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DT A was chose n as a conve ni ent method for resolving diffe re nces in the re port ed hea t of tra nsition 
and heat of fu s ion of Bi 20 3 • The heat of the low to high tra nsition of K,SO. (at 583°C) a nd t he heat of 
fu s ion of Ag (at 960.8 °C) were used as int e rn a l s ta ndards. These s tand ards were mixed d irec tl y with 
the Bi ,O" in three weight ratios. The hea ting schedule for each weight ratio was 3°/ min , 9°/ min , and 
3°/min. For evalua ting internal cons is tency, DTA de te rm inations we re made for mixtures of the two 
s tandards. Linearity was obtained within limits be tween the weig ht ratio of Bi20" and s ta nda rd and 

the corresponding ratio of peak a reas. The heat of transition of Bi 20 " { mon~ °c c ubi c was found to 
. .m~. . 

be 9.9±0.S kcal/ mole and the hea t of fu s IOn (c ubI c ...... Ilq .) 3.9± 0.2 kcal/ mole. The uncerta intIes 
are es timat ed limits of error, based on interna l consis tency and on th e va lues of the s tandards. 

1. Introduction 

By app lication of the Clausius-Clapeyron equation to 
the liquidus curve of the Bi 20 r PbO s ystem [1] , I K. K. 
Kelley determined the heat of fus ion of Bi20 3 to be 
6.8 kcal/mole [2]. This value is li sted in tables of ther
modynamic data [3, 4). Levin C\nd McDaniel [5] 
applying the same Clausius-Clapeyron equation to 
the Bi20 3- B20 3 sys te m obtained a heat of fusion valu e 
of 2.05 kcal/mole. Gattow and Schroder [6] and Gattow 
and Schutze [7] have used these two values in conjunc
tion with differe ntial thermal analysis (DTA) data to 
calculate the heat of transiti on of monoc linic- to c ubi c
bis muth oxide (see table 1). They found that the area 
of the peak representing the monocl inic to c ubic tran
sition was 4. 10 ± 0.11 times the area of the peak 
representing the c ubic to liquid tran sformatio n; and, 
consequently, the heat of transi tion s hould be 4 .10 
X the heat of fusion. 

TABLE 1. Heats of transformations in bismuth oxide 

Heat of transformation 

In ves tiga tor Method 
Transit ion 
(mon ---+c) 

kcal/mole 
K. K. Kelley (1936) [2J Bi 20 a- PbO liquidus 

[IJ 
Levin and Mc Daniel (1962) (5] Bi 20 3- B20.1 liquidus 
Gall OW and Schroder (1962) [61 DTA" 27.9 ± 1.0 
Callow and SchUl ze (1964) [7J DTA' 8.4 ± 0.3 
Levin and Mc Daniel (1964) DTA' 9.9 ±O.S 

It Heat 4)[ transformation =(4. 10 ± O.ll ) X heat of fus ion (6.8 kcal/mole). 
b Hea t of transformation =(4. 10 ± 0.11 ) X heat of fus ion (2.05 kcal/ mole). 
(' Usin~ K2SO" and Ag as int erna l s tandards. 

Fus ion 
(e .... ti q) 

kcal /mole 
6.8 

2.0, 

3.9±0.2 

1 Figures in brackcl ~ indicate the li tera ture references at the end of th is paper. 

The two re ported valu es for the heat of fu s ion of 
Bi 20:! differ by a fac tor of about three. The value of 
6.8 kcal/mole obtained from the Bi 20 r PbO diagram 
is s us pec t for two reasons: First, a rein ves ti gation of 
the Bi20 r PbO system [8] has shown Be lladen's 
simple liquidus diagram to be incorrec t , inas muc h as 
PbO exists in solid solution with Bi2 0 a a t the liquid us. 
Second, the s um of the re ported entropy of transition 

and of fus ion, (~~~~ + 217~~30 / 5), is about 7 catrK/g 

atom, an abnormally high value. 
Because of the increasing importance of Bi 20 3 in the 

elec tronics and ce ramics indu s tri es , it is des irable to 
ve rify the basic thermodynamic data. As equipment 
for direc t calorime tri c meas ure me nt was not ava ilabl e, 
differe nti a l thermal analysis, using internal s tandard s, 
was selec ted as a conve nie nt , inde pe nd e nt method for 
determining heats of transformation. 

