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Ab\tract 

A ~ludy of the cry\~nlh~;~t~or, hmcr~\ <,I +\y allo) Sh A\ .,SC,, ,\ ud\ made using a method m which the kinetic 
parameters were dcduccd. hcarmg in mmd the dcpcndcncr ot thu rcoct~on ri~tc constant on time. through temperature. The 
method was apphcd 10 the ~uper~mental ddta ob!wwl hy d~ffcruntul vxnnm~ calorimetry. using continuous-heating 
techniques. In ad&ion. from the heating rdtc depundencc ol the $M tranwtwn temperature. the glass transition activation 
cnx:y WIF derived. The kmattc parameter\ detcrmmcd hare m‘ldc II pi whlc to discuss the type of nucleation and crystal 
growth exhihitcd in the cry\talliution process. The phaw at \\hlch the allo!, cr>\tztllizcs after the thermal process have been 
identified hy .X-ray diifractwn. The diltractogram of the u.m\formcd matcrlal wggests the presence of microcrystallites of 
Sh,Se, and A&z. rcmammg an addmonal ,Imorphou\ malrw 

1. Introduction 

Traditionally, solid state physics has meant crystal 
physics. Solidity and cryst:l!linity arc considered as 
synonymous in the texts on condcnscd matter. Yet one 
of the most active fields ol solid state research in 
recent years has been the study of solids that arc not 
crystals. solids in which the arrangement of the atoms 
lacks the slightest vestige of long-range order. The 
advances that have heen made in the physics and 
chemistry 01 these materials, which are known as 
amorphous solids or glasses. have heen widely ap- 
preciated within the research community. The last 
decades have seen a strong theoretical and experimen- 
tal interest in the application of isothermal and non- 
isothermal experimental analysis techniques to the 
study of phase transformations. While isothermal ex- 
perimental analysis techniques are. in most cases. 
more definitive, non-isothermal thermoanalytical tech- 
niques have several advantages. The rapidity with 
which non-isothermal experiments can be performed 
makes these types of experiment attractive. There has 
been an increasingly widespread use of non-isothermal 
techniques to study solid state transformations and to 
determine the kinetic parameters of the rate control- 
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The prc’\cnt paper \tudic\ 1hc cry\talli/alum Eincli,s 
01 tlic $I\\! ,dloy Sh,, ,,A\,, .,Ss,, ),. \\hich i\ char- 
aclcri/cct h! the alorcmcntioncd paramctcrb. ubing 
diflcrcnti,ll \c,mnins c,dorimsiry with c(mtinuous-hcat- 

ing tcchmquc\. Finall!. Ihc cry\tallinc phases corrc- 

spondins IO 1hc crystalh/.ltum procc\s wcrc idcntilicd 
b! X-r+ dtllractum (XKD) mca~urcmcnlb. Wing Cu 

KAY radiation. 

2. Theoretical background 

In the derivation 01 relationships for calculating 
kinetic paramctcrs 4 1hc solid state tran4ormat!ona it 

is UWIUI IO cxaminc the parametric depcndencc of the 
ra~c I ot’ fraction Iransl’ormcd per unit time r. Any 
operation on CL\ Idr. such as diffcrcntiation or intcgra- 

lion. is prcatly simplilicd il’ the rearlion rate can he 

expressed a\ the product of two separable lunctions of 

ahsolulc temperature T and fraclion transformed 

i = x - ,g(.L)/i( 7‘) 

i.e. if the dependence 01 i on temperature can hc 

separated Irom its dcpendcncc on .v. There are a 
number ol ways in which R(R) and /I(T) can he 
formulated. since hoth .t and T are functions of time I. 

Different methods of analyzing DSC and DTA expcri- 
mcnts rcsull Irom different dclinilions of Jo and 
/r(T). II should he noted that use of Eq. (I). the 
separation of variahlcs approximation. introduces an 
additional assump!ion into the analysis. Although the 

uncertainty introduced hy this assumption is diflicult 

to evaluate a priori. the method ol’ separation of 
variahlcs is frcqucntly used in the literature to analyze 
transformation reactions. Some authors introduce two 
further requirements: that g(.\) is independent of the 
heating rate (i.e. independent of thermal history) and 

that the lemperaturc dependence of the reaction rate 

constant K is exponential. Identifying k(T) as K with 

an Arrhcnius type temperature dependence leads to 

p = K,,g(.V)exp jg 
( ) 

where K,, is the frequency factor. E the activation 

energy of the transformation process. and R the gas 

constant. Note that neither the order nor even the 

type of transformation kinetics (i.e. the form of g(x)) 

need he specitied. The only constraints imposed on the 
kinetics by the ahove requirements are that only one 

parameter in the rate equation can hc temperature 
dcpcndcnt and Ihat only a Gnglc rate conlrolling 
mechanism i\ operating throughout. 

