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Abstract 

The enthalpy of Li4SiO 4 was obtained between 363 and 1300 K using isothermal drop 
calorimetry. Anisothermal calorimetry was used for the identification of two second-order 
transitions and the measurement of the enthalpy of fusion. The smoothed enthalpy between 298 
and 1300 K results in H°(T) -H°(298) = - 17156 + 73.694 T + 0.103210 T z -4163115 T -  1 
J mol-  1. The heat capacity was derived by differentiation. The value extrapolated to 298 K is 
Cp.298 = 182.1 J K -1 mo1-1. The critical temperatures of the second-order transitions are 
T1 = 938 K and T 2 = 996 K. The enthalpy of fusion is AfusH = 53 kJ mol-  a at the melting 
temperature T m = 1531 K. An isotope effect of the 6Li enrichment on the melting temperature 
and enthalpy of fusion could not be discerned. 
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1. Introduction 

Li th ium or thos i l ica te  is being cons idered  as a possible  solid breeder  mate r ia l  in the 
b lanke t  of  future fusion reactors.  The  role of the mate r ia l  is to p roduce  t r i t ium atoms,  
which act as fuel componen t s  of  the reactor .  As the hea t  genera ted  by this nuclear  fusion 
reac t ion  is a b s o r b e d  by the b lanke t  and  t ransferred to the coolant ,  the thermal  
proper t ies ,  such as the enthalpy,  heat  capac i ty  and  t rans i t ion  tempera tures ,  and  the 
s t ruc tura l  in tegr i ty  of  the breeder  mater ia l s  are of  p r imary  impor t ance  for the design of 
a b l anke t  system. 

The paper was presented partly at 11. Ulmer Kalorimetrietage, Freiberg/Sa., 29-31 March 1995. 
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I.I. Literature survey 

Lithium orthosilicate is a line compound with a congruent melting temperature at 
1255°C [1]. The phase crystallizes at room temperature in a monoclinic structure 
[2-6]. A phase transition into a pseudo-orthorhombic structure is assumed to take 
place at 666°C [7, 8, 9]. Three transitions were observed by differential thermal analysis 
(DTA) during heating at 610, 660 and 725°C [10] and at 600, 665 and 725°C [11], 
respectively. High-temperature X-ray diffraction of Li4SiO 4 between room tempera- 
ture and 900°C showed no discontinuity of the lattice parameters except for a slight 
decrease in the c-axis between 600 and 800°C followed by a further increase above this 
temperature [1,6]. The transition observed at 665°C by differential scanning 
calorimetry (DSC) was recognized to be reversible and displacive [6]; a transition was 
also reported to be at 672°C [12]. 

The heat capacity of LigSiO 4 was measured by DSC between room temperature and 
470°C [13] and between room temperature and 630°C [-12]. The enthalpy was 
calculated by integration of the heat capacity. The enthalpy of Li4SiO4 was also obtained 
by drop calorimetry between room temperature and 730°C. The heat capacity was 
calculated by differentiation of the enthalpy using a modified quasi-local linear regres- 
sion method. Three humps were observed at 612, 657 and 712°C [14]. Furthermore, the 
heat capacity and the enthalpy of Li~SiO 4 were estimated in an assessment [15]. 

1.2. Second-order transitions 

A second-order transition proceeds steadily in a temperature region by uptake of 
additional heat from the surroundings for the generation of disorder. This is connected 
with a finite increase of the heat capacity Cp up to a maximum value at the critical 
temperature T c. Enthalpy and entropy remain continuous and differentiable functions 
in this temperature region whereas the heat capacity is continuous but not differenti- 
able. The disordered fraction of Cp above the basic Cp (T) curve, 6Cp, can be calculated 
by introduction of an order parameter, attaining a maximum value of6C~ = 3 R/2 at Tc 
[16]. Cp should drop back steeply to the basic Cp (T) curve above T¢. In this 
temperature region, however, some short-range order remains which is expressed in the 
Cp (T) curve by a slow decrease due to further heat consumption for the destruction of 
the residual short-range order above T~. There is no two-phase equilibrium at the 
critical temperature. 

