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1. Introduction 

Meas urements of the relative enthalpy of the 
beryllium aluminate BeO . 3A}zO:) ha ve recently been 
comple ted as part of a program at the National Bureau 
of Standards to provide accurate thermodynamic 
d ata on the " light" elements and their compounds. 
They compleme nt r ecent measure ments on BeO . Ah0J 
[1 , 2] I and toge ther with similar measure ments at 
the Bureau on BeO and AbO:) [3, 4], contribute to a 
greater understanding of the BeO-AhO:) sys te m. The 
measurements will also be of value in interpre ting 
combus tion phenomena In certain mixed-me tal 
sys tems . 

BeO . 3AlzO:) is one of the three known mixed oxides 
of the BeO-AbO:) syste m [5] but is not known to occur 
naturally. It has been reported as melting congru­
e ntly at 2183° ± 10 OK [6] but no structural studies of 
it have been found yet in the literature. 

2. Experimental Procedure 

2.1 . Sample 

Specimens used in the present measurements were 
taken from the same sp ecimen as had been used in 
low-te mperature heat c apacity measurements [7]. 
Semi-Elements , Inc ., of Saxonburg, Pa., prepared 
the original sample by arc fu sIon of part of a stoichio­
metri c mixture of pure BeO and AhO:) powders. The 

· This work was sponsored by the U.S. Air Force Office of Scientific Researc h. under 
Order No. OA R ISSA 65-8. 

I Figures in brackets indicate the litera ture refere nces at the end of this paper. 
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unfused portion served as a container and thermal 
insulator as the melt cooled to room te mperature 
(cooling time approximately 3 hr) and was later re­
moved. The fused material was crushed a nd sie ved 
to collect particles be tween 0 .3 and 2 mm in s ize (10 
to 50 mesh). A qualitative spec troche mical examina­
tion of the sample in the S pectrochemical Analysis 
Section of NBS detected certain eleme nts, the es ti­
mated percentage limits of whic h are given in table 1. 

Many of the partic les in the original sample were 
gray, perhaps owing to traces of carbon from the 
graphite electrodes used in the arc fusion process. 
A che mical a nalysis of the sample was performed in 
the Analysis and Purification Section of NBS. Two 
0.5 g specimens were dissolved in hydrochloric acid 
by heating the mixture sealed in tubes at 250°C for 
16 hr. The methods of analysis were essentially the 
same as previously described for BeO . Ab03 [1]. The 
results (table 2) show the BeO . 3Ab03 sample to have 
the correct stoichiometric ratio of components within 
the precision of the 'analytical methods. 

A petrographic examination of the sample was made 
in the Crystallography Section of the NBS and showed 
an average crystal size of 300 f-t . The original material 

TABLE 1. Spectrochemical analys is of the BeO . 3AhO" sample 

Ele ment P ercent age limit Ele me nt Percentage limit 

Fe 0.01 -0. 1 Mg 0.001 - 0.01 
N. 0.01 - 0. 1 Zr 0.001 - 0.01 

. Si 0.01 - 0. 1 Mn 0.0001-0.001 
B 0.001 - 0.01 Ag < 0.0001 
Ca 0.001-0.01 Cu < 0.0001 



TABLE 2. Chemical analysis of the BeO . 3A}z03 sample 

Percentage by weight 
Che mical-analysis olar ratio Al20 3/BeO 

specimen 
Be AI 

First 2.71} 48.96 3.017 
2.74 • 

Second 2.72 48.93 3.004 
Theoretical 2.72 48.92 3.000 

a Duplicate aliquots. 

probably contained much larger crystals prior to grind­
ing for the examination. The crystals were clear with 
some voids and growth defects from too rapid cooling. 
There was some evidence of another phase present, 
possibly as much as 5 percent; however, no BeO was 
detected. For a discussion of the possible effect on 
the measured thermal values for this sample of a 
foreign phase present up to the extent of several per­
cent and yet uncorrected for, see section 5. 

The BeO . 3Ah03 sample was further examined by 
x-ray diffraction techniques in the Crystallography 
Section of the NBS. The observed pattern was in 
agreement with published values for BeO· 3Ab03 
[8, 9, 10], with only very faint traces of lines charac­
teristic of BeO . Ab03 or a-Ah03. Some unidentified 
lines also were found. Lines characteristic of 
graphite, BeO, and 3BeO . Ab03 were absent. 