2. Equipment 

The differential thermal analysis equipment was 
built in the laboratory a nd is of conventional design. 
The furnace heating eleme nt consists of a ceramic core 
10 in. long X 23/8 in. o.d., wound with 20 gage, 80 per
cent Pt: 20 perce nt Rh , wire . Linear te mperature ri se 
with time is accomplished by means of a program con
troller and a pneumatically activated variable auto
transformer. Heating rates of 3°/min and 9°/min a re 
obtained by controlling the percentage of time during 
which the se t point is driven. Using a multipoint re
corder, the e mfs of the sample thermocouple and of the 
differential thermocouple are plotted as a function of 
time. Determinations are made at overall se nsitiviti es 
of 14 /-tV/in. 

To minimize errors that might be caused by poor 
thermal diffusivity, a special holder asse mbly is used. 
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The two thermocouples (Pt - 90 percent Pt:l0 percent 
Rh) from the holder assembly are welded, near the 
bottom, to Pt containers. The containe rs are made 
from Pt tubing and measured 16 mm lon g X 2.6 mm 
i.d . X 3.0 mm o.d. The tubes co ntain a total of 0.2 
to 0.4 g of material, de pending on the substances and 
weight ratios s tudied. To reduce the effect of air 
currents in the furnace , the Pt tubes are covered with 
thin ceramic thimbles. 

3. Method 

The usual procedure for measuring heats of trans
formation by DT A depends on calibration of the equip
ment with a known weight of a standard, e.g., benzoic 
acid, AgN03 , KN03 [9, p. Ill] and [10, 11]. The cali
bration can be expressed in terms of calories per unit 
of integrated peak area, in the differential temp .-time 
curve representing the tra nsformation. Assuming 
approximate constancy of the calibration factor , the 
unknown heat of t ransformation for a substance can 
be determined fro m the peak area in its differential 
temp .-time curve. 

The method depends on conditions that are seldom 
closely realized . First , the geometry of the physical 
arrangement and other operating conditions should 
be exactly the same for the determination of the un
known as for the calibration with the standard. 
Second, and even more unlikely, such thermal proper
ties as conductivity, diffusivity , and specific heat 
should be essentially identical for the two samples. 

A method using internal standards avoids the prob
lems inherent in a separate calibration method. 
Therefore, several high-purity chemicals, with appro
priate temperatures and heats of transformations were 
tried, in a search for internal standards. 

Two substances were found satisfactory for cali
brants: (1) Finely ground crystalline K2S04 with a heat 
of transition (a5~ oef3) of 2.14 kcal/mole [3, 12]. (2) 
Fine, precipitated Ag powder with a heat of fusion 
(S960.S oc) liq.) of 2.61 kcal/mole 2 [13]. The transfor
mation temperatures in these two substances bracket 
the transition temp. of Bi20 3 (monoclinic 7~C cubic) 
and the fusion temp. of Bi 20 3 (cubic s~oc liquid). 
Two additional substances, NaCl and Li2S04 , were 
found to be unsatisfactory as internal calibration 
standards. 

DT A experiments were carri.ed out for Bi20 3 : K2S04 

mixtures in wt. ratios of 3.46: 1, 1.72: 1, and 1.00: 1; 
and for Bi20 3 : Ag mixtures in wt ratios of 4.32 : 1, 
2.16: 1, and 2.00 : 1. Mixtures were made in 2g batches 
by shaking in a mechanical mixer accurately weighed 
amounts of dried starting materials. As will be shown 
below under "Derivation of Equations" the heat of 
transformation calculations are not based on the actual 
weights of the two substances in the sample holder 
but only on the formulated ratios. 

Each mixture was given a preliminary heat-cycling 
treatment by heating the mixture at 12°C/min to about 

2 The literature values reported for the heats of trans formations in K2S0 4 and Ag vary 
over a range of about 10 percent. The values selec ted here a re s hown later in this paper 
(see Inte rnal Co nsistency) to be self-consistent. 