To c,htain 111e rcquircd relationships. Eq. (2) must 
hc integrated hy \cparation ol’ variahlcs to ohrain 

C-1) 

The inlceralion is carried out frc; n the hceinning of 

the r&ion until some l’ract;on is tran&mcd. It 
should he noted that the functiorl G(.I’) is independent 

01 the healing rate used to ohtain the transformed 
Iraclion t ‘. 

The time integral in Eq. (3) is transformed to a 

temperature integral hy recalling that the healing rate 
is /3 = dT/d/. yielding 

whcrc 7‘,, is the initial tcmpcraturc <)I’ the heating 
process. The integral of Eq. (4) may hc rcwritlcn hy a 
substitution OC variahlcs. y = ElRT 

E,,(-Y’) = cxp(-p)p “d! 

and usmg the melhod of integration hq parts with 

suhstitutinns dry = cxp(-v)dy and II = y ” one obtains 

the relationship 

E,,( -y’) = cxp( -.v’)f ” - p exp( -y)y ” ‘d.v 

reiterating the integration process. 

may be expresed hy the series 

the E,,(Y’) 



I I’,,: q,, c. ,‘I <,I i Jr,,,, ,,,, I ,,I ,\I!,,,, ,,,,d < ,u,,,Ns ,011 I\ 244 ,,‘I%, 9% ,I#-, I(11 

When only the lirst term of this \crtc\ 15 used. the 
cxponenlial inlcgral lunclion can be approximated by 

E,,,(-,“)_ I cxp(-~)~ “d~zci.p(-,‘)~’ ” 

L’ 

In the case of the c\ponential intcgrai ol order II~O. 
E,(-y’). used for the thermal .malyG \tudicd in thi\ 
work. conGdcrin$ that in altcrnatc \cric\ the error i\ 
less than the lir\t term ncelcctcd and hc.trmfr in mind 

that in most transformntmn reacttons r’ = EIK7“>>l 

(usually EIRT’P~). it i\ pos\thlc lo rearilc Eq. (5) 
without mahing any ,tpprcciable error. yielding 

or. in a loguithmic form 

lnjG(r’)j=ht(~)+ln(K$-~+ (6) 

Assuming that the lunction G(.t’) is mdcpcndcnt 01 
the heating rate and thcrclorc a lixcd Ir,tctton trans. 
formed. x’. can hc idcntilicd in a \ct ol cxotherm\ 

tahcn at diffcrcnt heatin? rates. Eq. (6) rcprcscnts a 
straight line. whose slope yields a vnluc 01 E/R which 

pcrmtts us to obtain the activation cnl:rsy of the 

process. If it can hc assumed that the traction I’ at the 
peak of cxothcrms. .t,.. is constant. then 7“ can be 
taken as the tcmpcraturc at the peat 7‘,,. 

In contrast. an important kinctic parameter. which 
supplies information on the reaction mcchani\m and 

the dimcnsionality of the crystal. is :he kinctic ~xpo- 

nent or reaction order 11. A thcorctical cxprcssion ol 
the ahove mentioned parameter can hc ohtaincd. 

starting with the volume fraction tramlormcd 

r= I -exp[ -Q(q)“] (7) 

dcduccd hy Vli~quez ct al. 161 from the equation of the 
evolution with time of the fraction transformed in 
terns of the nucleation frequency per unit volume I, 

and the crystal growth rate II 

where g is a geometric factor and )n is an integer or 

half integer which depends on the mechanism of 
growth and the dimensionality of the crysta:. 

