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The am of thiswork is to derive amore exact expression for the critical cooling rate and to
verify it experimentdly on the systems As,Se;, AsSel, Cus[A$,Se3]es, Cuis[AsSes]ss, and
Cuys[ AsSe, 4lo. 2]ss. We assume that in addition to the growth of the nuclei, one should take
into account the continuous increase in their number, i.e. the occurrence of new nucleation
events. The obtained eguation shows the dependence of the ratio of crystalline phase volume
on the critical cooling rate. In principle, thisrelation allows for the calculation of the cooling
rate b that should be applied under the condition that the crystallization rate does not exceed
avaue a,, given in advance. The calculated cooling rates for the investigated systems can be
considered as more exact compared to those previoudly reported for similar systems and are
in agreement with our previous experimenta findings.
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1. Introduction

The tendency of a glass to crystalize represents one of its important physico-chemical
characteristics. The possibility of glass formation from a melt of a given composition and potentia
formation of crystalsinit can be estimated on the basis of different parameters [1]. These are, among
the others, the magnitude and position of the glass formation area, crystalization ability, and the
critical cooling rate. Starting from the ratio of characteristic temperatures, it can be predicted
whether the nucleation will be homogeneous or heterogeneous [2-4]. Strictly speaking, the critical
cooling rate is defined as the minimal rate by which met should be cooled so as not to produce any
crysalization center in it but will continue to grow [5]. In practice, however, depending on the
experimenta conditions, more redistic criteria are introduced. It is usualy taken that the ratio of
crystalline phase volume should be 10° [6,7], the critical cooling rate being related to this value
Some authors [8,9] consider that severa percents of crystalline phase in the glass matrix is the leve
that can berdiably detected and they based their ca culations on this data.

Changes in the matrix of some glasses and the occurrence of crystallization in them have
been subject of our previous works [10-13]. In them, we used the formula for the degree of
crysdlinity defined as the volume ratio of the crystalline phase in the glass matrix in dependence of
the cooling rate, based on the Kol mogorov-Johnson-Mehl-Avrami (KIMA) theory [14-16]. In a
similar form, this theory was also presented in a recent work [17]. On the basis of it, under the given
assumptions, one can calculate the rate a which the medt should be cooled so as to obtain the glass
with aminimal (given in advance) degree of crystallinity. The aim of this work wasto derive amore
exact expression for the critical cooling rate under the conditions of continuous nuclegtion. In other
words, we assumed that in parale with the growth of the existing nuclei new ones are formed all the
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time. The concrete calculation was carried out for the known chalcogenides As,Se;, AsSel and
complex copper-involving systems that have been subject of our long-term investigations [18-21].

2. Experimental part

2.1. Experimental methods

Thermogravimetric (TG), differential thermogravimetric (DTG) measurements and
differential thermal analysis (DTA) were carried out on a Paulik-Paulik-Erdeey (MOM, Model
1000) derivatograph. An amount of 100 mg of the sample was heated from room temperature to
1000 C at arate of 10 °C/min.

DSC analysis was carried out on a DuPont, Mode 910 cal orimeter. The sensitivity was 10
pJs, and the heating rate 10 °C/min. Measurements were carried out in the air atmosphere at
atmospheric pressure, from room temperature to 500 °C.

X-ray measurements were performed on an automatic powder diffractometer PW 1376-PW
1065/50 (Philips) with high — temperature camera HTK 10 (Paar) and automatic temperature
controller HTK 2-HC (Paar). The heating rate was 1 to 50 °C/min in the interval from room
temperature to 800 °C.

2.2. Theoretical background

To determine the degree of crystalinity a in the glass matrix and the cooling rate b one can
start from the assumption that in the course of cooling the melt at atemperature T', from the melting
point T, to the softening point Ty, where Ty < T' < Ty, in atime interval dz, the number of nucle
formed is dN. If the volume ratio of the crystaline phase in the materid is a(T’), the number of
nucle is given by therdation,

dN = j(T)[1-a(T)]dr (1)
where j(T') is the nucleation rate. If expressed via the cooling rate b, which is b(T") = 4L, the

expression (1) istransformed into

_ M) 1 (e VT
dN—ﬁ[l oT)|dT @)

It is assumed that all the newly formed nucle at thetemperature T' have afiniteradiusr.. Also, it is
usually assumed that the distance between their centersis larger than r.. Thus the volume increment
of the crystalline phase da., which is a consequence only of the formation of these dN nudé is
given by

da,=VdN, V, =grfrt ©)

In the course of cooling, considering only what happens with the nucle formed a T', the volume
increment of the crystalline phase in the temperature interval from T’ to Ty will be

da = V(T')dN @)

where V(T") is the volume of the nuclei formed at T' and grown during the cooling to T,
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V(r) =S+ [UUIT ®
3 2 b(T)
where u(T) is the rate of linear growth. Thereby, it is assumed that all the nuclei grow according to
the same law, i.e. their growth is described by the same functiona dependence of the rate of linear
growth, similar to that givenin [22].

