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Abstract

0.8[xB,0s—(1— x)P>0s]-0.2NgO (with 0<x <1) glasses have been characterized by solution calorimetry at 298K in acid solvent. The
experimental data showed a strong negative departure of the enthalpy of mixing from the ideality described by the equation (in kJ/mol):
AH=x(1-x)(—660.2 +570x). The results were interpreted on the basis of the structural data. Enthalpies of mixing were consistent with sub-regular
solution behaviour.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tion range with progressive substitution of® by B,O3. The
data are discussed in structural terms.

A large family of glasses based on the combination of both
B,03 and BOs with various network modifiers has been devel- 2. Experimental
oped for widespread applications, including hermetic sealing
materials[1,2] and fast ion conductors in solid state batter- Sodium borophosphate glasses of composition (mol%)
ies[3]. Previous investigations in borophosphate glasses havé2N&0-0.8[xB03—(1—-x)P20s], 0<x<1, were pre-
focused on some specific physical propertjgs7] (chemi- pared under atmospheric conditions using analytical grade
cal durability, refractive index (n), glass transition temperature(NH4)2HPOy (Prolabo R.P.), NgCOz (Merck) and BOs
(Tg), thermal expansion coefficient («), thermo-optic coefficient(Merck). The raw materials were weighed and the mixture
(dn/dT), density) and on the glass struct[ir®—11]. Incontrast, Was heated in a platinum crucible first at 8@ for 1h to
there is little published work regarding the thermochemistryrémove the volatile products and then melted at 1000-1G50
of borophosphate glasses. Only one high-temperature diregepending on composition, for about 30min with frequent
reaction calorimetric measuremeft&] was performed for the ~stirring to ensure a good homogeneity. The melt was rapidly
composition series (NaR—B,03 and NaP>,O7;—(NaBQy)2. quenched by dipping the bottom of the crucible into water.
Recent developments in ambient-temperature solution calorimdhe samples were stored in vacuum desiccators just prior
try in our laboratory enable us to measure the thermodynami'@) calorimetric dissolution in order to prevent reaction with
properties of such glass systems over a wide range of comp@Xygen or moisture.
sition and temperature to obtain a better understanding of the Powder X-ray diffraction (XRD) patterns were collected at
structure and the physical properties of the glass. room temperature on all samples in order to detect any crys-

In this paper, the results of a calorimetric study of tallization of the quenched samples. A Dlﬁractometer D5000
0.8[xB,03—(1— x)P>05]-0.2Ng0 are presented. The data on Siemens apparatus with Cu Kiadiation (A= 1. 5418A) was

the enthalpy of mixing were measured over the whole compositsed. The data were obtained in a stepwise mode wit2g-
ing from 5 to 55.

Glass transition temperature ¢f7 were evaluated by
* Corresponding author. Tel.: +33 491282885; fax: +33 491282886. using DSC under argon flux. DSC tests were performed in
E-mail address: angeahousou@hotmail.com (A.P. Ahoussou). a SETARAM DSC 111 differential scanning calorimeter
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calibrated with zinc standardfl3]. The heating rate was ok
15 K min~. The weight samples were about 20 mg. The mean (@)
values of Ty were determined from four measurements; the 60 |
reproducibility is+2°C. i )
The enthalpy of mixing of glasses cannot be measured 50
directly in the entire concentration range due to kinetic lim-
itations. All calorimetric measurements were performed in a
laboratory design solution calorimeter at 298 K. This calorime-
ter was built several years ago in the “Centre de Thermody-
namique et Microcalori@trie du CNRS — Marseille”. Details
of the calorimetric apparatus and measurement procedures have
been extensively described elsewhere in the literdfitf The 0 \ ) ; \ !
thermopiles constituted by hundreds of chromel-alumel thermo- 0 10 20 30 40 50 60
couples are inserted in an isothermal aluminium block. The great 26(°)
stab!llty of the apparatus allows very long experiment arounq:ig 1. X-ray diffraction patterns of 0.88,0s—(1— x)P,0s]-0.2NaO glasses:
ambient-temperature (293-350K). The values of heat effectg).=0.15, (b)x=0.5 and (c)=0.9.
0.1, 1 and 10 J were measured with 1.06, 0.40 and 0.05% accu-
racy, respectively. The stirring procedures were standardized alg