As pointed out in the paper [7] describing the low­
temperature heat-capacity measurements on the same 
sample of BeO . 3Al20 3 as that involved in this paper, 
certain limitations on the likely composition of the 
foreign phases in the sample can be deduced from the 
available facts. Although the optical properties of 
BeO . Ab03 and BeO . 3Ah03 have been found to be 
very simililr [6, 9, 10, 11], so that it is difficult to distin­
guish them by this technique, there is evidence that 
not much of the impurity phase observed petro­
graphically is BeO· Ab03. The presence of this 
phase would require either the simultaneous presence 
of free a-Ah03 or some phase with a ratio of Ah03!BeO 
greater than 3. However, since the x-ray examination 
yielded negative results for a-Ah03, the suspicion is 
aroused that there may exist yet unidentified phases in 
the BeO-A1203 system. The work of Lang et al. [6], 
also points in this direction. The present sample 
was taken to be 100 percent BeO . 3Ah03 in processing 
the enthalpy data. 

2.2. Calorimetric Procedure and Results 

The high-temperature enthalpy measurements were 
made by the "drop" method using a Bunsen ice cal­
orimeter. This method has been described in great 
detail in a previous publication [4] and is in all details 
identical to that used in the recent measurements on 
BeO . Ah03 [2]. The 99.9 percent pure silver speci­
men containers used were filled and capped in a dry 
box containing air. A separate series of measure­
ments [2] on a silver container identical to the speci­
men containers was used as a basis for correcting 
measured heat values for the contribution of the 

--_ ._- ----

specimen container. Temperatures were measured 
at 500°C and below with a Pt resistance thermometer 
and a Pt-Pt 10 percent Rh thermocouple, both ' 
NBS-calibrated. Above 500°C, the above thermo­
couple and another of identical construction were 
used simultaneously. The resistance thermometer 
was considered the more accurate indicator at and 
below 500 0c. Its readings were taken as the true 
furnace temperature and used to determine small 
corrections to the calibrations of the thermocouples · 
as used in place in the apparatus. 

The results of the measurements are given in table 3, 
the first three columns of which contain the original 
data with the heats slightly (less than 0.1 percent) 
adjusted to correspond to evenly spaced furnace tem­
peratures. Measurements are recorded in chron­
ological order within any single temperature grouping; 
however, note that temperatures were extensively 
mixed: measurements at 323.15 OK, for instance, were 
sometimes interrupted and a point at 1173.15 OK taken 
to confirm the independence from furnace-tem­
perature cycling of individual runs at a given tem­
perature. The derivation of columns four and five 

. is described in footnote g to the table. Note that 
some of the data for specimen 1 were given zero 
weight in the final fit (starred values). These data 
were an average of 0.15 percent below any plausible 
extrapolation of the data at lower temperatures and 
disagreed by the same amount with measurements 
on specimen 2 as well as on specimen 1 resealed. 
The cause of this systematic deviation of this one set 
of measurements on specimen 1 above 773 OK is un­
known. The sixth column gives the mean of all 
observations on all specimens with the exception 
noted above (starred values). 
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3. Treatment of the Data 

3.1. Smoothing by Empirical Equation 

The mean observed values (weighted equally) were 
fitted by the method of least squares with the following 
empirical equation, where T is the temperature in OK 
and a is the standard deviation of the mean observed 
values from the equation values: 

HT - HT• = (4.52108)1O - 3(T2 - T~) + (97.1098)(T- To) 

+ (508769)10 6 (1._1.) - (275706)108 (1._1.) . T ~. ~ n 
cal mol-I 2 

To=273.15 OK 

a= 9.87 cal mol - I (1) 

The deviation of observed from smoothed values 
(seventh column, table 3) is within the current precision 
of measurement. 

2 Mole and mol are hereafter to be understood as gram mole. 

l-
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TABLE 3. High-temperature enthalpy measurements on. 
BeQ ·3AI2Q3 

Gross measured heat b 

Furnace ,------,----t-- --,-- --,----,-----
tempera· 

lUre a Specimen 1 Specimen 2 Specimen l' Specimen 2 I Mean 
and con· and con- observed 
tainer d tainer r 

cal 
101 .96 
102. 13 
101.89 

212.33 
373.1 5~ 21 1.99 

473. 15{ 

573. 1 5~ 

673. 15\ 

2 12 .43 

451.73 
451.85 
451.75 

708.35 
708.33 
708.17 

976.14 
976.06 
975.92 

1252.48 
1252.30 
1252.59 

0219.43) 
11219.67) 
(1219.23) 

. 1'1534.45' '1534.23' 
'1 53450' 

873.15 (1495:67) 
(1494.97) 
(l495.l0) 

11 73. 15 

'1824.64' 
'1824.82' 
'1824.69' 
(1777.53) 
(1777.18) 
(1777.20) 

2121.84 ' 
2121.74* 

(2065.63) 
(2065.99) 
(2065.58) 