By substituting (2) and (5) into (4) we obtain

=§— ~alT)= /{r +[ “(T)dTJ dT’ (6)

In this work we assume that, in addition to the growth of the dN nucle, one should take into account
the continuous increase in this number, i.e. the occurrence of new nucleation events. In order to
obtain the overall ratio of the volume of the crystalline phase in the glass matrix it is necessary to
carry out the integration with respect to T in the region of cooling in which is plausible to consider
the possibility of the occurrence of crystallization, i.e from Ty, to T,. Thus we obtained that the
overal volume ratio of the crystalline phasein the glass matrix is:

a:Tng_ T')= /{r + u(T)dTJ dr’ )

In this relation, the volume of crystaline phase remains a function of temperature, and it is the
integrand in the above expression. In principle, from this expression one can calculate the cooling
rate b that should be applied under the condition that the crystallizati on rate does not exceed a value
of ap, givenin advance

However, since a(T") < ap << 1, expression (7) can betransformed into a simpler form.

Jb(T

)

jj(—g r, +j“( ngJ dT’ ®

We will assume that the crygtalization rate is constant over the whole interval of cooling, i.e.
b(T") = b. By this approximation, and after introducing the substitution,

u(T)dT = p(T’) ©

ol e—

equation (1. 8) istransformed into ardation containing four integrals
2T 3, F. 1’
,n{ j T (T)p(r )T + %J.J(T')DZ(T')dT'+b7JJ(T')ps(T')dT'} (10)

Ty Tg Ty
This expression can be written as,

——77[kr3b +3mr’b™* +3nr,b® +ab” ] (11)

where the designations for theintegrals are
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j(Mp?(mar; a= [§(T)p*(T)dT" (12)

9

3

k = TJTJ T')dT'; m= J p(T')dT’; n=
T

& '_.3—‘

—

Numerical ca culation of theseintegrals by standard programs can be done without any difficulty, so
that the obtained expression (10), i.e. (11), can be successfully used to cal culate the cooling rate b.

3. Results and discussion of calculation of the critical cooling rate

Critical cooling rate was cal culated numerically on the basis of the obtai ned
relation for As,Se;, AsSel and Cus[As;Se3]os, Cuis|AS;Ses]ss, and Cuys[AsSer 4lo.2]ss. At that, the
input functions were the nucleation rate j(T) and linear growth rate u(T). Nucleation rate can be
expressed as [23]:

. N,AG, + AG
=j expl ——A——¢c T 13
1= oo - 251202 o
With such systems, the pre-exponentia factor j, is[24]:
jo=NynZ (14)

where N,, i.e. ns is the number of kinetic units in the volume unit of the glass and nucleus surface
respectively; AG, is the thermodynamic barrier, i.e the free energy of critical nucleus formation;
AG,, isthekinetic barrier, i.e. the free energy of activation of the transition of kinetic units from

the glass to the crystal nudeus; and Z is the Zeldovich factor, which can be determined from the
relation [25]:

AG, |2
Z=|——fy (15)
37KT (n )
wheren’ isthe number of atomsin the critical crystalline nucleus.
The thermodynamic barrier can dso be expressed as

(16)

where AG, is the change of free energy per unit volume and ois the surface tension at the interface
glass mdt/crystal. Since AG, can be expressed via the critical radius, i.e. via the meting entropy
A4S, [24-26], the expression for the nucl eation rate can be written in the form

o AT, -T)?+1G,,
= Joexpl — 17
1=1Jo IO[ RT (17)
N, oV2
where A, —%T AAUSZ , Vo isthe molar volume and T, is the melting point.

Thelinear growth rate is defined by the function

AG AS, (T, -T)
= expl —— (1-exp—Mm¥Y m 7 18
o= o] - 202 1250 o
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where AG,,, is the free activation energy of crystal growth and u, represents the preexponential
term u, = f [D [, whereby the factor f is the probability factor, which is given by the expression
[26]:
;= OAH TAT
Ao T2V,

m 'mol

(19)

where AH . is the molar enthapy of melting, J is the jumping distance of kinetic units, and vV is
the frequency of thermal atomic osdillations.

Basic difficulties in determining the nucleation rate function j and linear growth rate u are
related to the estimation the values of activation energies AG,, and AG,,,.