775 °C (above the transitIOn of K2S04 and Bi20 3 but 
below the melting point of Bi 203) and then cooling 
to room temperature. The preliminary heat treat
ment was followed by three successive cycles of heat
ing to above the mp of Bi20 3 in K2S04 mixtures and 
above the mp of Ag in Ag mixtures. The heating and 
cooling rates for the three cycles were 3°/min, 9°/min, 
and 3°/min, respectively. Only the peak areas in 
heating curves were considered, as previous work, 
using both DT A and high-temperature x-ray tech
niques [14], had shown that the stable high-tempera
ture cubic phase is supercooled below the equilibrium 
transition temperature of 730°C; and at about 650 °C 
a metastable tetragonal and/or body-centered cubic 
phase is formed, which in turn, transforms back to 
the stable monoclinic form. 

To check on the internal consistency of the method 
and to evaluate the accuracy, DT A determinations 
were made with mixtures of the two standards, at the 
same heating rates and at weight ratios of K2S04 : Ag 
of 1.36: 1 and 4.00: 1. 

It should be not ed that a number of investigators 
[9] have used internal standards for quantitative 
estimation of a phase . Barshad [11] has proposed 
using "indicators" either mixed with the sample or in 
separate layers, for direct temperature calibration of a 
DTA curve. However, the use of internal standards 
for heat of reaction measurements as herein proposed 
has not been previously reported, according to the 
best knowledge of the authors. 

An obvious and valid it priori criticism of the internal
standard method is the possibility of obtaining errone
ous results if reaction occurs between the bismuth 
oxide and the standards during the heat-cycling treat
ments. This possibility was foreseen and was shown 
to be minimal by a number of observations. 

(1) The ratio of the areas under the peaks represent
ing the monoclinic to cubic transition and the cubic to 
liquid transformation for pure Bi20 3 could be com
pared with the corresponding ratio when standards 
were mixed with the BizO:l . 

(2) Ratios of corresponding areas for successive 
heat cycles could be compared with each other, and 
any discrepancies noted. 

(3) At the conclusion of each series of determina
tions for a given weight ratio, the mixture was examined 
by x-ray powder diffraction techniques to check for 
any new phases that might have formed by reaction 
of the starting materials. 

(4) Finally, experimental results could be checked 
for conformance to theory. 

By the criteria listed above, it was possible to evalu
ate the individual experimental data and to eliminate 
the few values which were obviously in error. How
ever, even in these instances, the evidence did not 
indicate chemical reaction of the Bi20 3 , but pointed 
to physical factors. 

4. Derivation of Equations 

It can be shown that to a close approximation [9, p. 
Ill] the total heat of reaction in a DT A determination 
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is given by : where, L BbO, refers to the heat of transformation (transi
tion or fusion), in kcal/mole; 

DB = cKs J ydt = cKs . A 
g g (I ) 2.14 = the heat of transition of KZS0 4 , from the 0' to 

f3 form, in kcal/mole; 

where, H = heat of transform ation per g 

c = geometri cal shape constant 

Ks = thermal co ndu ctivity of the sample 

g= mass of reac tive co mponent in sample 

J ydt = A = peak area for the transformation. 

If two substances, designated by subscrip ts I and 2, 
are considered in a mixture, eq (I) may be applied to 
each substance. Assuming no reaction betwee n the 
substances, cons tancy in c, and approximate constancy 
in Ks (now the combined thermal conductivity of the 
mixture), the foJlowing expression is readily obtained: 

(2) 

As D.H I and D.H2 are constants, g2/gl is the weight 
ratio of the binary mixture, as formulated , and AdAz 
is the experimentally meas ured peak area ratio of the 
two tran sformations, the basic equation for an unknown 
heat of transformation beco mes: 

(3) 

It may be noted that eq (3) is a straight line that 
passes through the origin and with slope, m, eq ual to 
(A dAz)/(gl/gz) . Thu s, over the range that the ass ump
tions made in the derivation hold true, a linear rela
tionship s hould exist be twee n the formulated weight 
ratios and the corresponding measu red peak area 
ratios. 