'2422.96' 
' 2423. 15' 
'2422.78' 
(2360.07) 
(2359.83) 
(2360.06) 
(2359. 10) 
(2359.89) 
(2359.69) 

cal 
134.64 
134.6l 
134.63 
134.37 
134.91 
134.64 
134.57 
134.75 
134.62 
134.49 

281.75 
281.73 
281.48 

1685.23 
1685.08 
1684.98 
1684.34 
1685.55 
1685.46 
1685.55 
1685.40 

207 1.08 
2070.99 
2070.80 
2070.43 
2070.48 

2464.92 
2465.26 
2465. 13 

2866.84 
2866.79 
2866.96 

3275.92 
3274.90 
3274.96 
3275.03 

cal mol- 1 

3170.0 
3178.3 
3166.6 

6723.6 
6707.0 
6728.4 

14678. 
14684. 
14679. 

23399. 
23398. 
23390. 

32589. 
32585. 
32579. 

42115. 
42 107. 
4212 1. 

142134.) 
142 146.) 
(42124.) 

• 5182.5* e 

' 51814. ' 
' 51827. ' 
(51944.) 
(51909.) 
(519 15.) 

'61832. ' 
'61842. ' 
*61836,· 
(61934.) 
(61916.) 
(6191 7.) 

' 7207 1. ' 
· 72066 .• 
(72 122. ) 
(72 140.) 
(72 11 9.) 

'82376. ' 1.02385 .• 
*82367.* 
(82502.) 
(82490.) 
(82502.) 
(82454.) 
(82493.) 
(82483.) 

cal mo[- I 

3170.3 
3169.4 
3170.0 
3161.6 
3179.1 
3170.3 
3168.1 
3173.9 
3169.7 
3165.5 

6727.7} 
6727.0 
6719.0 

42073. 
42068. 
42065. 
42044. 
42084. 
42081. 
42084. 
42079. 

51906 . 
51904. 
51897. 
51885. 
51887. 

61932. 
61942. 
6 1938. 

} 
} 

} 

'''OJ 72142. 
72147. 

82505. 
82472. 
82474. 
82476. 

a International Temperature Scale of 1948, as modified in 1954. 
b I Defined cai = 4.1840 abs joules. 
C Gram molecular weight = 330.8952 g. 

cal mol- I 

3170.2 

6722. 1 

14680. 

23396. 

32584. 

42095. 

51906. 

61930. 

72136. 

82485. 

Mean 
obse rved 

- smoothe d h 

cal mol- I 

+ 6.8 

- 4.7 

- 7. 

+9. 

+ 10. 

- 13. 

- 4. 

+ 3. 

+ 8. 

- 4. 

d Values in this column are de ri ved from two independent sets of measure ment s on spec­
il~ e n l. All vahlcs from th e second sel are e nclosed in parentheses. Th e specimen mass 
corresponding to the first se t was 6.8068 g. Some of this specimen was re moved for anal y­
sis. The specimen mass corresponding to the second set was 6.5441 g. 

e Starred values not included in least squares fit of data (see text). 
f Mass of sl>ec irn en 2 = 10.2 170 g. 
I: These colu mns are de ri ved from the first two columns respec tively. by subt racting the 

s moothed container heat value (2) given by the following equation and converting the dif· 
ference to a molar specime n bas is: 

HT- H",.,, = (0.76152) (T - 273.15) + (2.3649)10- ' (T - 273. 15)' 
1; (0.42246)10- ' (1'-273.15)'-(8.9987) [(T-273.15)/TJ cal. 

This smoothe d container heat value is approximately 30 percent of the specimen-plus­
cont ainer value at all temperatures. 

II The smoothe d values were c alculated from eq (I). 

Figure 1 gives a comparison of the smoothed molal 
heat capaci ty of BeO· 3Ah0 3 [table 5] with high-
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FIGURE 1. Comparison of observed and smooth.ed molal h.eat 
capacity of BeQ . 3Al ,Q:). 

te mperature experimental values. The latter were 
calculated directly from the mean unsmoothed enthal­
pies (sixth column, table 3), including correction for 
curvature of the heat capacity function according to a 
formula of Osborne et aL, [12] . 

3.2. Joining High- and Low-Temperature Results; 
Extrapolation to Higher Temperatures 

The heat capacity function obtained by differentiat­
ing eq (1) joined well with results recently available 
from low-temperature adiabatic calorimetry [7] on the 
same sample. Small adjustments to both the low- and 
high-temperature data were determined graphically_ 
In this process, the low-temperature results, having 
been considered the more accurate, were given greater 
weight. Figure 2 shows the deviation in the over­
lapping temperature region of the heat capacity values 
relative to the values used in merging the two data 
sets_ The enthalpy increm ent H373.1 5°n - H 27:I. W n ob­
tained from integration of the merged values of heat 
capacity is 6722. cal mol - I. This compares well with 
the value derived from the low-te mperature data (6719_ 
cal mol - I) and the high-temperature measurement 
(6727. cal mol -I). 

