
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= Fe2+/(Fe 2+ + FEZ+), while glasses with ~ < 0.5 were prepared in air. The 
temperature increase in the furnace was approximately 300~ the duration of  
melting at /250 ~ was 15 rain. The melts were stirred from time to time in order 
to improve their homogeneity, poured into a stainless steel mold maintained at 
300 ~ and subsequently cooled down to room temperature at a cooling rate of  
15~ Wet chemical analysis and M6ssbauer analysis were used to determine 
the concentrations of  Fe 2+ and Fe 3+ as well a s  F e t o t a  1. Details are given in our 
previous paper [1 ]. The non-crystalline state of each sample was established by 
means of  X-ray analysis (CoK, radiation). 

Thermal analysis 
A Du Pont Thermal Analyzer with a high-temperature DTA cell as well as a 

T G  951 cell were employed. For DTA, 33 mg of  pulverized sample was placed 
each time into a Pt pan and scanned at 10~ over the temperature range desired 
under an argon atmosphere flow. T G  was performed on a fine pulverized sample 
of  23 mg at 20~ in an oxygen atmosphere. 

X-ray and Miissbauer analyses 
Commercial Phillips PW 1049 and KFK I  devices were used, respectively. 

57 Co in an Rh lattice was used as a source for M6ssbauer spectroscopy, with meas- 
urement at room temperature at a constant acceleration and ~valuation by means 
of a 1024-channel analyzer. 

Results and discussion 

The TG of an iron phosphate glass sample with ~ = 0.93 is shown in Fig. 1. 
A detectable increase in weight of the sample already appears below the glass 
transition temperature Tg ,,~ 480~ it increases in the viscoelastic and crystalliza- 
tion temperature regions I and II, with the slope ~1 = 1.05 �9 10 -3 degree -1. 
After complete melting in the temperature interval A T m characterized by several 
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Fig. 1. TG of iron-phosphate glass (c -- degree of conversion) 
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endothermic DTA effects, a maximum dynamic absorption of oxygen appears 
with "r2 = 0.44-10 -3 degree -z. Under our experimental conditions the TG 
effects are saturated at the temperature 1050 ~ where the original value c~ = 0.93 
decreases to ~ = 0.65. In order to follow the changes occurring during heat treat- 
ment, we employed an inert (argon) atmosphere. In some papers published so far, 
this fact has not been considered. However, Fig. 1 shows that the heat treatment of 
samples with e > 0.5 above the temperature Tg can substantially change the chem- 
ical composition of the sample, thus making questionable the structural changes 
deduced in [2, 3, 6]. 
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Fig. 2. DTA curves of iron-phosphate glasses 

DTA curves for various values of a are given in Fig. 2. The temperature of  glass 
transition Tg, defined in this paper as the extrapolated onset, is (within the frame- 
work of  our experimental errors) not dependent on the value of  a, and is always 
T, = 480 + 2 ~ Endothermic effects occurring on the melting of the samples were 
irreproducible and are not presented here. The number of crystallization exotherms 
depends on the value of ~. The position of exotherm I, with maximum peak value 
T m = 590 _+ 3 ~ and that of exotherm II, with T m = 630 _+ 7 ~ are typical for 
all e values. The ratio of enthalpies I and II well characterizes parameter ~. 

From the thermoanalytical viewpoint, the most acceptable explanation of  the 
observed curves is the assumption of the existence of two glassy phases coexisting 
in the given glass and crystallizing separately in the temperature ranges I and II, 
respectively. In this case each glass phase (and thus that crystallizing at the tem- 
perature Tmli) must exhibit its own glass transition. A way of determining such 
a T~ for a sample with ~ = 0.7 is shown in Fig. 3. Partial crystallization I was com- 
pletely performed by the first DTA measurements and after free cooling in a DSC 
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cell a new curve was produced. The remaining crystallization exotherm II is char- 
acterized by a glass transition region at the same temperatures as those recorded 
in all the other measured samples. Thus, the separated glassy phases have identical 
temperature ranges of glass transitions. The idea of  phase separation well explains 
the ac and dc characteristics of  thermally treated samples [3], with no need to 
consider the presence of small crystalline phase fractions in as-prepared glasses. 