Intensity(u.a)
w 5
o o
=

n
o
T

—_
(=]
T

able 1
corrections were made for the small heat effects associated With);ss transition temperatur&y, enthalpy of solution atinfinite dilutionYseiH)
stirring. All measuring cells are in PolyTetraFluoroEthylene and enthalpy of mixing (AH) in 0.8[xB0s—(1— x)P,05]-0.2Na0 glasses at
(PTFE). According to the recommended procedure, the solver?98K
was added directly into the calorimeter cell. Samples of abouf Ty (°C) AsolH™ (K3/mol) AH (kd/mol)

5-20 mg were placed in the container ca. Scifhe container

was closed and stored in the calorimeter cell at the calorimet 129876.8;;8 :Iggi 12 Oié'éﬂ 0
temperature (298 K) for 4 h to reach thermal equilibrium. Dur-q o5 307.6L2.0 43410 973422
ing the dissolution, the sample was broken in the calorimeter cell.so 534.7:2.0 —17.2+1.1 —935+1.7
which contained in a mixture of 25 ml of HF (6 M) and 25ml 0.75 463.7:2.0 —84.7+1.1 —43.7+2.4
of HNO3 (4 M) solvent. The dissolution took 3h and the heat9-90 429.6:2.0 —124.4+13 —14.5+2.0
487.3+2.0 —143.241.2 0+22

effect was measured. Experimental conditions were identical fot

all samples. The calorimeter was calibrated by using the heats

effects of the well known enthalpy of the protonation of THAM

0.37Min HCI 0.12 M[14]. associated with 0.88)3—0.2N&0 and 0.8R0s—0.2NgO. This
Generally, the kinetic nature of the glass transition meanéeature suggests that 0.88;-0.2N20 and 0.8205-0.2Na0

that the calorimetric measurements will be influenced by thére miscible inthe whole range of composition. The glass transi-

glass thermal historf15,16]. The glass transition temperature tion temperature increases abruptly for a small addition@43

for the studied glass system is estimated, on the basis of DS@nd reaches a maximum near the compositie.50. As more

measurements to be greater than 298 K. The thermal history &0ron is added7y decreases. This behaviour corresponds to

the samples did not affect significantly the calorimetric resultsome changes in the nature of bonding in the structural network.

at 298 K[17]. Details of the effect of difference of the thermal As shown by Ray[18], the glass transition temperature is a

history are obscured by the fact that experimental uncertainties

(2—2.5kJ/mol) are of the same order of magnitude as the vari-

ations in enthalpy of mixing caused by thermal history change. 550
Therefore, it is not necessary to apply a correction to the val- 500
ues of enthalpy of mixing on glasses obtained by means of the 1
Hess’s cycle, in order to get the enthalpy of mixing relative to 4507
the hypothetical liquid sate. 5 400+
> 350+
3. Results and discussion g 1
300
Fig. 1shows the X-ray diffraction patterns, registered at room 250
temperature, for the 0.8[x®3—(1 — x)P,O05]-0.2N&O glasses. 2001
They revealed typical characteristic pattern foramorphous mate- .
rials broaden diffraction lines and confirmed the vitreous nature 150 .

