
CONCLUSIONS 

These investigations have shown that  particle size has 
little or no influence on the transformation temperature of 
monoclinic-tetragonal ZrOz. The presence of metastable 
tetragonal ZrOl, however, increased the transition range 
considerably. The thermal stability of the tetragonal phase 
present in the starting material seems to  be related to  the 
kinetics of the carbon arc preparation process and also may 
be due to impurities such as, primarily, carbon present. 
The  0.1% carbon present in the starting particles disappears 
gradually by heating them in air above 800" C., and i t  may 
be with this that the metastable tetragonal phase inverts 
back to  the stable monoclinic phase of Zr02 upon cooling 
to room temperature. 
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Vapor pressures of the hafnium ( IV)  iodide system were measured between 263 and 
406OC. by a metal diaphragm technique. Three stable forms of the Hfll were identified 
( a ,  13, and y modifications), in addition to a metastable form which transforms 
slowly at temperatures in the vicinity of 300' C. to the a-modification. Enthalpies 
of sublimation, AH;, were found to be 28.37 f 0.04 (263 to 4Ol0C.),  48.9 f 1.3 
(302 to 324OC.), 33.7 =k 0.6 (325 to 372OC.), and 28.2 =t 0.5 (375 to 405OC.) 
kcal./gram mole for the mestastable, a, p ,  and y modifications, respectively. The 
transition temperatures were measured by thermal analysis to be 329 & 3°C. and 
375 f 2' C. for the ( a  - p )  and ( p  - y) transitions, respectively. 

I N T E R E S T  in the separation of hafnium from zirconium 
and the subsequent purification of hafnium has stimulated 
a study of the thermodynamic properties of their halides. 
Hafnium (IV) iodide currently plays an intermediate role 
in the purification of hafnium by the van Arkel crystal bar 
method. Very little experimental data  are available in the 
literature on the hafnium (IV) iodide system, and up to the 
present time no information on its vapor pressure. The heat 
and entropy of sublimation ( A H o  and A S " ) ,  however, were 
estimated by Brewer (1) to be on the order of 28 kca1.i gram 
mole and 40 eu., respectively. Sublimation pressures and 
other thermodynamic properties are reported for HfI 4 

(solid and gas), as estimated by Kelley and King (7) and are 
substantially based on Brewer's estimates. Krause and 
coworkers (8) isolated a small quantity of hafnium (IV) 
iodide in capillaries for study of the x-ray diffraction 
pattern. Hampel ( 4 )  gives a brief description of the 
preparation of pure hafnium by the iodide process. How- 
ever, no data are given on the properties of hafnium (IV) 
iodide. 

Present address: Ames Lahoratory, Iowa State University, Ames, 
Iowa. 

EXPERIMENTAL 

Hafnium (IV) iodide was prepared by direct combination 
of the elements within an evacuated reaction tube a t  400" to 
500" C. Anhydrous iodine was supplied to the reaction zone 
by decomposition of chromium (111) iodide which had been 
prepared by the method of Gregory and Handy (3). These 
two steps are represented by Equations 1 and 2:  

2CrII-2Cr12 + 12 (1) 

Hf + 212+HfI 4 ( 2 )  

The vapor pressure sample was prepared by subliming 
the HfL from the reaction tube to a sample capsule, 
which was afterwards sealed under vacuum. Details of the 
HfI, preparation have been given ( I O ) .  Metallic impurities 
in the hafnium were in the p.p.m. range, except for zircon- 
ium which was 3.8% Zr/ (Zr + Hf). The principal impurities 
were, by spectroanalysis: Al, 60 p.p.m.; B, 0.3 p.p.m.; 
Cd, <0.5 p.p.m.; Cr, 10 p.p.m.; Cu, 15 p.p.m.; Fe, 10 to 
50p.p.m.;Mg,5to80p.p.m.;andMo, 10p.p.m. Chemical 
analysis indicated that  the Zr iodated to  ZrI, along with 
the Hf and remained with the HfI, sample. The absence 
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of chromium in the HfI (less than 100 p.p.m.) was verified 
by spectrographic analysis. The sample capsule was charged 
to  the diaphragm apparatus, (10, 11) ,  degassed under high 
vacuum, and fractured in the evacuated sample zone. 