The va ues of input parameters used to define the functions j and u are presented in Table 1.
With Cus[As,Ses]es, Cuis[AS,Ses]ss and Cuys[AsSe4loglss the values for T, Ty and AS,, were

obtained on the basis of thermogravimetric and DSC measurements. The typical DTA and DSC
curves aregivenin Fig. 1.
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Fig. 1. a TheDTA curves of the investigated samples; b. The DSC trace for the sample
Cuis(AS,Ses)es.

For the systems involving Cu, the activation energy of crystalization and activation energy
of linear growth are determined based on the measurement of the nudeation temperature in the
amorphous matrix as afunction of heating rate. The graphs of the relations

Inv and i=C __R In \2/
Tmax Tmax

=C - R "
AG

1
T, " AG

(20)

an am

served to determine AG,, and AG,,. T, represents the temperature of the beginning of

crystalization, whereas Trx iS the temperature corresponding to its maximum, and v is the heating
rate. Namely, it can be assumed that at the temperature of the beginning of crystdlization the
activation energy of nuclegtion is predominant, whereas at the temperature of crystalization
maxi mum the deci s ve influence has the activation energy of linear growth.

In Fig. 2 is shown the experimentally determined dependence between In v and 1/T, for the
samples with 5 and 15 at % Cu.
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The data presented in Table 1 served as the basis for determining the functiona dependence
of the nuclegtion rate and the rate of linear growth on temperature. Graphs of these functions, known
as Turnbull’s curves, are for our glasses with Cu presented in Figs. 3-5. It is evident from them that
in all three cases the maxima of linear growth rate appear at a significantly higher temperature
compared to the nucleation maxima j. The weak overlapping of these curves indicates that these
materials can be effectively obtained in the form of glasses.

|
1,70

1,80

1/L(10°K

Fig. 2. Correlation of the temperature of nuclel formation and hesting rate.

Table 1. The crystal nucleation parameters of investigated glasses. T, - softening

Ty - melting temperature, A4S, — melting entropy, 4G,, — free energy of

activation of transfer of kinetic units across the interface glass/crystal nucleus, AG,q-free
activation energy of crystal growth, o- surfacetension, r.— critical radius.

temperature,

Glass A5Se; | AsSel | Cus[AsSes]os | Cuis|As:Ses]ss | Cuis[AsSeralogles
T4(K). 443 351 438 458 458
T(K) 643 503 655 655 655
dio’kg/m®) | 4.55 457 4.77 5.07 4.99
AS{k¥mol) | 635 475 20 10.8 11.8
AG4(kJmol) 152 125 145 161 161
AG.(k¥mol) | 152 100 140 140 148
o(N/m) 0.05 0.035 0.017 0.028 0.030
r.0"°(m) 8.20 7.35 3.60 3.90 4.99
reference [24]. [10] this work this work this work

On the basis of the functional dependence of | and u it was possible to cd culate the output
parameters, i.e. the values of the integrals k, m, n, a, defined by equation (12). In Table 2 are
presented the values obtained for these integras, dong with the values of critica cooling rate
calculated by introducing them into (11). At that, it is assumed that the given ratio of the crystalline

phase volume is 10 of the given volume of glass matrix.
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Table 2. Vaues of theintegrals k, m, n, a, defined by equation (12) and cal culated critical
cooling rate (b) for the investigated glasses.

Glass k (m°Ks?Y m (m?K?s?) n(m'K3® | a(K*s? |b(Ks'1)
As,Se; 6.89110'° 1.78010° 2.3110% 9.0610% | 4.2000*
AsSel 3.51110" 1.70010° 2.90110° 1.12010%* | 9.7110°
Cus[As;Ses] g5 2.1910% 4.92010" 4.16 7.15010 | 42.7
Cuis[As,Ses]es 1.8410% 1.18M10% 19.65 5.49110%° | 45.8
Cus[AsSerlogles | 2.69010% 6.89110° 6.27010" 1.16110%" | 1.4
(ko) u(®)
21’ T 2X10
3x10° +
I {1x10™
1x1021:
400 440 480 520 560 600 640 T (K)

Fig. 3. Temperature dependence of the rates of nucleation and linear growth for Cus[As;Se;]gs.