Equation (1), besides fitting the data well, extrapo­
lates asymptotically (after differentiation) to a straight 
line of positive slope, a type of behavior frequently 
borne out by precise heat measurements on solids 
at very high temperatures_ This equation was there­
fore chosen to extrapolate the data to 2150 oK. 

4. Thermodynamic Functions 

Tables of thermodynamic functions were derived 
in both calorie 4 and joule en ergy units (table 4 and 
appendix) from a smooth heat capacity function made 
up of the smoothed low-te mperature results [7] , the 
merged values (sec. 3.2) and the high-temperature 
values calculated from eq (1) (extrapolated to 2150 OK). 

• I define d cal. = 4.1840 abs. joule. 
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FIGURE 2. Comparison of the smoothed values of heat capacity 
of BeO· 3A120" obtained by low·temperature calorimetry with 
values obtained by high-temperature drop calorimetry. 

The following equations were derived \.Ising con­
stants supplied partly by the low-temperllture heat 
capacity measurements. These equations represent 
the corresponding values in table 4 in thtl indicated 
temperature ranges with an error not exceeding 0.01 
percent: 

HT-Ho=(4.52108)1O- 3T2+(97.1098)T+(5.08769)106T- ' 

-(2.75706)lOST- 2-35174.7 cal mol - I 

2150 ~ T oK ~ 450 (2) 

Cp =(9.04216)1O-3T-(5.08769)106T - 2 

+(5.51412)lOST- 3+97.1098 cal mol-I deg- ' 

2150 ~ T oK ~ 450. (3) 

5. Precision and Accuracy 

The net measured heat values (fourth and fifth 
columns of table 3) can be shown to have a standard 
deviation of about 15. cal mol - I. (This is equivalent 
to about 0.34 cal for the sample masse" used.) The 
smoothing procedure used increases this standard 
deviation to 21. cal mol - I, which is from 0.03 percent 
to 0.3 percent of the measured enthalpy values for the 
sample. 

Systematic errors enter the measurements on 
BeO ·3Ah03 in the same ways as are discussed in a 
recent paper from this laboratory [2]. In particular, 
it is still likely that temperature measurement consti­
tutes the major source of systematic error. No addi­
tional measurements on a - Ah03 were carried out 
prior to or during the present measurements. How­
ever, the authors believe that the results of the previous 
heat measurements on a standard sample of a - Al20 3 

TABLE 4. Thermodynamic functions for beryllium J:3 aluminate 
(BeO '3AI2 0,,) solid phase 

(;ram molec ular weight = 330.8952 g. T deg K = t deg C + 273.15 

T c~ (H~- H~) (H;- H~)/T s~ -s~ -(C; -H~) -(C;-H;:J/T 
- TSg -S~ 

OK cal deg ~ 1 cal mol - 1 cal deg- ' cal deg- 1 cal mol - : cal deg - ] 
mol - 1 mol - I mol - 1 mol - I 

273.15 58.687 6626.1 24.258 36 .611 3374.3 12.353 
275.00 59.055 6735.0 24.491 37.009 3442.4 12.518 
2S0.00 60.032 7032.8 25. 117 38.082 3630.1 12.965 
285.00 60.985 7335.3 25. 738 39.153 3823.2 13.415 
290.00 61.914 7642.6 26.354 40.221 4021.6 13.868 

295.00 62.S21 7954.4 26.964 41.288 4225.4 14.323 
298.15 63.381 81 53.2 27.346 41.958 4356.5 14.612 
300.00 63.706 8270.7 27.569 42.351 4434.5 14.782 
305.00 64.568 8591.4 28.169 43.41 I 4648.9 15.242 
310.00 65.410 8916.4 28.763 44.468 4868.6 15.705 

320.00 67.048 9578.8 29.934 46.571 5323.8 16.637 
330.00 68.598 10257. 31.082 48.658 5800.0 17.576 
340.00 70.072 10950. 32.207 50.728 6296.9 18.520 
350.00 71.474 11658. 33.309 52.779 6814.5 19.470 
360.00 72.808 12380. 34.388 54.812 7352.4 20.423 

370.00 74.075 13114. 35.444 56.824 7910.6 21.380 
373.1 5 74.461 13348. 35.771 57.453 8090.6 21.682 
380.00 75.279 13861. 36.4 76 58.S15 8488.8 22.339 
390.00 76.420 14620. 37.486 60.786 9086.9 23.3G-J 
400.00 77.502 15389. 38.473 62.734 9704.5 24.261 