of the glasses 0.0 02 04 06 08 10
. iti i ; = [B,03)/([B,05]+[P-0

The glass transition temperature data are listedahble 1 X = [B20sM([B20:1+{P20s])
and plotted irFig. 2. For each sample, a single value of the glassig. 2. Glass transition temperatufg) for 0.8[xB,0s—(1 — x)P,05]-0.2NgO

transition is observed, which is intermediate betweenTifie glasses as function afcontent.
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Table 2 20
Summary of experimental enthalpies of solutigxs§H) for 0.8[xB,O3—(1—
x)P,05]-0.2N&0 in HF (6 M) + HNO; (4 M) solvent at 298 K 2 97
= -
x Mass (mg) AsoiH (kd/mol) = 20
0 5.82 _75.88 T2 07
8.99 —76.46 22 601
10.27 ~76.78 S < 80
9.53 —74.89 ,g % :
19.14 —76.32 25-1001
10.17 —74.53 IS
£ -120-
0.15 5.49 —12.82 S
9.99 —13.47 -140
8.69 —11.99 -160 T T T T
10.98 —~11.83 0.0 0.2 0.4 0.6 0.8 1.0
.05 —11.98 x = [B0a/([B20al+{P205])
11.55 —13.11
0.25 5.14 5.82 Flg 3. Enthalp)_/ of solution at infinite dil_utiom(so.H"C) gt 298K vs. compo-
9.30 521 sition x. The solid curve represents the fit to the experimental data; the dashed
10.12 4.41 line represents ideal mixing.
9.26 3.46
5.30 4.23 - . .
6.43 353 and plotted irFig. 3. The data showed a positive deviation from
ideality, implying negative enthalpies of mixing. The enthalpies
0.50 5.21 —17.50 L2 . '
706 _1701 of mixing are deduced from the difference between the ideal
5.25 _17.28 enthalpy of solution (a linear combination of the end-members
8.09 —-16.76 0.8B,03—-0.2Na0 (A) and 0.8R0s5—0.2Na0O (B) enthalpies)
7.56 —16.69 and the observed enthalpy of solution of glasses at infinite dilu-
1071 —18.80 tion, using the expression:
5.06 —18.06
0.75 5.60 —85.62 AH = xAsolHpy + (1 — x)AsolH (g, — AsolHaq-np) (1)
5.96 —86.05 )
10.24 _83.03 whereAsmHg?> represents the molar solution enthalpy of the
10.78 —84.46 substance Y at infinite dilution.
12.17 —84.84 The obtained data of enthalpies of mixing corresponding to
564 —85.99 the glass state of this system, are giverTable 1. The uncer-
0.90 5.63 —124.63 tainties in the enthalpies of mixing are extracted from the errors
g-% —gi-éi in the enthalpies of solution.
768 :122'27 The effect of BOs on the enthalpy of mixing of these
10.89 _123.83 glasses is shown iRig. 4. The enthalpies of mixing are clearly
1 562 142,98 dependent on chemical composition and are significantly more
8.33 —144.79
8.94 —143.98
11.32 ~143.32 0
10.35 —142.04
5.35 —-143.12 -20-
£ 401 .
structural sensitive parameter depending on the changes inbond g
strength, in the degree of cross-link density and in the closeness 2 0
of packing. T
. . <
For each composition, the enthalpy of solution has been mea- 80
sured six times. The obtained experimental data of enthalpy of
solution are listed ifable 2. A constrained least-squares method 1004
was applied tofitthe data, taking into account alinear variation of : : -
0.0 0.2 0.4 06 08 1.0

the slopes with the composition of the composite. This correction
is often neglected in common calorimetric work, but the concen-
tration effect, although small, must be taken into account when
high precisionis required. Following this procedure, we obtaine¢:
the enthalpies of solution at infinite dilution for each composi-

x = [B2O3J([B2O31+[P,05])

ig. 4. Enthalpy of mixing for 0.8[xBO3—(1— x)P,Os]-0.2N&O glasses as a
unction ofx content at 298 K. Points, experimental data; solid lines, interpola-
tion using Eq(2) and the straight lines represent mechanical mixing lines. The

tion of the glass system. The results are summariz8alite 1 ¢rrors bars are also indicated.
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exothermic. The enthalpy of mixing decreases with increasinghe data should be corrected byAsCy, factor following the
B2O3 content and reaches a minimum value nead/3, before  relation:

starting to increase as more boron is added. These measure- T
ments slow that the enthalpies of mixing can be expressed as (IWRH(T) = AH(Tp) + / ACpdT 3)
kJ/mol): To

whereAC(, is the difference between the heat capacities of the

AH = x(1-x)(-6602+570q) (2) compound and of the reactants. To our knowledge, the thermo-
for which R2=0.96, where dynamic measurements (heat capacity, enthalpy of mixiny,
[B203] of sodium borophosphate glasses have not been investigated a