The enthalpy and entropy of transition are zero for a second-order transition. 
Nevertheless, a signal develops by DTA which is based on an additional heat flow from 
the surroundings in the heating mode. The signal increases steadily up to T~ and differs 
distinctly from the signal of a first-order transition. The different peak shapes and the 
reversible behaviour are illustrated in Fig. 1 for cobalt with a first-order structural 
hcp-,fcc transition at 422°C and a second-order ferromagnetic-paramagnetic transi- 
tion at 1121°C. 

Selected second-order transitions are compiled in Table 1 [17-23]. The order- 
disorder transition of AuCu 3 is first order, because the order parameter S decreases 
discontinuously for S < 0.46 to zero; furthermore, the ferroelectric-paraelectric transi- 
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Fig. 1. First-order and second-order transitions of cobalt identified by different peak shapes of the DTA 
signal. 

Table 1 
Critical temperatures Tc and heat capacities fiC~ of selected second-order transitions 

Phase Transition Tc/K ?JC~ J K - ~ g-atom- 1 Ref. 

fl'-fl brass Order-disorder 742 40 [ 17] 
AuCul-AuCull Order-disorder 658 --- 25 [ 18] 
US Ferromagn.-paramagn. 180 21 [19] 
~-Fe Ferromagn.-paramagn. 1043 ~- 35 [18] 
~-Co Ferromagn. paramagn. 1394 ~15 [18] 
Fe0.950 Antiferromagn.-paramagn. 189 8 [20] 
(NH2CH2COOH)a.H2SO 4 Ferroelectric~paraelectric 322 ~5  [21] 
NaNO 2 Antiferroelectric-paraelectric 438 20 [22] 
Sn Supercon.-normal cond. 3.7 0.011 [23] 

(magnetic field H = O )  

a 6Cp is the maximum Cpvalue above the basic Cp(T) c u r v e  at T~. 

tion of BaTiO 3 is also first order because the electric transition is coupled with the 
structural tetragonal-cubic transition. 

2. Experimental 

2.1. Materials 

A stoichiometric Li4SiO 4 melt was air-sprayed between 1350 and 1400°C by Schott 
Glaswerke, Mainz, to form single-phase granules up to 1 mm in diameter. This method 
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involves rapid quenching and possibly internal stress and glass formation. The material 
was granulated, re-compacted and annealed at 900°C for 10 min in dry air to relieve 
stresses, to attain complete recrystallization and to remove adsorbed H 2 0  and CO 2 
immediately before the X-ray diffraction and calorimetric measurements. X-ray diffrac- 
tion was carried out at room temperature by the Guinier method with CuKctl radiation 
(2 = 154.060 pm) and calibration with an internal NaC1 standard (a = 564.02 pm). The 
positions of the diffraction lines were determined with a Huber  comparator;  the 
intensities were estimated by visual inspection. Fourteen lines of the X-ray diffraction 
pattern listed in Table 2 were evaluated. The material is single-phase. The lattice 
parameters were calculated by an optimization programme which results in 
a =(529.6+0.2)  pro, b= (611 .0+0 .3 )  pm, c=(514.5 +0.2) pm, f l=(90.27+0.05)  °. 
Two formula units form the elementary cell. The X-ray density was calculated to 
Px = 2.391 Mg m - 3  

2.2. Calorimetry 

The enthalpy measurements of LigSiO 4 specimens in the 100 mg range were carried 
out in the isothermal mode of the high-temperature calorimeter H T C  1800 (Setaram 
S.A., Lyon, France) between 90 and 1027°C by dropping the specimens at 25°C into the 
preheated working cell. The transition temperatures and the integrals of the excess heat 
capacities were determined in the anisothermal mode by heating the samples at a rate of 
2 K m i n -  1 from room temperature up to about  800°C. The sensitivity factor of the 
calorimeter was determined with the known enthalpy of ct-A120 3. Details of the 
calibration are described in Ref. [24]. Platinum liners were used inside the working and 
reference A120 3 crucibles in these experiments in order to reduce the standard 
deviation of calibration and measurement. This was achieved by a more uniform heat 
flux through the crucible walls. The enthalpy of fusion of Li4SiO 4 was measured in the 