425.00 79.960 17358. 40.843 67.508 11 333. 26.665 
450.00 82.109 19385. 43.077 72.141 13079. 29.064 
475.00 S4.003 21462. 4.1 .182 76.632 14939. 31.450 
500.00 85.690 23583. 47.166 80.984 16909. 33.818 
550.00 88.578 27942. 50.804 89.292 21168. 38.488 

600.00 90.956 32432. 54.054 97.104 25830. 43.050 
650.00 92.954 37031. 56.972 104.47 30871. 47.494 
700.00 94.666 41723. 59.604 111.42 36270. 51.814 
750.00 96.156 46494. 61.993 118.00 42007. 56.009 
800.00 97.473 51336. 64.170 124.25 48064. 60.080 

850.00 98.654 56239. 66.164 130.20 54427. 64.031 
900.00 99.725 61199. 67.999 135.87 61079. 67.866 
950.00 100.71 66210. 69.695 141.28 68009. 71.588 

1000.00 101.62 71269. 71.269 146.47 75204. 75.204 
1050.00 102.47 76371. 72.734 151.45 82653. 78.717 

1100.00 103.27 81515. 74.104 156.24 90346. 82.133 
1150.00 104.02 86697. 75.389 160.84 98274. 85.455 

a 

1200.00 104.74 91916. 76.597 165.29 106427. 88.690 
1250.00 105.44 97171. 77. 737 169.58 114800. 91.840 
1300.00 106.10 102460. 78.815 173.72 123383. 94.910 

1350.00 106.75 107781. 79.838 177. 74 132170. 97.904 
1400.00 H):I .37 1131 34. 80.810 181.63 141155. 100.82 
1450.00 107.98 118518. 81.736 185.41 150331. 103.68 
1500.00 108.57 123931. 82.621 189.08 159694. 106.46 
1550.00 109.15 129374. 83.467 192.65 169238. 109.19 

1600.00 109.72 134846. 84.279 196.13 178958. 111.85 
1650.00 110.27 140346. 85.058 199.51 188849. 114.45 
1700.00 110.82 145874. 85.808 202.81 198908. 117.00 
1750.00 111.36 151428. 86.530 206.03 209129. 119.50 
1800.00 111.90 157010. 87.228 209.18 219510. 121.95 

1850.00 112.43 162618. 87.902 212.25 230046. 124.35 
1900.00 112.95 168252. 88.554 215.26 240734. 126.70 
1950.00 11 3.46 173913. 89. 186 218.20 251570. 129.01 
2000.00 113.98 179599. 89.799 221.08 262552. 131.28 
2050.00 114.48 185310. 90.395 223.90 273677. 133.50 

2100.00 114.99 191047. 90.975 226.66 284941. 135.69 
2150.00 115.49 196809. 91.539 229.37 296342. 137.83 

H~ and S~ are, respectively. the enthalpy and entropy of the solid at 0 OK and I aIm 
pres sure. 

a Values below this line are extrapolations to temperatures above the measuring range . 

[2], insofar as they are indicative of the operating state 
of the calorimeter, are applicable in estimating the 
accuracy of the present measurements. 

One source of systematic error in the thermal values 
is the effect of the foreign phases, which, as stated in 
section 2.1, may amount to as much as 5 percent of 
the sample. However, even if perchance so much of 
the sample was not actually BeO . 3Ab03, the whole 
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sample had a s toic hiometric composition very close to 
that of this compound (table 2); as a result, since no 
transition or other evidence of phase change was ob­
served, the uncertainty in phase composition would 
give ri se to thermal error only insofar as th e heat 
capacities of the possible phase combinations differed 
from that of pure BeO . 3A120 3. The smallness of the 
deviations from such additivity shown later for BeO, 
Alz03, and their known mixed oxides (table 5) sugges ts 
that the heat capacity of 5 percent of foreign phase 
would not be different from that of the rest of the sam­
ple by more than 2 percent, which would contribute 
only 0.1 percent error in the heat capacity of the 
sam ple as a whole . 