In this sense, the crystallization rate is obtained hy 
deriving the volume fraction transformed (Eq. (7)) 

with respect to time. bearing in mind the fact that. in 
non-isothermal processes. the reaction rate constant is 
a time function through its Arrhenius type tempera- 
ture dependence. resulting in 

_ Cj( C)“] 

Suh\tttutm~ the exponential function hy its given value 
in tq. (7). one obtains 

cl\ @I h7 . ” ’ 
-=-( ) 

,dK 

dr P P 
(I-r) 7--~+2pKT I I (8) 

The maximum transformation rate is found hy 

settim! d‘tldr‘ = It. thus ohtaining the relationship 

K 7“ 

o Y =’ ( ) 

- ;{ [“;($l,,)‘+‘@K;T; 

_ K T&l 
P r d,’ 1 ,,] I T$i 1 P 

+ VK,T,, I 7 v-9 

x\ hL rc \uhscript p now denotes the magnitude values 

corrc\pondinp to the maximum crystallization rate. 
Tahmg the lirst and second derivative of the re- 

actton rate constant with rcspcct to time results in 

dK /3K,,E 
-1 =y and $1,=%(-&-2) 
dr I. 

I> 

Suhstitutmp thcsc cxprcssions into Eq. (9) yields 

which rclatca the kinetic parameters E and )I with the 
magnitude values that can hc experimentally deter- 

mined. and which correspond to the maximum irans- 

formation ram. 
Bearing in mind the ahove mentioned fact that in 

most transformation reactions LRT,. it is possible to 
express Eq. (8) hy the following relationship 

$$,@Q(J$$l-.rP)* 

= 0.37% 
RT’ 

(11) 
P 

which makes it possible to calculate the reaction order 

for each heating rate. The corresponding mean value 
may he considered as the most probable value of the 

reaction order of the transformation reaction. 

Finally. the pre-exponential factor 4 = Q”“K,, in 
Eq. (7). which measures the probahility of effective 
molecular collisions for the formation of the activated 



complex. can he ohlaincd from 
which can he approximalcd hy 

the (Ii)). 

whcrc. wmg the above ohtaincd value of Ihc activa- 
tion cncrg F and the vCtlue of the tcmperaturc T,, for 
each heating ralc. it is posbihlc IO lind dilfcrcnt values 
of the ahovc mentioned lktor q (in (K s) ‘). The 

corresponding mean \aluc may he taken as the most 

probahlc value of the prc-cxponcntial factor. r&cd 

IO the frequency lactor ol the transformation reaction. 

3. Experimental details 

High purity (YY.YYY%) antimony. arsenic and 
selenium in appropriate atomic per wn1 proportIons 
were wcighcd into a quarts glass ampoule (6 mm 
diameter). The contents of the ampoulc (7g total) 

were sealed al a prcssurc of IO ’ Torr (IO ’ N m ‘) 
and hcatcd in a rotating furnace at around YSO”C lbr 

24 h. suhmittcd to a longitudinal rotation of 113 re- 

v min ’ in order IO cnsurc the homogeneity of the 
molten material. It was then immersed in a recepticlc 
containing water in order IO solidify the material 
quickly. avoiding crystallization of the compound. The 
amorphous nature of the material was checked 

through a diffractomctric X-ray scan. in a Sicmcns 
DSOO diffracromctcr. The homogeneity and composi- 

tion of the sample were vcrilicd through SEM in a 

Fig. I. DSC 



1.542 A) at 40 kV and 40 mA. with 
0.1”s ‘. 

a scanning bpccd of 

4. Rcsultr and diwwion 

The typical DSC tract o! Sh,, ,,.A\,, .,Sc,, ,, cha- 
cogcnidc @ass ohtaincd at a hcatins rate ot’ 1 K min ’ 
and plotted in Fis. I shows three characteristic phc- 

nomcna which arc rcsolvcd in the tcmpcraiure region 

studied. The lirst (7‘ = 4M.l K) corrcaponds IO the 

glass transiti::n temperature T,. the second (T = 
5-lh.O K) IO the cxtrapolatcd onset crystallization tcm- 

peraturc TL. and thu third (T- Ml.3 K) to the peak 

tcmpcraturc ot crystallization i’,. 01 the nhovc mcn- 
tioncd chalcogcnidc r$ass. Thus hehaciour is typical ror 

a glass-crystalline transformation. The tcmpcrature 

valuca T,. .FL and T,, increesc with incrcnsingr heatins 

ram p. 