If the heat of transformation is desired direc tly in 
kcal/mole rather than on a gram basis, eq (3) may be 
transformed to: 

(4) 

where , LI and L2 are the heats of transformation of sub
stances I and 2, respec tively, in kcal/mole, and 

MI and M2 are the corresponding molecular weights. 

Applying eq (4) to the specific case of Biz0 3 : K2S04 

mixtures: 

465.96/1 74.27 = the molecular weight ratio of Bi 20 3 to 
KZS0 4 ; and 

mJ = the slope of the line obtained by plot
ting as ordinate the ratio of the peak 
areas representing the particular 
transformation of Bi20 3 to the transi
tion of KZS0 4 (ABi20)AK2S0.) a nd plot
ting ,as abscissa the co rresponding 
weight ratio of Biz0 3 to KZS04 

(gBi20)gK2S0.)· 

Applying eq (4) to the case of Bi20 3 : Ag mixtures: 

LBi20, = 2.61 (~~~::~) (A~~:,) / (g;~::l) = Il.274m2 
(6) 

where, 2.61 = the heat of fusion of Ag, in kcal/mole, 
465.96/107.87 = the molecular we ight ratio of Biz0 3 to 

K2S04 , and m2 is the s lope of the line 

b . d b I . ABi20-, d ' o tame y p ottJllg -A - as or mate 
Ag 

versus gBi,O" as abscissa. 
gAg 

Applying eq (4) to the case of mixtures of the two 
s tandards, K2S04 and Ag: 

LK2so ,=2.6 I G~~:~~) (A~~;4)/(g;:;4) =4.2I 7m3 
(7) 

where, LK2S04 = the heat of transition of KZS0 4 , in 
kcal/mole; 

2.61 = the heat of fusion of Ag, in kcal/mole 
I74.27/107.87= the molecular we ight ratio of K2S0 4 to 

Ag; and 
m3 = the slope of the line obtained by plot-

. AK2S04 d ' gK2S04 t1l1g -A-- as or JIlate versus -- as 
Ag gAg 

abscissa. 
Inasmuc h as DT A determinations were made in 

binary combinations of the three substances, Ei20 3 , 

K2S0 4 , and Ag, it is possible to evaluate the internal 
consistency of the method . From eqs (5), (6), and (7), 
where ml, m2, and m3 are given in terms of the specific 
ratios, it follows that anyone ratio can be de termined 
independently from· the other two, for examp le: 

ABi203 . gAg =AK2S04 . ~ 
AM gBbo, A Ag gK2S04 

A Bi20:l gK2S04 

A .K2S04 • gBi20" 

or m2/mJ = m3. 

(8) 

(9) 
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5. Results and Discussion 
5.1. General 

Figure 1 shows a reproduction of the DT A curve for 
one of the Bi20 3 : K2S04 mixtures. The various trans
formations within the phases are labeled. Peak areas 
were obtained by tracing the curve on millimeter ruled 
graph paper and averaging several counts. The modifi
cation of the sample holder in conjunction with the am
plification of the equipment was found to be sensitive 
to heat of reaction effects. In a 1: 1 mixture of 
Bi20 3 : K2S04 , for example, 0.1192 g K2S04 absorbed 
a calculated 1.4635 calories of heat at the transition 
and produced an area under the peak of 208 mm2 , or 
about 0.007 cal/mm2 • No corrections were applied 
to the area data for change in thermocouple (Pt-90 
percent Pt : 10 percent Rh) sensitivity with tempera
ture. Attempted corrections did not improve the re
sults; furthermore, the use of two standards whose 
transformation temperatures bracketed those of Bi20 3 

provided automatic compensation. 
The experimentally determined transformation ra

tios for pure Bi20 3 and the binary mixtures between 
Bi20 3 , K2S04 , and Ag are given in table 2. Transfor
mation ratios as a function of weight ratios are plotted 
in figures 2, 3, and 4. Slopes of the lines and stand
ard deviations of the slopes were determined by the 
method of least squares for lines passing through the 
origin. If the assumptions used previously in deriv
ing the linear relationships hold, then the origin 

constitutes a valid fixed point, for obviously as gBiz03 

in the mixture approaches 0, so does A Bi z03 and con
sequently so do the ratios gBbO,/gK2S04 and ABizo:JAKzS04' 