TABLE 5. Deviation 0/ the high. temperature heat capacity 0/ 
BeO . A],O" and BeO . 3Al ,03 from additivity based on mix tures 
0/ the two component ox ides 

BeO' Al , O, BeO ' 3AI ,0 , 
Te mpera-

ture 
Measured " Addit ive .. 6 C; Measured " Addi tive " ac; 

C'b 
p 

Co, 
p (Compound. c; (; c;a (Compound· 

mixture) mixture) 

' K cal mol - I cal mo/ - 1 % cal 11101 - 1 col mQI - t % 
deg - 1 deg - 1 deg- ' deg- ' 

300 25.33 25.04 + 0.7 63. 71 62.84 + 1.4 
400 3 1.21 3 1.07 + 0.5 77.50 77 .06 + 0.6 
500 34.64 34.65 0.0 85.69 85.34 + 0.4 
600 37.03 37.00 + 0. 1 90.96 90. 75 + 0.2 
700 38.73 38.64 + 0 .2 94.67 94.53 + 0.1 
800 39.98 39.86 + 0 .3 97.47 97 .30 + 0.2 
900 40.9 1 40.80 + 0 .3 99. 73 99.40 + 0.3 

1000 41.60 41. 54 +0. 1 10 1.62 10 1.03 + 0.6 
1100 42. 11 42. 15 - 0 .1 103.27 102.33 + 0.9 
1200 42.44 42.66 - 0.5 104.74 103.38 + 1. 3 

II Smoothed BeO values from reference (3]. Smoothed AIzOa values from reference 
[4]. correc ted according 10 re fere nce [181. 

b Smoothed values from refere nce [2). 
c From table 4. 

Cons idering the preCISIOn of the data , the possible 
syste matic errors and the measurements on th~ stand­
ard sample of ex - Ab03, the authors feel that the 
s moothed e nthalpy values derived from eq (2) can be 
assigned an accuracy which because the syste matic 
errors are negligible can be expressed as a standard 
deviation decreasing from 0.4 percent at 100 °C to 0.3 
percent at 900 °C. The corresponding accuracy (as 
s tandard deviation) in the values of heat capacity 
calculated from this equation should be from 0.4 per­
cent to 0.7 percent over the same temperature range. 

6. BeO ' AI20 3 and BeO . 3Ab03: 

Comparisons With Other Thermodynamic Data 

6.1. Deviations of Heat Capacity from Additivity 

The heat ca pacity of mixed-metal oxide co mpound s 
for which original heat capacity data are lacking is 
frequently approximated by summing individual values 
for the component oxides. Furukawa and Saba [1] 
have compared the heat capacity of BeO . Ah03 with 
th at of an equimolar mixture of BeO and Ab03. Their 
res ults show the mixed oxide to have a heat capacity 
from 25 percent to 1 percent in excess of the "additive" 
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value (equimolar mixture of components) over the tem­
perature range 10 to 380 OK. This behavior is attributed 
to the additional vibrational degrees of freedom present 
in the compound (especially at the lower tempera­
tures). The present measurements provide a valuable 
ex te nsion of thi s comparison to higher temperatures, 
s ince accurate values of heat capacity have already 
been determined by the "drop" me thod for BeO [3] and 
Ab03 [4, 18]. A comparison of the smoothed heat 
capacity pf the mixed oxides BeO · Ah0 3 [2] and 
BeO . 3Ah03 (table 4) with the corresponding additive 
heat capacity obtained by s umming existing values for 
the compQnent oxides of these two compound s is pre­
sented in table 5. Columns five and seven of thi s table 
show the deviations of the molar heat capacity from 
additivity for the two compounds. These deviations 
must, of course, be considered in light of the accuracy 
of the dat~ ([2] and sec. 5 of the present work). Column 
5 s hows a s mall positive deviation from additivity for 
BeO . Ab0 3 on the order of a percent near room tem­
perature. This is in agreement with the findings of 
Furukawa a nd Saba [1] . At higher temperatures, the 
compound and mixture approach equality of heat 
capacity within the accuracy of the data. Column 7 
shows, however , a definite tre nd in the deviation from 
additivity for BeO· 3AL03. At room temperature, 
the heat capaci ty of the compound is seen to be a per­
cent above that of the mixture , and thi s differe nce 
decreases with increasing temperature. This is in 
comple te agreement with recent results of Furukawa 
and Saba [7] on the same compound. The high­
temperature data indicate also a minimum near 700 OK 
in the deviation from additivity fo r BeO ·3AhO:l. 

6.2. Correlation With Heat-of-Formation 
and Equilibrium Data 

Besides the thermodynam ic functions for BeO · AhO:l 
and BeO ' 3(AI20 3 ) based on heat-capacity and enthalpy 
measurements a t the NBS reported in thi s paper and 
previously [1 , 2, 7], the results of other measure me nts 
involving these two substances have been published, 
and all may be exam ined for thermodynamic inter­
consis tency. Holm a nd Kleppa [13] have recently 
measured the heats of solution of BeO , Ah03, and 
these two mixed oxides 5 in a molten (lead-cadmium) 
borate near 1000 OK, a nd from the results have cal­
culated the heats of the reactions 

BeO(c) + AlzO:I(c) = BeO · AhOAc) (4) 

and 

BeO(c) + 3ALO:l(C) = BeO·3(Ah03)(C). (5) 

Over the approximate temperature range 1600 to 
1850 OK Young [14] measured equilibria involving the 
transpiratjon by water vapor of beryllium oxide from 
each of the same mixed oxides. 