Two approaches arc used IO anoly/c the dcpcndcnce 

of T, on the heating rate. One is the empirical 
relationship ot’ the t’orm T, = A + Bin /3. where A and 

B are constants for a given glass composition 171. Thus 

was originally suggested hascd on results for 
Gc,, ,iTe,,.,l glass. The results shown in Fig 2 indicalc 

the valldlly Of this rclationshrp for the 

Sh, ,,A%, Gc,, ,h chalcogcnidc glass. For this glae. the 
empirical relationship can hc written in the tiorm 

T, = 47.6 + 4.h262ln 0 (1.1) 

wncrc a straight rcgrcssion line has been fitted to the 
experrmcnlal data. 

The other approach is the use of Eq. (6) for the 
evaluation ot the activation energy E, of the glass 
tranGtlon For homogeneous crystallization with 
spherical nucler. it has hecn shown 1X.91 that the 
dcpcndcncc ol the crystalliration temperature on p is 
gven b? 

T: ( 1 I-. I 
In y = jj y + constant 

Though oripmally deduced (or the crystallization pro- 
ccss. it i\ ru~~csted that this cxprcssion is valid in a 
\cry gcnural wnsc [IO]. and it has often heen used 
IX-1 I I 1:) calcula!: E,. 

The acti\‘;ttum cncrgy for glass transition can Jsc he 
cvalumd Irom Eq. (IO). hearing in mind that in most 

transformation reactions E,wRT,. It is therefore pos- 
Ale 10 write Eq. (IO) as 

uhcrc whvxrpt g denotes magnitude values corre- 

spondins IO the glass transition temperature. Taking 

the loparithm ol Eq. (IS) and assuming that. usually. 

the change in In Tz with p is negligibly small com- 
pared with the change in In /3 [ 12-141. one obtains 

E, I 
In p = F -r, + constant (16) 

a straight lint. whose slope yields a value of E,. 

Fig. 3 shows plots of In(Ti//3) (curve a) and In p 

(curve h) VS. l/T, for the Sh,,,,As,,,,Se,,,, chal- 
coscnidc glass. displaying the linearity of the equa- 
tions used. The values of the activation energy ob- 
taincd for the glass transition are 95.X Kcal mol ’ (plot 



quo~cd in the litcraturc for Gmilar &mpounds 1 lS.lhj. 

The usual analytical mLthoda. propteed in the 
!itcr:lturc !or :Inely/ing lhc cry~lalli~ali~~n kinetics in 
&a\ Iormrng !I~uI&. ~r\\urnc that the reaction rate 

constant can hc dclincd hy an Arrhcnius type lcm- 

pcraturc dcpcndencc. In order For this assumption IO 

hold. one ol the following two SCIS ol’ conditions 
shtiuld apply. 

(i) The crystal growth ralc II has an Arrhcnius type 
tcmpcra1urc depcndcncc and. over the tcmpcralurc 
range whcrc the thcrmoanalytical measurements are 

carried out. the nucleation rate is ncgligihlc (i.e iitc 
condition of silt saturation). 

(Ii) Both the crystal growth and the nuclc Ition 

Crcqucncy have Arrhcniub type tcmpcrature Jepcn- 
dence. 

In the prcbcnt work it is assumed that 1.x second 

condition holds. and thorcforc the civcrall cffcctivc 
aclivalion cncrgy 

relationship 161 

for EL. is given hy the 

E, + rnE,, 
E, = II-- 

where E, and E,, arc the effective activation cncrgizs 
for nucleation and growth rcspcctively. and UI is an 
integer or half inlcgcr which dopcnds on the mecha- 

nism of growth and the dimcnsionality of tne crystal. 

From this point of view. and hearing in mind the 
ahoxc mentioned fact that in most crystallization 
processes the overall activation energy is much larger 
than the product RT. the cryslalli~ation kinetics of the 

a!!ny St+, ,,A% ,,Sc,, ,” may he studied according to 

the appropriate approximation described in lhc prc- 

ceding theory section. 
With the aim of analyzing the crystallization kinetics 

of the ahovc mentioned alloy. the variation intervals 
of the magnitudes described by the thermograms for 
the diffcrcnt hcatmg rates, quoted in Section 3. are 
ohtaincd and given in Table 1. where T, and r,, are 
the icmpcratures at which crystallization hcgins and 

that corresponding to the maximum crystalliz&on rate 

T, (K) 45X.0-476.7 
T,(K) 514.4-s70.3 
T, CK) s44.1 -NlS.l 
AT(K) S4.2-62 i 
Mf (meal mg ‘; 7.6-8.5 

525 550 575 600 625 
T(K) 

rcspectivcly. and AT is the width of the Teak. The 
crystallizetion en~balpy MI is also dctcrmincd for 

each of the ahovc mentioned heating rates. 