For the glasses As,Se; and AsSel, the calculated vaues of critica rates are very small.
However, it is known from practice that these systems are readily obtained in the form of glass and
that they do not require high coadling rates. It should be pointed out that there are literature data [8]
for the critical cooling rate of the As,Se; glass that are higher by about one order of magnitude of
which critical cooling rate was cal cul ated.

m
1 u\s,
J(m3s) ] (S)
3x1021 1x10'”
21
2x10 6X10_I2
1X1021 12
2x10
400 440 480 520 560 600 640 T (K)

Fig. 4. Temperature dependence of the rates of nucleation and linear growth for Cuis[As,Ses)ss

()|

4x10"}

2x10"+

400 440 480 520 560 600 640 T (K)
Fig. 5. Dependence of the rates of nucleation and linear growth on temperature for Cus[ASSe; 4lo6)ss.
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These values were calculated on the basis of the KIMA theory, whereby of the members
containing b in the expression for the ratio of crystalline phase volume only the one with power 4
was retained, as its contribution was the highest. It appeared that our calculations are more exact.
Besides, it should be noticed that the difference between the values might be also due to the small
differences in the input quantities. It is known that the functions j and u are very sensitive to their
changes, which aso implies the corresponding changes in theintegrals k, m, n and a, on the basis.

a (b)
3x10° |

2x10”°

1x10”

0.0002  0.0006 0.0010  0.0014
K
b($)

Fig. 6. Dependence of ratio of crystalline phase volume in the glass matrix as a function of
critical cooling rate for As,Ses.

In Figs. 6 and 7 is shown the cal culated dependence of theratio of crystalline phase volume
in the glass matrix a(b) as a function of the potential change of the applied critical cooling rate for
the glasses As,Se; and AsSel respectively. It can be seen that the change of cooling rate by one order
of magnitude in the given interval produces a change of the same magnitude in the volume of
crystalline phase in the glass matrix.

o (b)

T

1.5X10°
1x108¢

5x107

0.008 0.012 0.014 0.016 0.018 0.02
b(3)
S

Fig. 7. Dependence of ratio of crystaline phase volume in the glass matrix as a function of
critical cooling rate for AsSel.

By comparing the obtained results with those of previous investigation [11,18,27] it can be
seen that the glasses containing copper are more prone to crystdlization compared to the
corresponding samples without Cu. Results of the present work support aso this observation.
Namey, as can be seen from Table 2, the calculated critical rate of cooling of Cu samples is by
several orders of magnitude higher compared to the corresponding values for the glasses without this
dement. In practice, it has been shown that a cooling rate of severa tens of K/s is needed to prepare
the glasses with Cu.
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In Fig. 8 is presented the cal culated dependence of the ratio of crystaline phase volume on
the applied cooling rate for the Cu glasses. The calculaion invol ved the rates to which corresponds
the ratio of crystalline phase of the order magnitude of 10°°. In these cases the cooling rates were of
the order of magnitude of tens of K/s, so that the analysis of the contribution of particular members
of equation (11) showed that the term with b was much larger compared to the other terms. Fig. 8
shows the functional dependence that is obtained from the given equation by retaining only this
member. It can be seen that the course of the function for the samples Cus[As:Ses]es and
Cuis[As;Ses]gs is very similar. If a wider interval for b were sdected, the graphs could even
coincide. With the sample Cuys| AsSe; 4l o2]ss, the difference in graph position is evident. It can be
assumed that with the first two samples the crystallization process under the same conditions
proceeds in a very similar way, whereas with the four-component chal cogenide it is different. This
could be a consequence of the presence of iodine in the materia, yidding certainly formation of
some new structural eements in the glass matrix. It has been shown that such complex systems
contain even up to ten structural & ements[27].

a (b)
8x10™
6x10°
4x10°
2x10°
10 Is 20 25
b(§)

Fig. 8. Dependence of the ratio of crystalline phase volume on the applied cooling rate:
01 - Cus[AS;Se3] s, 012 - CU1s[AS;SE3] g5, 013 - CUss[ASSEY 4l0. 2] g5

4. Conclusion

Starting from the assumption on the constant involvement of nudestion, i.e. the growth of
the existing nuclée is aso accompanied by the formation of the new ones, an equation has been
derived relating the volume of crystaline phase in the glass matrix to the critical cooling rate. The
equation allows numerical calculation of the critical cooling rate for the known input parameters and
prescribed ratio of the crystalline phase volume. The caculation performed for the cha cogenide
glasses As;Se; and AsSdl gave the results that differ to some extent from those previously reported.
This can be explained in terms of the approxi mations that have been made. The results obtained in
this work can be considered as more exact since particular members of the equation have not been
rgected. The Cu glasses dealt with in this work have also been subject of our experimental
investigations, and the obtained value of critica cooling rate is by several orders of magnitude
higher compared to that for the glasses without this dement. This is aso in agreement with our
experimenta investigations, showing that these glasses are much more prone to crystallization
compared to the basic ones, containing no this € ement.
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