5 Us ing sptc irnens of th e mixed ox ides from the same sa mples as in the present work and 
thai of refe rences (1, 2. 71. 



Young cited evidence indicating that the three reac­
tions he studied are as follows: 

BeO(c) + H 20(g) = Be(OH)z(g) (6 ) 

3BeO· AhOi c) + 2H20(g) 

= BeO ·3(Ah03)(C) + 2Be(OHh(g) (7) 

BAO ·3(Ah03)(C) + H20(g) = 3Ah03(C) + Be(OH)z(g). (8) 

No one to the authors' knowledge has proved that the 
gaseous product of reactions (6)-(8) has a BeO: H20 
ratio of 1: 1, but it seems likely that this may be pre­
dominantly true in the temperature range investigated. 
Although spectroscopic data on Be(OHMg) are lacking, 
it is possible to es timate a set of molecular constants 
for the molecule which correspond to these various 
transpiration data [IS] within their precision and 
interconsistency. 

Nevertheless, in order to concentrate on the solid 
phases and avoid the uncertainties in the properties 
of Be(OHh(g), Young's reactions (6)-(8) will be con­
sidered here only in the form of their linear combina­
tions that give reactions (4) and (S). Table 6 shows 
the values of aH~ calculated for these two reactions 
(a) after correcting the calorimetric heats of reaction 
to 0 OK by use of the enthalpy functions and (b) by 
combining Young's equilibrium constants with the 
free-energy functions, for reactions (6)-(8) averaging 
only the aH~ values derived from equilibrium measure­
ments above 1790 oK. Although reaction (6) was also 
studied by transpiration in two additional investigations 
[16, 17] and some of these results seem to be at least 
as accurate as Young's, only the latter's results for this 
reaction are used in the comparison here, in order to 
avoid possible inconsistency in various conditions, 
especially temperature, among the three investigations 
of this reaction. Furthermore, Young's preCISIOn 
limitations below about 1800 OK are greatly magnified 
percentage wise when applied to reactions (4) and (S), 
and hence were considered too great to justify giving 
weight to Second-Law valuet of aH~ calculated from 
his data. 

Although both methods of calculation indicate that 
at 0 OK BeO . Al20 3 is exothermic and BeO . 3(A}z03) is 
endothermic with respect to their component oxides, 
the two values of aH~ for each compound disagree 
substantially, and it is natural to seek the cause. The 
uncertainties in the calorimetric heats of reactions 
(4) and (S) [13] are believed to be considerably less 

TABtE 6. Heats of formation at 0 OK of BeO· AI,O,,(c) and BeO· 
3(Al,03)(C) from their solid component oxides, from calorimetric 
and equilibrium data 

tJ.H; 

Compound Reaction No. 
From calorimetric data From equilibrium data 

keat mol - I. keat mol - 1 

BeO ' AJ,O, (4) - 4.1 -2.6 
BeO . 3(AJ,O,) (5) +2.5 + 0.2 

ApPENDIX. Thermodynamic Junctions Jor beryllium J:3 alummate 
(BeO '3Al,O,,) solid phase 

Gram molecular weight = 330.8952 g. T deg K =, deg C + 273.15 

C;T - (m- H;) (m - H;)/T s~- sg -(C~- H;) -(C~- H;)/T 
- TS; -sg 

OK J deg" ' J mol - I J deg" ' Jder ' J mol - 1 j deg - I 

mo[ - I mol - - mol - I mol - I 
273.15 245.55 27724. 101.50 153.18 14118. 51.686 
275.00 247.09 28179. 102.47 154.84 14403. 52.374 
280.00 251.17 29425. 105.09 159.33 15188. 54.244 
285.00 255.16 30691. 107.69 163.81 15996. 56.127 
290.00 259.05 31977. 110.26 168.29 16827. 58.023 

295.00 262.84 33281. 112.82 172.75 17679. 59.929 
298.15 265.19 34113. 114.42 175.55 18228. 61.136 
300.00 266.54 34605. 115.35 177.20 18554. 61.847 
305.00 270.15 35947. 117.86 181.63 19451. 63.774 
310.00 273.67 37306. 120.34 186.05 20370. 65.711 

