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Abstract 

The standard enthalpies of formation of c~-A1B~2 and of Al4C 3 have been determined by high temperature direct synthesis calorimetry at 
1473 + 2 K. The experiments were carried out in two different calorimeters of similar but not identical constructions. The following average 
values of AHf ° are reported: for c~-A1B~2, - 11.4 + 0.6 kJ (mol of atoms) ~; for A14C3, - 18.3 + 1.0 kJ (mol of atoms) i. The results are 
compared with earlier experimental values reported in the literature and with values predicted from Miedema's semi-empirical model. 

Keywords: Enthalpies of formation; Direct synthesis calorimetry 

1. Introduct ion  

The borides and carbides of  aluminum have been the sub- 
ject of significant scientific interest for a number of years. 
The electrical and optical properties of  AIB 12 were reviewed 
by Berezin et al. [ 1 ]. Among its crystalline modifications, a-  
A1BI2 has been considered a promising compound for high 
temperature thermoelectric applications. Its potential utili- 
zation to provide light-weight armor for aircraft protection 
was considered by Wilkins [2].  

A14C 3 is an important compound in the production tech- 
nology of  aluminum metal. Its thermochemical properties are 
of special interest in connection with the possible develop- 
ment of new technologies in the production of this metal; 
they have been studied by a wide range of  different experi- 
mental methods since the turn of  the century. However, in 
spite of  this, we found to our surprise that there is still con- 
siderable uncertainty about the value for the enthalpy of for- 
mation AI4C 3. Since the 1930s, the reported and/or  calculated 
enthalpy values for this compound given in the literature 
range from about - 12 to - 54.5 kJ (tool of  atoms) - l; most 
of  the values fall between - 18 and - 32 kJ (mol of  atoms) - 
[3].  

The enthalpy of  formation of  A1B~2 has been derived by 
Kant and Moon (4) from vapor pressure-mass spectroscopy 
data and has been measured by fluorine bomb calorimetry by 
Domalski and Armstrong [5,6]. The reported values for the 
enthalpy of  formation of  A l a C  3 from the elements have been 
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derived from equilibrium measurements, oxygen bomb cal- 
orimetry, vapor pressure-mass spectroscopy, e.m.f, measure- 
ments and acid solution calorimetry at 110 °C. The available 
data for this compound were reviewed by King and Arm- 
strong [3] and more recently by Rinehart and Behrens [7].  

However, since there is considerable uncertainty about 
which value(s) should be accepted, particularly for AI4C 3, 
we decided to attempt to measure the standard enthaipies of 
formation for both of these compounds by high temperature 
direct synthesis calorimetry. 

During recent years, communications from this laboratory 
have reported new information on the standard enthalpies of 
formation, based on this technique, for several borides, ger- 
manides and carbides of transition metals, as well as for some 
aluminum intermetallic compounds [ 8-13] .  We have found 
this technique to be quite useful, even when the enthalpies of 
formation are numerically quite small, as is the case; for 
example, for Cu3Ge, OsGe2 and W2B 5 [ 9,11,13 ]. The present 
investigation also provided us with an opportunity to carry 
out our measurements on the two binary compounds in two 
different high temperature calorimeters of similar but not of 
identical designs. 

The phase diagrams and the structural information for the 
binary systems A1 + B and A1 + C are readily available in the 
published literature [ 14-19].  We shall compare our new 
calorimetric values with data reported in the published liter- 
ature and with values predicted from the semiempirical model 
of Miedema and coworkers [ 20]. 
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2. Experimental and materials 

The initial experiments were carried out at 1473 _ 2 K in 
a single-unit differential microcalorimeter which has been 
described in an earlier communication from this laboratory 
[21] (calorimeter I). All the experiments were performed 
under a protective atmosphere of argon gas, purified by pass- 
ing it over titanium chips at about 900 °C. A crucible made 
from boron nitride was used to contain the samples. The 
aluminum and carbon were purchased from Johnson 
Matthey-Aesar, while boron was obtained from Alfa Prod- 
ucts-Ventron. The purities were 99.0% for C, 99.5% for AI 
and 99.7% for B. The particle sizes of the powders as pur- 
chased were - 300 mesh for C, - 325 mesh for A1 and - 60 
mesh for B. The boron sample consisted of crystalline mate- 
rial in the rhombohedral form. Prior to use, it was ground in 
an agate mortar to reduce the particle size and to provide fresh 
surfaces for the reactions. The powder was sifted through a 
150 mesh sieve to obtain particles suitable for the calorimetric 
experiments. 