Examining the transformation ratios (table 2) as a 
function of the 3°/min and 9°/min heating rates or as 
a function of the heating cycle (1st, 2d, or 3d), no over
all trend of statistical significance can be discerned. 
The average ratios of the Bi20 3 transformations (M-----c/ 
c---71) of 2.54 and 2.52 for the Bi20 3 : K2S04 mixtures 
and of 2.53 for the Bi20 3 : Ag mixture (4.32: 1) are in 
good agreement with each other and with that for pure 
Bi20 3, 2.46. However, the ratios of 3.20 and 2.80 for 
the Bi20 3 transformations in the Ag mixtures (2.16: 1 
and 2.00 : 1) appear high. The heat of fusion of Bi20 3 

is 2/5 that of the heat of transition, and the shape of 
the fusion peak tends to be low and flat (see fig. 1). 
Therefore, as the amount of Bi20 3 decreases in the 
mixture, the peak area for fusion becomes less defined 
and broader tending to give a low area count. 

It may be noted in figure 2 for the Bi20 3 : K2S04 

mixtures that the curves deviate from linearity above a 
2: 1 wt ratio of Bi20 3 : K2S04 • This deviation is not 
due to any significant reaction between Bi20 3 and 
K2S04 but to poor thermal properties of the Bi20 3 

mixture. For the mixtures containing Ag, which is a 
good thermal conductor and which has been used to 
improve thermal transfer [9, 15], linearity extends 
beyond the 4: 1 ratio of substance to Ag (fig. 3 and 4). 
Therefore, the area ratios for the 3.46 to 1 wi ratio of 
Bi20 3 to K2S04 were not used in computing the slopes. 

Bi20 3 : K2S04 

0.72: I) wI. ralio 

...... ............ . --------.:..:. 
291mm2 

t.T 250mm 2 686mm 2 
T 

t t 
---

-- ----, ------_--------- --;;;:;-------r 
------------_1-----------

14fLV/in. 
825 ·C 

583 ·C 

TIME-

FIGURE 1. Differential thermal nnalysis cnrve Jor third cycle oj heat treatment oj Bi 20 3 : K2S04 mixtures oj weight ratio J. 72 : J. 

Approx. 0.2 g of samp le in Pt tube was hea ted in air at 3°/min . The tempera tu re of sample conta ine r was measured with PI - 90 pe rce nt PI : 10 pe rcen t Rh thermocouple; reference 
material was compacted alumina powder. Are as under pea ks were obtained by count ing squares in trac ings of the peaks on mi ll imete r ru led grap h paper. 
a-{3=transition of K2S0 4 

M - c = monocli nic to cubic transition of Bi20 3 

c -I = fu s ion of cub ic Bi 20 3• 
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TABLE 2. Ratio of peak areas between transf ormations in Bi20 3 

and in binary mixtures of Bi20 3, K2SO", and Ag, as a function of 
heating rates and weight ratios' 

Ratio of peak areas at heating rates: 
Co mpos ition 

wi . rati o 

T ra nsfor lnat ion 
ralios I . 

AdA':l. 
3'/lIIi n 1 9" lIIin 1 3'/ min I Average 

Bi 20 .1 (pu re) 

~ . 1, __ 2_.4_7_ L._ 2_.5_7..L __ 2_._33_ L. _ _ 2_.4_6 

77.6 Bi20 3 M ~ c 
2.86 2. 18 2.58 2.54 

, 
22.4 K,So. , c~l 
(3.46 , I) 