Table 2 
X-ray diffraction pattern of Li4SiO 4 at room temperature 

hkl dobJpm Rel. intensity d alc/pm 

100 528.3 m. 529.55 
001 513.3 w. 514.54 
110 400.1 v. st. 400.17 
011 393.5 st. 393.57 
101 368.2 m. 368.15 

- -  111 316.4 m. 316.44 
020 305.1 w. 305.50 
002 257.4 st. 257.27 
210 243.1 w. 242.94 
211 219.3 w. 219.32 

--221 186.7 w. 186.71 
301 166.7 w. 166.72 
231 154.0 w. 153.90 
023 149.6 w. 149.56 
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cooling mode of the calorimeter at a rate of -0.5 K min- 1 without platinum liners in 
order to avoid chemical reactions with the melts. The sensitivity factor was determined 
with the known enthalpy of solidification of gold and nickel [15] and by linear 
interpolation to the actual solidification temperatures of the Li4SiO 4 samples. The 
measurement of the enthalpy of solidification was preferred to that of the enthalpy of 
fusion because the onset temperature was difficult to determine in the latter case. An 
undercooling of between 5 and 20 K was observed at the cooling rate of - 0.5 K rain- 
of the calorimeter. The temperatures were calibrated by the melting temperatures of In, 
Sn, Zn, A1, Ag, Au and Ni. Enthalpy and solid transition temperature measurements 
were performed with unprotected specimens; melting temperature and enthalpy of 
fusion measurements were made with samples that were sealed with platinum foils in 
order to reduce vaporization effects. The occurrence of any isotope effect of 6Li/TLi on 
the melting temperature and the enthalpy of fusion of Li4SiO 4 was studied using Li-nat 
(7.5% 6Li) and enriched (50% 6Li) materials. 

3. Results 

3.1. Second-order transitions, melting temperature and enthalpy of fusion 

Preliminary experiments by DTA have shown two peaks at around 660 and 720°C 
which were attributed to transitions of Li4SiO 4 These peaks were also observed in the 
literature [10, 11, 14]. However, the third peak formed at around 610°C [10, 11, 14] 
could not be confirmed in this work on Li4SiO 4 that had been heat-treated at 900°C for 
10 min before the measurements. Therefore, this peak could be associated with 
recrystallization and adsorption effects. 

Detailed analysis by DTA and calorimetry revealed peak shapes that are similar to 
those of the ferromagnetic-paramagnetic transition of cobalt in Fig. 1. The heat flow 
curves by anisothermal calorimetry in the temperature range of the second-order 
transitions of Li4SiO 4 are illustrated in Fig. 2. The peaks are explained by second-order 
transitions. This is supported by the absence of a discontinuity in the high-temperature 
lattice parameters [1, 6]. The endothermal peaks develop gradually during heating. 
The first peak starts at 648°C, passes a maximum at 665°C, vanishes at 683°C and 
corresponds to an integrated heat flow of 900 J mol- 1. Hence 

683(~Cp dO = 900J mol- l 
4-8 

If the integral can be approximated by a saw-toothed function 1/2 fiCp . . . .  AT, then 
fiCp . . . .  = 51 J K-  1 mol- 1 Li4SiO 4 is obtained. The second peak starts at 713°C, passes 
a maximum at 723°C, vanishes at 735°C and corresponds to an integrated heat flow of 
630 J mol- 1. Hence 

7356Cp d O  --- 630J mol- l 
13 
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Fig. 2, Second-order transitions of Li4SiO 4 identified by the heat flow curve of the calorimeter. 

This results in 6Cp . . . .  = 57 J K -  1 mol -  1 Li4SiO4. The peak maxima are located at 
the critical temperatures Tel = 665°C and To2 = 723°C. 