The second set of experiments was carried out at the same 
temperature ( 1473 _ 2 K) in a second high temperature cal- 
orimeter which has a furnace which is a revised version of 
the earlier unit (calorimeter II). 

The two components were carefully mixed in the appro- 
priate molar ratio, pressed into 4 mm pellets and dropped into 
the calorimeter from room temperature. In a subsequent set 
of experiments the reaction products were also dropped into 
the calorimeter from room temperature in order to measure 
their heat contents. Between the two sets of experiments the 
samples were kept in a vacuum desiccator to prevent any 
possible reaction with oxygen or moisture. The weight sta- 
bility of A14C 3 was tested over a period of 3 weeks and no 
change was observed. 

Calibration of the calorimeter was achieved by dropping 
weighed segments of high purity copper wire of 2 mm outside 
diameter from room temperature into the calorimeter at 
1473 5= 2 K. The enthalpy of pure copper at this temperature, 
46465 j mol -  ', was obtained from Hultgren et al. [22]. The 
calibrations were reproducible to within ___ 1.2%. 

The reacted samples were examined by X-ray diffraction 
to assess their structures and to ascertain the absence of 
unreacted metals. When possible the samples were also sub- 
jected to scanning electron microscopy (SEM) and X-ray 
microprobe analyses. 

The phase diagram of the A1 + B system shows one con- 
gruently melting compound, AIB,2, which melts at 2150 °C 
[ 14]. Carlson [ 16] discusses the differences of opinions 
voiced in the literature regarding the stability of the different 
crystalline modifications of this compound. A1B~2 exists in 
three structural forms: the tetragonal a-A1B~2, the body-cen- 
tered orthorhombic/3-A1B~z, and T-A1B12 which has a prim- 
itive orthorhombic cell [ 17]. Samsonov et al. [ 18] state that 
/3-A1B~z is stabilized by impurities and as such may not be a 
true binary compound. We prepared AIB,2 in the calorimeter. 
The X-ray diffraction pattern of our sample matched well the 

pattern of the ~ tetragonal form in the ASTM Powder Dif- 
fraction File. We found no evidence of any unreacted ele- 
ments or of other phases such as A1B2 or/3-AIBm2. 

The phase diagram of the A1 + C system shows the for- 
mation of a single compound, namely A14C3, which melts 
peritectically at about 2500 °C [ 14]. However, melting tem- 
peratures of 1990 °C and 1850 °C have been reported by 
Schuster [ 15] and by Carlson [ 16] respectively. The X-ray 
diffraction pattern of a stoichiometric mixture of AI +C,  
reacted in the calorimeter to form mlnC 3, matched well the 
pattern in the ASTM Powder Diffraction File. However, we 
found also about 7-10% of unreacted AI. We therefore 
decided to prepare another sample with some excess carbon. 
The addition of an excess of one of the two components may 
aid the completion of the reaction, as we found in the prep- 
aration of some transition metal borides and carbides 
[ 11,12]. The X-ray diffraction pattern of this modified sam- 
ple showed no unreacted A1. It yielded an excellent match 
with the pattern in the ASTM Powder Diffraction File. While 
a small amount of carbon could be observed, SEM and X-ray 
microprobe analyses confirmed that this sample was a single 
phase, apart from the surplus carbon. 

3. Results and discussion 

The standard enthalpies of formation determined in this 
study were obtained as a difference between the results of 
two sets of measurements. In the first set the following reac- 
tion took place in the calorimeter: 

Al(s, 298 K) +mX(s,  298 K) =AIX,,(s, 1473 K) (1) 

Here rn is the molar ratio of X to AI, X represents B or C and 
s denotes solid. The reacted pellets were re-used in a subse- 
quent set of measurements to determine their heat contents: 

A1Xm(s, 298 K) =A1Xm(s, 1473 K) (2) 

The standard enthalpy of formation is given by 

AH,9 = AH(1) - An(2)  (3) 

where AH(1) and AH(2) are the enthalpy changes per mole 
of atoms associated with reactions (1) and (2). 