M -c 
4.67 4.87 4.57 4.70 

" ~13 
c ~ l 

1.63 
"~13 

2.23 1.92 1.93 

63.3 I3 i, 0.., M~c 

---- -- 2.5 1 2.70 2.36 2.52 
36.7 K,So., c- 1. 
( 1. 72 , I) M ~c 

3.03 2.90 
"~ 13 

2.94 2.74 

c~ I --
"~13 

1.21 1.09 1.1 6 1.1 5 

50.0 8 i,0., M _c o 
-- 1.6 1 1.6 1 1.62 1.6 1 

50.0 K,SO, " ~ 13 
(1.00 , I) 

--- ~ 

Bi'lO;t : Ag mi xtures 

8 1.2 Bi ,o., M ~c 
2.56 2.52 2.5 1 2.53 

18.8 Ag c~ 1 
(4.32 , I) M ~c 

3.9 1 3.82 3.96 3.90 
s ~ 1 

c- l 
s ~ 1 

1.52 1.5 1 1.58 1.54 

68.35 8 i, 0., M~c 
3. lo e." 3.29 d . 3.20 " 

3 1.65 Ag c~ l 

(2.16 , I) 
M~c 

s~1 
2. 14 e 1.68 1.9 1 

c~1 

.'i-I 
0.69 c 0.5 1 0.60 

66.7 8 i,0., M~c 
2.80 2.80 II 

33.3 Ag c~ 1 

(2.00 , I) 
M~c 

,-->1 
1.99 1.72 1.86 

c- I 
s- I 

0.6 1 0.6 1 

K2SO" : Ag mixtures 

57.7 K,So., a-->l3 
42.3 Ag , --> 1 

0.637 0.638 0.604 0.626 

(1.36, I) 

80.0 K,So., cx-->fl 
2.27 2. 16 2.07 2. 17 ----

20.0 Ag s-->l 
(4.00 , I) 

*Samplt: ..... e ights varied f ro m 0 .2 to 0 .4 g. de pe nding o n the parti cul ar mixtu res. Sa m
ples were cont ained in PI tubes and heated in air. Sf!nSili v il y on the differential temper
ature scale was 14 J.L v/ in . 

a Refers l u rat io of peak Hre 8S between the indicated transformations: 
M --+ c, monocli nic to cubic trans ition of BizOa phase at 730°C 
c--+ I , c ubic to liqu id tra nsfo rma tion o f BizO a phase at 825°C 
(r- /3. low to high trans ition of KllSO .. phase at 583°C 
s-I, soli d to liquid trans formation of Ag phase at %0.8 0c. 

M - C c---. L 
II No va lues fo r -- and -- rati os as c --+ l trans formatio n of BizOa is not we ll 

c--+ l a---' /3 
de fi ne d. 

I; 12°/ rn in he ating rate. 
d Area fo r c - I tran sfor mation of BizOa appears low. 
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• 

O K-____ -4 ______ ~----~------~----~ 

F IGURE 2. Peak area rat ios VPrsus weight ratios for mix tu.res of 
8i 20 3 and K2SO •. 

gHloO~/gKtSO. refe rs to tllf' weight ra tio. AHil03/AK,SO. for s lope of li ne m IT re fe rs to area 
unde r trans it io n of Bi 20a~ a rea unde r trans iti on of K2S O ... AlJi.Ch/AK.SO. for s lope of line 
m! re fe rs to area unde r fus ion of BizOa -+- area unde r tra ns ition of 1(2SO.. . Slopes cai<,' u· 
laled by method o f leas t squares. 

LHto03 = 5 . 122m! (see e q (5), in text ). 
L trBi '10 3= 5. 722 X 1.66, = 9 .55 kca l/mole . S .D. "' lr = O. 03 1. 
Lf il i,o.,= 5. 722 X 0.671 = 3.8, kcal/mole. S. D. mf = 0.020. 

• • 
• 

/ 

O '""" ____ -4 ______ ~ ____ --'~ ____ ........ ____ ___' 

o 2 4 

FI GU RE 3. Peak area ratios versus weight ratios f or mixtu.res of 
Bi 20 " and Ag. 

g BII0 3/gAR refers to the we ight ratio. ABIz03 /AAg for s lope of line flI1r re fe rs to <lre a under 
trans itio n of BizO a-7- area unde r fu s ion of Ag . ASiI03/AAK for s lopl> o f li ne m r refe rs to a rea 
under fu s ion of Bi20a ~area unde r fus ion of Ag. S lopes c alc ulate d by me thod of le as t 
squ ares. 