The melting temperature and the enthalpy of fusion of Li4SiO 4 were determined on 
Li4SiO 4 samples in the 250 mg range with 6Li/Li-total = 0.075 and 6Li/Li-total = 0.50. 
The samples were encapsulated in platinum foils in order to reduce the Li20 evapor- 
ation during heating above 1000°C. The same amount of platinum foil was placed in 
the reference crucible of the calorimeter. The melting temperature of Li4SiO 4 is 
T m = (1258 + 1)°C [25]. An isotope effect was not noticed. The sensitivity factors St of 
the calorimeter were obtained by five measurements, of the heat flux of the enthalpies of 
solidification of gold, A s o l H = -  12552Jmo1-1 at T m = 1064°C, and of nickel, 
Aso]H = - 17472J mol-  1 at T m = 1455°C, which result in $1337  = (0.615 _+ 0.019) #V 
roW-1 and $1728 = (0.353 _+ 0.012)#V mW-1.  The linear interpolation to the melting 
temperature of Li4SiO 4 at 1258°C gives $1s31 = (0.485 __+ 0.022) #V roW- 1. The heat 
flux measurements of Li4SiO 4 during solidification at 5-20 K below the melting 
temperature and the sensitivity factors at the actual solidification temperatures result 
in the enthalpy of fusion of Li4SiO,~ of Ar,sH = + (53 + 4) kJ mol -  1. An isotope effect 
was not noticed. 

3.2. Enthalpy and heat capacity 

The enthalpy H°(7) -- H°(298) of Li4SiO 4 was measured in the isothermal mode 
between 363 and 130OK. Mass losses up to 0.5% were observed after the experi- 
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merit above the selected temperature range. The anisothermal investigations had 
shown that the local increase of the enthalpy in the temperature region of the 
second-order transitions is small compared to the enthalpy and its standard devia- 
tion. Therefore, a smoothed curve of the experimental points presented in Table 3 
was fitted to a polynomial H ° ( T )  - H°(298) = a + b T +  c T 2 d- d T -  1 by the least- 
squares method which gives H ° ( T )  - H°(298) = - 17156 + 73.6936 T+0.103210 T 2 - 

4163115 T-1J mol-1 between 298 and 1300 K, see Fig. 3. The 68% standard devi- 
ation of the experimental data is 3%. The enthalpy is given numerically in 100K 

Table 3 
Experimental results of the enthalpy of Li4SiO 4 

T/K H°(~ - H°(298)/J mol-  ' Deviation/% 

Exp. Calc. 

363 10750 11726 -9.1 
396 19124 17699 7.5 
440 27925 25789 7.7 
493 36395 35816 1.6 
548 45306 46626 -2 .9  
574 52906 51897 1.9 
596 57598 56443 2.0 
605 59894 58326 2.6 
643 63846 66427 -4 .0  
683 74204 75229 -1 .4  
721 82825 83857 -1 .3  
765 91748 94180 -2 .7  
793 100447 100938 -0 .5  
818 103457 107098 -3 .5  
848 112768 114647 -1 .7  
872 117994 120812 -2 .4  
893 124078 126297 -1 .8  
919 129247 133208 -3.1 
948 141042 141072 -0 .0  
962 149690 144927 3.2 
971 151232 147426 2.5 
999 158583 155303 2.1 

1022 166852 161889 3.0 
1047 175000 169168 3.3 
1069 175657 175675 -0 .0  
1105 192008 186533 2.9 
1127 199433 193296 3.1 
1158 204778 202991 0.9 
1170 201664 206795 -2 .5  
1187 214010 212234 0.8 
1200 220495 216433 1.8 
1221 220012 223288 -1 .5  
1250 227450 232900 -2 .4  
1269 237009 239290 - 1.0 
1300 246234 249873 -1 .5  
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Fig. 3. Enthalpy H°(T) -  H°(298) of Li4SiO 4 as a function of temperature.  

intervals in Table 4. The heat capacity Cp of LiaSiO 4 was evaluated by differentia- 
tion of the enthalpy polynomial which results in C p ( T ) =  73.6936 + 0.206420 T + 
4163115 T - 1 J K -  1 mol- t  between 298 and 1300K, see Fig. 4. The heat capacity 
is given numerically in 100K intervals in Table 5. The value at 298K is 
Cp (298) = (182.1 + 5.4) J K-  1 mol- 1. It should be noted that this result is obtained by 
an extrapolation from the experimental temperature range above 363 K. It is problem- 
atic to deduce heat capacity data in a second-order temperature region from enthalpy 
data measured by drop calorimetry. Therefore, the heat capacity of Li4SiO 4 is not 
presented in the temperature range 910-1020 K in Fig. 4 and Table 5. 