320.00 280.53 40078. 125.24 194.85 22275. 69.609 
330.00 287.oJ 42916. 130.05 203.58 24267. 73.537 
340.00 293.18 45817. 134.76 212.24 26346. 77.489 
350.00 299.05 48778. 139.37 220.83 28512. 81.462 
360.00 304.63 51797. 143.88 229.33 30763. 85.452 

370.00 309.93 54870. 148.30 237.75 33098. 89.454 
373.15 311.55 55849. 149.67 240.39 33851. 90.717 
380.00 314.97 57994. 152.62 246.08 35517. 93.467 
390.00 319.74 61168. 156.84 254.33 38019. 97.486 
400.00 324.27 64388. 16O.9J. . 262.48 40604. 101.51 

425.00 334.55 72627. 170.89 282.45 47416. 111.57 
450.00 343.54 81105. 180.23 301.84 54721. 121.60 
475.00 351.47 89795. 189.04 320.63 62503. 131.59 
500.00 358.53 98672. 197.34 338.84 70748. 141.50 
550.00 370.61 116910. 212.56 373.60 88568. 161.03 

600.00 380.56 135697. 226.16 406.28 108073. 180.12 
650.00 388.92 154940. 238.37 437.08 129165. 198.71 
700.00 3%.08 174569. 249.38 466.17 151753. 216.79 
750.00 402.32 194533. 259.38 493.72 175756. 234.34 
800.00 407.83 214789. 268.49 519.86 201101. 251.38 

850.00 412.77 235306. 276.83 544.74 227721. 267.91 
900.00 417.25 256058. 284.51 568.46 255556. 283.95 
950.00 421.36 277025. 291.60 591.13 284550. 299.53 

1000.00 425.17 298189. 298.19 612.84 314653. 314.65 
1050.00 428.72 319537. 304.32 633.67 345819. 329.35 

1100.00 432.06 341057. 310.05 653.69 378007. 343.64 
1150.00 435.24 362741. 315.43 672.97 411176. 357.54 

1200.00 438.25 384578. 320.48 691.56 445292. 371.08 
1250.00 441.15 406564. 325.25 709.51 480322. 384.26 
1300.00 443.93 428691. 329.76 726.86 516233. 397.10 

1350.00 446.63 450956. 334.04 743.67 552999. 409.63 
1400.00 449.24 473353. 338.11 759.96 590592. 421.85 
1450.00 451.78 495878. 341.98 775.77 628987. 433.78 
1500.00 454.26 518529. 345.69 791.13 668161. 445.44 
1550.00 456.68 541303. 349.23 806.06 708092. 456.83 

1600.00 459.06 564196. 352.62 820.60 748760. 467.98 
1650.00 461.39 587208. 355.88 834.76 790146. 478.88 
1700.00 463.69 610335. 359.02 848.57 832230. 489.55 
1750.00 465.95 633576. 362.04 862.04 874997. 500.00 
1800.00 468.19 656929. 364.96 875.20 918429. 510.24 

1850.00 470.39 680394. 367.78 888.06 962512. 520.28 
1900.00 472.57 703968. 370.51 900.63 1007230. 530.12 
1950.00 474.73 727651. 373.15 912.93 1052570. 539.78 
2000.00 476.88 751441. 375.72 924.98 1098519. 549.26 
2050.00 479.00 775338. 378.21 936.78 1145064. 558.57 

2100.00 481.11 799341. 380.64 948.35 1192193. 567.71 
2150.00 483.20 823448. 383.00 959.69 1239895. 576.70 

H~ and Sg are, respectively. the enthalpy and entropy of the solid at 0 OK and 1 atm 
pressure. 

a Values below this line are extrapolations above the temperature range of the measure· 
ments. 

than the disagreements; also , the free-energy functions 
are very insensitive to any reasonable variation in how 
the heat-capacity data are extrapolated above 1200 OK 
[2]. One explanation quantitatively possible is that 
the free-energy functions may not be strictly applicable 
to the equilibrium data because of greater or smaller 
degree of disorder in the two different samples of each 
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mixed oxide; however, the two discrepancies have 
opposite signs (table 6). If Young's data depend syste· 
matically to a small extent on gas-flow rate, which 
several of his data suggest, or if some solid solution of 
the product oxide in the reacting oxide occurred in his 
experiments, the equilibrium constants that were 
calculated for reactions (7) and (8) would be corre­
spondingly in error. It is concluded that the available 
facts offer no simple explanation of the discrepancies 
in table 6. 

The authors wish particularly to acknowledge the 
contributions of the following NBS staff members in 
the analyses of the BeO . 3Ab03 sample: E. K. Hub­
bard, spectrochemical analysis; A. van Valkenburg, 
petrographic examination; H. E. Swanson, x-ray 
analysis; and E. 1. Maienthal, chemical analysis. 
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