The area under the DSC curve is directly propor- 

tional IO the total amount of alloy crystallized. The 

ratio hetwccn the ordinates and the total arca of the 
peak gives the cc>rresponding crystallization rates. 
which makes it possible to build the curves of the 
exothermal peaks rcprescntcd in Fig. 4. It may he 
ohscrved that lhc (dxldr), values increase in the same 

proportion as the heating rate. a property which has 

been widely discussed in the literature [ 171. 

From the experimental data a plot of In(TiIP) vs. 
I l7’? has hccn drawn at each heating rate. and also the 
straight regression line shown in Fig. 5. From the slope 
of this experimental straight line it is possihlc !o 
deduct the value of the activation energy. E = 

Fig. 5. Experimental plot of In(Tilp) vs. IWll/T 

regression Imcs of Sh,, ,,A$,, ,,Sc ,,,” alloy (/3 in KY ‘). 

ad ??trdight 



5. Identification of the crystalline phases 

Taking into account the crystallization exothermal 
peaks shown by the glassy alloy Sb,, ,,As,, ,,Se,,,,. it is 

rccommcnded lo try to idenlify the possible phases 
that cr!Mli/c during the thermal treatment applied to 
the sample\ hy means of adequate XRD measure- 
mcnts. For thi\ purpose. in Fig. 6 we show the most 
relevant portion\ of the diffractometer tracings for an 
n+qucnchcd ~la\s an d for the material submitted to 
the thermal process. Trace A of Fig. 6 has broad 
humps chartctcristic of the amorphous phase of the 
starting material at diffraction angles (2H) between 20” 
and Mr. The diltractogram of the transformed materi- 
al alter the cry\talliration process (tract B) suggests 
the prc1‘encc of microcrystallitcs of Sb&;. indexed 
Hith . m the pattern. whi!e there remains also an 
additional amorphous phase. The Sb.Se, phase found 
crystalli/c\ in the orthorhomhic system 1211 with a unit 
cell dclincd np (t = Il.633. h = 11.7X and c = 3.895 A. 

All the peaks in the diffractogram of the trans- 
lormed matcrml can be identilied as those of crys- 
relhnc Sh.Sc ~. except ‘me of the doubles at 20 = 27.43” 



and 20 = 27.55”. which corrcaponds to Ihc highest 
inlcnsitv hnc in *hc crv~lall~ne Ask dillr;lclion patlcrn 
(markc~ + ) 1221. Thi; assumption woulJ nlbo explain 
the hreh mtcnsity 01 some lines. like 2H = 16.92”. 
34.22”. 35.87”. 3V.W’. 4628”. which correspond IO lines 
appearing in lhc c-As%! dillraction pattern. Further- 
more. the composition of the amorphous material rs 
close IO the line Sh.Sc.-As%. within the margin ol’ 
error. 

6. Conclusion* 

Crystallization of hulk. Sb,, , ,As,, :,Sc,, ,, glass has 
hccn bludicd using calorimclric and X-ray powder 
diflracti~m !echniqucs The study of cryslalli~alion 

kinctics was made using a method in which the kinetic 

paramctcrs arc dcducod. hearing in mind the dcpcn- 

dencc ol’ the reaction rate constant on time. This 
method for thermal analysis of glassy alloys proved IO 
he efficient and accurate. giving rw~lts in good Igrcc- 
mcnt with the nalurc of the alloy under study and 
rcprcsentativc of a nucleation and crystalline-growth 

process. according to the value found for the reaction 

order. In addition. IWO approaches have hccn used IO 
analyrc the glass transition. One is the linear dcpcn- 

dence of the glass transiiion temperature on the 
logarithm of the heating rate. The other is the linear 
relationship between the logarithm ol’ the quolicnt 
TfIP and the reciprocal of the glass transition tem- 
pera:urc. Finally. identification of the crystalline 

phases was made hy recording the X-ray diffraction 

pattern of the lransformcd material. This p.Mxn 
shows the existcncc of microcrystallitcs of Sh,Se, and 
As% in an amorphous matrix. 
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