The experimental results are summarized in Table 1. The 
heat effects associated with reactions (1) and (2) are given 
in kilojoules per mole of atoms as the averages of five to 
seven consecutive measurements with the appropriate stan- 
dard deviations. The last column shows the standard enthal- 
pies of formation of the considered phases. The standard 
deviations in this column also reflect the contribution from 
the uncertainty in the calibrations. As Table 1 shows, the 
measurements for both compounds were carried out in two 
different calorimeters (I and II) of similar design but of 
somewhat different constructions. The table shows that the 
agreement between the two sets of values is quite good. Bin- 
ford et al. [ 23 ] measured the heat content of A14C3 up to 
about 1800 K. From their measurements its heat content at 
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Table l 
Summary of standard enthalpies of formation for ct-A1B lZ and A14C3 

Compound m Calorimeter A H( 1 ) AH(2) AH ° 
used a 

ot-AIB~z 12.0 I 15.7 _+0.4(6) 27.5+0.4(6) - 11.8_+0.6 
11 15.7 _+0.3(6) 26.7+0.2(6) - 11.0+0.4 

A14C3 u 0.75 +0.08 l 8.5 -+0.4(6) 27.0_+0.5(6) - 18.5 _+0.5 
0.75+0.11 II 8.7_+0.6(6) 26.7_+0.8(6) -18.0_+1.0 

I and II refer to the two different calorimeters of similar designs. 
h In calculating AH( 1 ) and AH(2) for A14C3, corrections were made for the surplus carbon based on its heat content as given by Hultgren et al. [22]~ 

1473 K is 28.7 kJ ( m o l  o f  a t o m s )  - '. Tab le  1 shows  that  our  

two va lues  are s l ight ly  less  e n d o t h e r m i c .  

In Tab le  2 we  c o m p a r e  the  s t andard  en tha lp i e s  o f  f o rma t ion  

repor ted  in the  p r e sen t  w o r k  wi th  a wide  r ange  o f  e x p e r i m e n -  

tal va lues  f rom the  p u b l i s h e d  l i te ra ture  and  wi th  p red ic ted  

va lues  f rom the  s e m i e m p i r i c a l  mode l  o f  M i e d e m a  and  

c o w o r k e r s  [ 2 0 ] .  Our  va lue  for  the hea t  of  f o r m a t i o n  of  a -  

A I B m  agrees  wel l  w i th  the  va lue  de r ived  f rom the  mass  spec- 

t romet ry  d e t e r m i n a t i o n  by  Kan t  and  M o o n  [4]  bu t  is 

s o m e w h a t  less  e x o t h e r m i c  than  the  va lues  o f  D o m a l s k i  and  

A r m s t r o n g  [5 ,6]  o b t a i n e d  by f luor ine  b o m b  ca lor imet ry .  In 

thei r  ear l ie r  s tudy these  worke r s  d i s c u s s e d  the uncer ta in t i e s  

a r i s ing  f rom the  impur i t i e s  p re sen t  as wel l  as due  to the 

unce r t a in t i e s  in the  hea t s  of  f o r m a t i o n  of  the  c o m b u s t i o n  

products .  A c c o r d i n g  to the  c i ted  re fe rences ,  the  s a m p l e  con-  

s is ted of  9 6 - 9 7 %  a -AlB,2 .  A m o n g  the  m a j o r  impur i t i e s  were  

A1, B203,  B N  and  B4 C. S ince  our  s tar t ing ma te r i a l s  were  

9 9 . 5 - 9 9 . 7 %  pure  and  the c o m p o u n d s  were  p r epa red  by  di rec t  

synthes is ,  we are conf iden t  tha t  we were  able  to avo id  these  

p rob lems .  It is wor th  no t ing  tha t  our  e x p e r i m e n t a l  p rec i s ion  

is cons ide rab ly  be t te r  than  g iven  in the  f luor ine  b o m b  calo-  

r imet ry  study. Tab le  2 also shows  that  ou r  e x p e r i m e n t a l  va lue  

for the en tha lpy  of  f o rma t ion  of  a - A I B m  dif fers  very  m u c h  

f rom the pred ic ted  value;  in fact,  even  the a lgebra ic  s ign is 

different .  Th i s  may  be  because  the  mode l  of  M i e d e m a  and  

coworke r s  does  not  take the b o r o n - b o r o n  b o n d i n g  in the 

c o m p o u n d  into cons idera t ion .  Th i s  is expec t ed  to con t r ibu te  

s igni f icant ly  to the s tabi l i ty  of  c o m p o u n d s  wi th  h igh  b o r o n  

content .  In our  ear l ie r  c o m m u n i c a t i o n  on  rare  ea r th  bor ides  

and ca rb ides  we no ted  that  the  p red ic ted  va lues  of ten  d i f fer  

Table 2 
Comparison of the standard enthalpies of formation reported in this study with experimental values in the published literature and with predicted values from 
the semiempirical model of Miedema and coworkers 

Compound Reference Method A Hf ° (kJ (tool of atoms) - ~ ) 