X= ———————. lot. The published data in the literature concerned the sodium
[B20s] + [P20s] borophosphate glasses performed on a Tian—Calvet calorime-
Negative enthalpies of mixing were obtained in all the com-ter at 1272 and 1248 K, respectivgly2]. Only a qualitative
position range. A proof of miscibility of 0.883-0.2N20  comparison can be made as it is not straightforward to com-
and 0.8B0s-0.2Na0 is given here. The negative values of pare these two kinds of data that differ in both the tempera-
enthalpies of mixing can be attributed to the specific interacture of investigation and the glass content. The literature data
tion between the two networks formep®; and ROs. Struc-  show a similar trend but the enthalpies of mixing become less
tural investigations of borophosphate glasggg-10]showed  exothermic with increasing s content than in the present
tetrahedral boron sites, B(4) in the phosphate-rich domain angtudy.
trigonal boron sites, B(3), in the borate-rich. B(4) dominates in  Taking into account the pronounced asymmetry of the calori-
high phosphate compositions and hence form©®BP bridges  metric data (Fig. 4), the formalism of the regular solution model
that cross-link the phosphate chains. This polymerises the glaggg] and the quasichemical modep] are clearly inappropriate
network and increases the packing density of atoms, creatingia the present case. The expression of the enthalpy of mixing is
more compact borophosphate network and leading to an increasguivalent to these of sub-regular mofB9]:
in density. This increase in density is confirmed by the results o o o
reported in a study of calcium borophosphate glags@k At AH =x(1-x)(AH, +(AHp — AH 4)x) (4)
high boron composition, B(3) becomes the preferred coordingynereaA 7Y andAH are the limiting partial enthalpies at infi-
tion and the glass network is dominated by a borate networkyjite gilution of 0.8803-0.2Na0 (A) and 0.8B0s—0.2Na0
The'coyalent cross-link density decreases due to the depoI)(B)l respectively. The sub-regular solution model (&) was
merisation of the glass structure as the number 8DBP e to fit experimental data rather than introduce empirical

bridges decreases. The result suggested that increasidg B gquation (Eq(2)) equivalent to it. The corresponding values
content efficiently stabilizes the glasses in respect to devitriyf the |imiting partial enthalpies of mixing at infinite dilute are
fication, in both a kinetic and a thermodynamic sense. This_ggn 2 and—90.2 kJ/mol respectively.

effectis particularly evident in the phosphate-rich region, which
corresponds to a sharp energetic stabilization with increasy conclusion
ing B20O3 content. Enthalpies of mixing at 298 K for sodium

borophosphate glasses might provide direct evidence for the The golution calorimetric determinations allow us to obtain

existence of miscibility gaps. In binary liquid solutions, a zero qjigple enthalpies data on sodium borophosphate glasses at
enthalpy of mixing is often taken as an indication of Raoultian298 K. The enthalpies of 0.8[g®s—(1— x)P,05]-0.2N&0
(ideal) behaviour. Deviations from such a behaviour as posgyqy significant exothermic values reflecting a strong chemical
itive enthalpies of mixing, which drive the solution towards jnteraction between the components. Asymmetric strong nega-

immiscibility [20-23] or negative enthalpies of mixing, for e enthalpies of mixing are consistent with sub-regular solution
homogeneous single phaft,25]. The enthalpies of mixing  panaviour.

for 0.8[xBx0O3—(1— x)P,0s]-0.2NgO glasses are asymmet-

rlc'and' S|gr)|f|cantly .negatlveF(g: 4)3 indicating an absence geferences
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