X-ray diffraction and M6ssbauer spectroscopy were used for the identification 
of crystalline products arising on various heat treatments of the glasses. Figure 
4 shows schematic X-ray diffraction patterns of glasses with a = 0.70 and c~ = 0.33, 
respectively. The product of partial crystallization of the glass with c~ = 0.70 (as 
shown in exotherm I, Fig. 3) was assigned according to [7] to Fe3(PO4)~. The com- 
plete crystallization of this glass leads to the formation of other diffraction lines 
(Fig. 4, Tt = 660 ~ with the qualitative spectrum comprising the diffraction spec- 
trum of the fully crystallized sample with c~ -- 0.33 (Fig. 4, Tt = 800~ Therefore, 
the crystallization product of exotherm II (Fig. 3), together with the main crystal- 
lization product of  the sample with a = 0.33, was indexed as FePO4. The diffrac- 
tion spectrum according to Fig. 4 (a = 0.33) further characterizes crystalline re- 
gions with chemical compositions Fe203 and FeO. 
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Fig. 3. D T A  curves o f  part ia!  and complete crystal l izat ion o f  glass wi th  ~ = 0.70 
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Fig. 4. Schematic X-ray (CoKe) diffraction patterns after various heat treatments Tt 
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Fig. 5. Mtissbauer spectra of glass with ~ ----- 0.85 after various heat treatments 

The M6ssbauer spectrum of the glassy sample with c~ = 0.85 consists of  compo- 
nents corresponding to Fe z+ and Fe 3+ (Fig. 5a). An approximation of  the spectrum 
by two doublets of  the Lorentzian curves was not precise enough and therefore 
Gaussian distribution was employed [8], according to which the spectrum ex- 
hibits the line widths Err,§ = 2.235 mms -~ and FF~+ = 0.563 mms-1, the mean 
quadrupole splitting values Avr 2.235 mms -1 and AFe3 + ----- 0.898 rams -1, 
the isomeric shifts being 6Fe~+ = 1.078 mms -1 and bF~,+ = 0.264 mms -1. The 
relative Fe z+ content determined from the line width intensity is in good agreement 
with the wet chemical analysis result. 

After heat treatment in the temperature interval I (Fig. 5b), performed in the 
same regime as that of  the DTA experiments, the M6ssbauer spectrum changes 
are so small that they cannot be evaluated in practice. However, the higher the 
temperature of  further heat treatment applied to the sample, the better the distinc- 
tion of  doublets with a different quadrupole splitting o f  crystalline phases with 
Fe z+ and Fe 2+. In the case of thermal treatment at 900 ~ in the crystalline phase 
involving Fe 2+ the spectrum separates into several fractions. The quadrupole 
splitting of  Fe z+ in the crystalline phases ranges f rom 1.513 to 2.94 mms -1, the 
isomeric shifts being 1.12 to 1.21 mms -1. The remaining Fe z+ crystallizes in dou- 
blets with a mean quadrupole splitting of 0.76 mms-  1 and a mean isomeric shift 
of  0.404 rams -~. 

Analysis of  the measured parameters according to [9, 10] indicates the presence 
of  further crystalline phases of composition Fea(PO4)2 �9 xHzO and FePO~ �9 xH20. 
According to [9] the Fe z+ phase has a monoclinic structure, with two non-equiv- 
alent Fe 2+ locations with a relative ratio 1 : 2. From the viewpoint of  M6ssbauer 
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spectroscopy each spectrum of such a compound consists of  two quadrupole 
doublets with a relative ratio of  areas 1 �9 2; moreover, the individual doublets can 
be asymmetric. The spectrum from Fig. 5c presents the case of  bivalent Fe, being 
a superposition of several doublets corresponding to the composition F%(PO4)~, 
together with a varying number of  H20 molecules. A similar situation occurs 
during the incorporation of  trivalent Fe into F e P Q ,  in which the presence of  
crystalline water is evidenced by the superposition of several doublets. 

Conclusions 

(1) During heat treatment in an oxygen atmosphere, Fe3+-reduced iron phos- 
phate glasses tend to absorb oxygen, thus causing a change of  the factor ~. 