Experimental Predicted 

A1B ~ z Domalski and Armstrong [ 5 ] Fluorine bomb calorimetry - 19.8 _+ 3.5 + 9 
Domalski and Armstrong [6] Fluorine bomb calorimetry - 15.4 +_ 3.2 
Kant and Moon [4 ] Vapor pressure-mass spectroscopy - 11.9 ± 1.3 
This work Direct synthesis calorimetry - I 1.4 + 0.6 

AI4C 3 Prescott and Hi ncke [ 24 ] Equilibrium study - 32.1 - 34 
Meichsner and Roth [ 25 ] Oxygen bomb calorimetry - 12.0 + 1.8 
Roth [ 26] Oxygen bomb calorimetry - 23.9 ± 1.8 
Meschi and Searcy [ 27 ] Vapor pressure-mass spectroscopy - 30.5 + 6.0 
Campbell [ 28 ] Vapor pressure-mass spectroscopy - 21.5 _+ 1.8 

( AIF~ ) 
King and Armstrong [ 3 ] Oxygen bomb calorimetry -29.7 -+ 0.7 
Grjotheim et al. [29] Vapor pressure-mass spectroscopy - 13.1 + 1.0 

(AG; 1400 K) 
Thoburn [ 30 ] Differential thermal analysis - 18.1 ± 0.4 ~' 

(third law ) 
Plante and Schreyer [ 31 ] Vapor pressure-mass spectroscopy - 30.8 " 
Blachnik et al. [32] Solution calorimetry - 29.6 _ 0.3 

(HC1; 110 °C) 
Choudary and Beldon [ 33 ] Vapor pressure-mass spectroscopy - 18.9 + 1.6 

(AG; 1873 K) 
Rinehart and Behrens [ 7] Vapor pressure-mass spectroscopy -25.1 ± 4.9 a 

( third law ) 
This work Direct synthesis calorimetry - 18.3 _+ 1.0 

"Based on heat of vaporization of AI taken from Hultgren et al. [ 22 ] as 329.3 J- 2.1 kJ mol- l 
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considerably from the experimental measurements in these 
systems [ 12]. 

In Table 2 we are also comparing our value for the enthalpy 
of formation of A14C3 with a number of  values in the pub- 
lished literature. Table 2 shows that there is considerable 
discrepancy between the reported data. The reason for this is 
not immediately obvious. Some uncertainties may arise if the 
measured reaction is slightly incomplete or if the carbides are 
extensively exposed to air; many carbides react readily with 
moisture in the atmosphere [ 12]. In oxygen bomb calorim- 
etry the enthalpy of formation is evaluated as the difference 
between two large numbers. AH ° represents about 5% of 
these numbers. Hence, any small error in the measurements 
may give rise to a significant error in the AH °.  The heats of  
formation calculated from the mass spectroscopy experi- 
ments are also influenced by the adopted value for the heat 
of vaporization of A1. In the combustion experiments the 
value is influenced by the value selected for the heats of  
formation ofA1203 and A1F 3. The uncertainties in these quan- 
tities contribute significantly to the total error. It is worth 
noting that the uncertainties cited in the literature usually 
reflect only experimental precision, rather than a total error 
estimate incorporating the uncertainties in the above men- 
tioned quantities. The data in the literature were summarized 
by King and Armstrong [3] and more recently by Rinehart 
and Behrens [7].  Our measurements agree with one of the 
more recent values derived from mass spectrometry by Chou- 
dary and Belton [ 33 ] and with the differential thermal anal- 
ysis study of  Thoburn [30].  Table 2 shows that our value 
falls in the lower half of  the reported data. It is worth noting 
that our work differs from previous studies in some significant 
aspects. 

( 1 ) Elemental A1 was completely absent. 
(2) The reactants had high purities. 
(3) There was no ambiguity regarding the crystalline form 

of reactant or product. 
(4) Samples were tested for weight stability in order to 

rule out reaction with moisture or with oxygen in air. 
(5) Completeness of  reaction was proved by X-ray dif- 

fraction and by SEM. 
(6) The direct synthesis calorimetry methodology pro- 

vided a considerable statistical advantage over evaluation 
from a difference between large numbers. 

(7) There was no need to use further terms or additional 
thermodynamic functions to evaluate the final result. 

The predicted value for AIaC 3 from the semiempirical 
model of  Miedema and coworkers is considerably more exo- 
thermic than our experimental value. This is consistent with 
our earlier observations for rare earth carbides for which the 
predicted values are always more exothermic than our exper- 
imental values [ 12]. 
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