4. Discussion 

Two transitions were observed in LQSiO 4 at T~I = 665°C and T~2 = 723°C which are 
interpreted as second-order type based on the peak shapes and the gradual heat 
consumption from the surroundings. The nature of the second-order transitions was 
not investigated further. Li4SiO 4 melts congruently at 1258°C; an isotope effect of 
6Li/TLi on the melting temperature was not observed. The experimental value is 
slightly higher compared to previous results [1, 15]. The enthalpy of Li4SiO 4 has been 
measured by Asou et al. [14] by drop calorimetry up to 1000 K, and the heat capacity 
evaluated from this by a modified quasi-local linear regression method. The heat 
capacity of Li4SiO 4 was determined by DSC by Brandt and Schulz up to 900 K [12] 
and by Hollenberg and Baker up to 750K [13]; the enthalpy was calculated by 
integration of the heat capacity. The thermal data of these authors [ 12-14] compiled in 
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Table 4 
Enthalpy H°(T)- H°(298) of Li4SiO4 

T/K H°(T)-H°(298)/J mol 1 

Ref. [15] Re[ [12] Re[ [14] This study 

298 0 0 0 0 
300 272 327 288 364 
400 15575 17356 17268 18427 
500 31890 35980 36343 37168 
600 49052 56379 56990 57278 
700 66991 78630 78985 79056 
800 85672 102771 102215 102651 
900 105075 128825 (124923) 128145 

1000 125188 - (159687) 155587 
1100 146005 185010 
1200 167520 - 216433 
1300 189729 249873 
1400 212631 - (285338) 
1500 236223 
Method Assessment DSC Drop cal. Drop cal. 
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Fig. 4. Heat  capacity Cp of Li4SiO 4 as a function of temperature. 
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Table 5 
Heat capacity Cp of Li,SiO 4 

T/K Cp/J K l mol-  1 

Ref. [15] Ref. [13] a Ref. [12] Ref. 1-14] This study 

298 146.6 156 163.3 155.2 182.1 
300 146.9 156 163.5 155.8 181.9 
400 158.5 182 177.8 181.6 182.3 
500 167.5 203 194.9 199.1 193.6 
600 175.6 219 213.2 213.4 209.1 
700 183.1 234 231.9 226.2 226.7 
800 190.4 (247) 251.0 238.2 245.3 
900 197.6 - 270.2 (274.2) 264.6 

1000 204.7 - - (358.6) - 
1100 211.7 - - 304.2 
1200 218.6 - - 324.3 
1300 225.6 - - 344.5 
1400 232.5 - - (364.8) 
1500 239.4 - - - 
Method Assessment DSC DSC Drop cal. Drop cal. 

Data taken from the graph. 
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Fig. 5. Enthalpy H°(T)-H°(298) of Li,SiO 4 in the region of the second-order transitions. 
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Tables  4 and  5 agree well with the en tha lpy  and  heat  capac i ty  ob ta ined  in this study.  

However ,  the hea t  capac i ty  d a t a  of  this s tudy have not  been repor ted  in the t empera-  

ture range  910-1020 K. The  en tha lpy  curve of Li4SiO 4 is i l lus t ra ted for the t empera tu re  
interval  890-1040 K in Fig. 5. The  s t anda rd  devia t ion  of  a single exper imenta l  po in t  
is + 3600 J m o l -  1 which is large c o m p a r e d  to the integrals  of  the excess heat  capaci t ies  
fiCp. Therefore,  quant i t a t ive  results on the heat  capac i ty  are not  given. The en tha lpy  
curve is a con t inuous  and  differentiable function in this t empera tu re  range. The  
exper imenta l  results  in the to ta l  t empera tu re  range are higher  than  the en tha lpy  and  
the hea t  capac i ty  of Li4SiO4 es t imated  by Barin 1-15] which were ob ta ined  by 
app l i ca t ion  of the N e u m a n n  K o p p  rule to the cons t i tuent  oxides. 
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