(2) The crystallization of  iron phosphate glasses runs in two stages, depending 
on the ratio Fe2+/Fe z+. The dominant crystalline phases produced by heat treat- 
ment are Fe3(PO4) 2 and FePOa, respectively. Each crystalline stage has its own 
(the same in absolute value) glass transition region. 

(3) Crystallization by-products appearing during the heat treatment of iron 
phosphate glasses are the following phases: Fe203, FeO, Fe3(PO4)2 " xH20 and 
FePO4 �9 xH20. 

The authors thank Mrs. Simonyiovfi for assistance in the experimental part of these in- 
vestigations, and Dr. Horv~ith and Dr. Vondrovic for performing the X-ray and TG analyses. 
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ZUSAMMENFASSUNG- Differentialthermoanalyse (DTA), thermogravimetrische Analyse 
(TG), R6ntgendiffraktion und M6ssbauerspektroskopie wurden bei der Untersuchnng (yon 
kristalliner Produkte) durch verschiedene.thermische Behandlungen hergestellten FeOx-- 
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PzO~ Gl/isern eingesetzt. In den Glasarten mit einem hohen Wert yon e = Fe ~ +/(Fe ~ + -~- 
q- Fe z+) erfolgt die Sauerstoffabsorption in einem durch TG[nachgewiesenen breiten Tem- 
peraturbereich. In Abh/ingigkeit von dem e-Wert erscheinen zwei Exothermen in den DTA- 
Kurven, yon denen der bei niedriger Temperatur die Kristallisation des F%(PO4)z entspricht, 
und jener bei h/Sheren Temperaturen in verschiedenen Phasen dem FePO~. Jede Exotherme 
hat ihr eigenes Umwandlungsgebiet, das in absolutem Wert identisch ist. Die M/issbauer- 
Spektren der Gl/iser welche einer W~irrnebehandlung bei h6heren Temperaturen unterzogen 
worden sind, weisen einige Indikationsphasen der Typen Fea(PO~)2 �9 xH~O und FePOa �9 xH~O 
auf. 

Pe3~oMe - -  ~TA, TF, pe~tTreuo~l~td~qbpaKToMeTpna rt Mecc6ayapoBcraa crleKxpocKOrllI~t 6blJII~ 
HcrIoa~,3oBarm~ ~am ~ccJ~e~oBam~ rpI~cTaaarvaecraxx ~po~yKTOB CTeKOn FeOx--P2Oa, noay~ae- 
MIaX nyTeM pa3nrwno~ xenaoBo~ o6pa6oTra~. C nOMOtU~o TF 6J, InO ycTaaonneao, ~To B 
CTe~aax c B~ICOKnM 3na~e~eM ~ --  FeZ+/(Fe ~+ + Fe 3+) noraomerme Krxcnopo~a Ha6nao)IaeTca 
B mapo~o~ o6aacxa Te~epaTyp. B 3aB~CaMOCTI~ OT 3Ha~ena~ ~, Ha ~TA-~pvmr, ix na6nro~aroTcn 
~Be r~3oTepM~i: H~3rOTeM~epaTyprmn ~3oTepMa COOTBeTCTByeT 06JmCTa rpr~cTannn3a~ 
Fez(PO~)z, a ~,~COKOTe~mepaxypnaa ~ xpncTaaa~3at~rra pa3nann~ix qba3 c npeo6na~a~aeM 
FePOa. K a ~ a z  3K3OTepMa IsMeeT CO~CTBettIIyto O6JIaCT~, IxpeBpa~J.~elttl~, !~I~eHTItltIHblX rio a~- 
COJIIOTIJOMy 3Ha~errmo. Mecc6ay3poBcrd~e cIIeKTpLI CTeKOJI, IIO~BepFt/yTBIX TepMoo6pa6OTKe 
FIEII BI~ICOKIIX TeMnepaTypax, npe/IcTaB~4J~r~ HeKoxopbIe yraaaHna aa cy~ecTBoBa~me ~a3 T~na 
F%(PO4)~ �9 xH20 ~ FePO 4 �9 xHzO. 
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