LShO• = II.274m2 (see eq (6), in tex t). 
LlrBhOa= 11. 274 x 0 . 902~= 10. 17 kc al/mole. S. D. mtr= O. OI 9 . 
L,Bi,o." = 11. 27 X 0.342, = 3.8,; kcal/ mole. S. D. mf = 0.015. 



4 r-----·~._----~._------._----~._----~ 

mtr( DTA)~0. 533 ;/ 
~ 

~ 
';' 

';' 

~ :?"mtrlliterature) ~ 0.508 , 

O ~ ____ ~ ______ ~ ______ ~ ______ ~ ____ ~ 

o 2 4 

FIGURE 4. Peak area ratios versus weight ratios for mixtures of 
K2S0 4 and Ag. 

g KISO.lg)'g refers to the weight ratio. AKtSo)AA/l. for s lope (If line m'r (DTA) refers to t ht:' 
area unde r Ihe trans ition of K'lSO~ -+- area under the fu s io n of Ag. Siopf' for l'io lid line calcu
lated by method of leas t squares; slope for das ht·d line ca lculated from literature values. 

LKsSO.= 4.2 17m3 (see eq (7). in text). 
L"K,SO. ~ 4.21 7xO.533 ~ 2 . 2; kral/ mole. S. D. ",,,~ O . OI4. 
L'r K2S04. from literature [3. 12J = 2. 14 kc al/ rnole . 

5.2. Heats of Transfonnations 

By application of eq (5) to the slopes in fi gure 2: 

LtrBi20AM~c)= 5.722 X 1.669=9.55 kcal/ mole 

S.D. mtr = 0.031 (0.30 kcal/mole) 

LfBi203(~l) = 5.722 X 0.671 = 3.84 kcal/ mole 

S.D. mf= 0.020 (0.08 kcal/mole) 

Si milarl y, by application of eq (6) to the slopes for 
the Bi20~ : Ag mixtures (fig. 3): 

LtrBi 203(M~c) = 11.274 X 0.9025 = 10. h kcal/mole 
S.D. mtr=0.019 (0.19 kcal/mole) 

LfBi 203(~l) = 11.274 X 0.3423 = 3.86 kcal/mole 

S.D. mf= 0.015 (0.06 kcal/mole). 

The s tand ard deviations of the s lopes for the 
Bi20 3 : Ag mixtures are somewha t lower than for the 
Bi 20 3 : K2S04 mixtures because of the additional data, 
for the high weight ratio , that could be used in the 
calculations. Certainly, the difference in the heat of 
fusion of Bi 20 3 obtained from the two sta ndards is 
not statistically significant. The difference in values 
for the heat of trans ition is of questionable significance. 

5.3. Accuracy 

The linear relation ship between area ratios and 
weight ratios for mixtures of the two standards can be 
seen in fi gure 4. The experimentally determined slope 
(0.533) is 4.7 percent greater than the theoretical slope 
(0.508) derived from the liter ature values. The differ
ence between slopes is about twice the standard devia
tion of the experime ntally determined slope. The 
agreement is good considering that the binary mixture 
of standards presents the most extreme in physical 
co nditions of the three binary mixtures. In the 
K2 S0 4 : Ag mixtures, the area of the solid-solid transi
tion of K2S04 at 583°C is co mpared to the area of the 
solid-liquid transformation of Ag at 960.8 0c. 

Substituting in eq (7) the slope of the transformation 
ratio shown in fi gure 4 (0.533) gives a value of 2.25 
kcal/mole for the heat of transition of K2S0 4 , co mpared 
to 2.14, the literature value. The agreement betwee n 
these two values, as well as for the slopes, tends to 
subs tantiate the s tandard values used in the calcul i!
tions, namely, 2.61 kcal/mole for Lf of Ag and 2.14 
kcal/mole for Ltr of K 2S04 . Attempts to correct for 
the change in thermocouple sensitivity with te mpera
ture or the use of other literature values for the heats 
of tran sformation of the s tandards has a de trime ntal 
effect on the agreement. 

5.4. Internal Consistency 

As show n in the develop me nt of eqs (8) and (9) , it is 
possible to c heck the internal consis tency of the res ults 
through a calculation which does not involve any heat 
of transformation valu es. From eqs (8) and (9) : 

Substi tuting the values for the slopes mJ , m2, and 
m3, as given in figures 2, 3, and 4, respectively : For 

transition data, ~ ::~:5 = 0. 541 (calc .) versus 0.533 

(expt. ). 
0.3423 

For fusio n data, 0.67
1 

= 0.510 (calc.) versus 

0.533 (ex pt.). 

The internal cons iste ncy calculations give deviations 
be tween the experi mentally de termined slope, m3, and 
the calculated one, m2/mJ, of + 1.5 percent, for the 
transition data and - 4 perce nt for the fusion data . 
The average of th e two calculated slopes agrees to 
better than 1.5 perce nt with the experime ntally de ter
mined o ne. 

5.4. Conclusion 

Considerat ion of the three criteria, namely, standard 
deviation of the slopes, internal consistency, and accu
racy, as determined with the binary mixtures of stand
ards, indicate an overall uncertainty of about 5 percent. 
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Averaging the results for the heats of transformation 
of Bi20 3 obtained from the mixtures with K2S04 and 
Ag, yields: 

LlrBi20a(M~c) = 9.9 ± 0.5 kcal/mole 

The sum of the e ntropy of transition and of fusion 

( 9900 3900)/ . 0 
equals 1003 + 1098 5 = 2.7 call K/g atom, a reason-

able value [3]. 

6. Summary 

To avoid problems inherent in a separate heat of re
action calibration of DT A equipment, a technique was 
developed which makes use of internal standards. 

Binary mixtures of Bi20 3 and two standards, K2S04 

and Ag, were formulated .in three weight ratios and sub
jected to three cyclic heat treatments, in the DT A 
equipment. Small amounts of mixtures , 0.2 to 0.4 g 
in total weig ht , were heated in platinum tubes whic h 
were isolated from the tubes containing the reference 
material, A12 0 3• Thermocouples, Pt-90 perce nt Pt: 10 
percent Rh, of fine wire were welded to the outside of 
the tubes. The modification of the sample holder and 
overall sensi tivity of the equipment was found to re
spond to heat effec ts equivalent to 0.007 cal per mm 2 

of the area under the peak. 
A number of criteria were e mployed to c heck on 

possible reaction be tween Bi 2 0 a and the standards and 
to eliminate erroneous date. These criteria were as 
follow s: Comparison of corresponding transformation 
ratios in successive heat cycles; comparison of the 
transformation ratio (M ~ clc~ l) in the Bi 20 a phase of 
mixtures with that in pure Biz0 3 ; x-ray powder analysis 
of mixtures at the completion of a determination ; and, 
finally, observing the adherence of the data to linearity 
as prescribed by theory. 

Except for the high weight ratio of Bi 20 3 to KZS0 4 

in the 3.46: 1 mixture, plots of ratios of transformation 
areas versus corresponding weight ratios were linear 
and passed through the origin. The presence of Ag in 
the Bi20 3 : Ag and the K2S04 : Ag mixtures con tributed 
to thermal transfer, and linearity was observed for 
all the weight ratios. 

The data were analyzed according to (1) standard 
deviation of the slopes, (2) internal consistency, which 
is independent of the heat of transformation of the 
standards, and (3) agreement between calculated and 
selected literature value when one standard is mixed 
with the other. The heat of transition of Bi20 a was 
found to be 9.9 ± 0.5 kcal/mole and the heat of fusion, 
3.9 ± 0.2 kcal/mole. The uncertainties are es timated 
limits of e rror, based on internal consistency and on 
the values of the standards. 

The authors express their sincere appreciation to 
Joan R. Rosenblatt of the Statistical Engineering 
Section, who was consulted on the statistical analysis 
of the data. 
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