The vapor pressure measurements were made by heating 
the sample through the temperature range of interest in 
5" to loo C.  intervals during a period of about 24 hours for 
Run 1 and about 20 hours for Run 2 (after transformation). 
Furnace temperatures were often maintained constant for 
several hours, until equilibrium conditions seemed to be 
established before stepping to the next temperature. Data 
points, taken a t  regular intervals, were consistent with those 
obtained as the temperature approached a constant value. 
The data points between temperature changes were there- 
fore considered to  approach reasonably close to equilibrium 
values. Sample temperatures were measured with a plati- 
num us. platinum-10% rhodium thermocouple, which was 
calibrated against a N.B.S. certified thermocouple. The 
thermocouple was positioned in the sample block near the 
sample. 

The sample for the thermal analysis was prepared in the 
same way as the vapor pressure sample. The Hf14 was 
sublimed within the closed, evacuated system to a glass 
sample capsule having a thin-walled glass thermocouple 
tube (approximately 4 inches long) sealed in one end. 
After the transfer, the sample capsule was sealed from the 
system and inserted into a copper block, which was specially 
drilled to receive the capsule. Thermal and differential 
thermal analyses were made by slowly heating the sample 
through the temperature ranges of the suspected transitions. 
Further details of the apparatus and procedure for the 
thermal analyses are given ( 1 0 , l l ) .  

RESULTS 

The vapor pressure data  obtained for Hf14, a solid within 
the temperature range studied, and the thermal analysis 
results gave evidence for the existence of one metastable 
and three stable modifications. Vapor pressure data  for 
the metastable HfI, were obtained during Run 1 for both 
increasing and decreasing temperatures and are represented 
in Figure 1. The constants for the vapor pressure equation 
were determined by least squares analysis and are given in 
Table I. The enthalpy of sublimation (AH$) ,  obtained 
from a least squares analysis of log P,, us. l / T  (OK.) 

data, over the temperature interval of the measurements 
(263" to  401" C.) was 28.37 It 0.04 kcal./gram mole. 

Kelley's (5 )  estimated heat capacity data of Cp(g) = 26.0 
cal./gram mole "C .  and C,(c) = 32.27 + 7.46 x 10-3T 
cal./gram mole " C .  for the vapor and solid, respectively, 
were used to  calculate the enthalpy of sublimation a t  
298.15"K. The accuracy of these data were estimated by 
Kelley to be about &3%(6). The enthalpy of sublimation 
(AH;% ,5) was obtained by first evaluating AH,, a constant 
of integration, by a least squares analysis of the sigma 
function ( 2 )  us. the reciprocal temperature, where sigma 
and  AH^ are related by 

= 1 + AHJT 

Values of sigma were calculated for each vapor pressure 
point from the following equation: 

= -Rln P + Aah T + (Abj2) T 

Then from 
AH% =  AH^ + AaT + (Ab/2)T2 

the enthalpy of sublimation a t  298.15 was calculated. A 
detailed description of the preceding calculation method is 
given by Darken and Garry ( 2 ) .  

The value of for the metastable Hf14 was 
calculated by this procedure to  be 31.34 kcal./gram mole 
with a standard deviation of 0.06 kcal,/gram mole. This 
standard deviation, however, does not include the un- 
certainty of the heat capacity data. Using Kelley's 
uncertainty data of 3% for Cp(g) and revising the 3 to 5% 
for C,(c) owing to the apparent existence of previously 
unknown solid phases, an uncertainty of  AH;^^,^ was 
calculated to be ~ t 0 . 6  kcal,/gram mole. Values of AH;98,: 

were calculated for the a ,  @, and y modifications to be 
51.4 & 1.4, 37.0 & 0.9, and 31.5 & 0.9 kcal./gram mole, 
respectively, where the standard deviations are based on 5% 
uncertainty in C,(c) and a 3% uncertainty in C,(g). 

Early in Run 2 ,  the hafnium (IV) iodide sample (same 
as used in Run 1) was observed to undergo a slow trans- 
formation -i.e., lowering of the vapor pressure-at about 
30OoC. to  a more stable a-modification. This transformation 
is represented by A-A' in Figure 2. Though this trans- 
formation occurred slowly, it appeared to be complete with- 
in 24 hours. Figure 3, a plot of temperature and pressure 
us. time, shows the initial course of the transformation. 
Subsequent vapor pressure measurements during Run 2 
gave evidence of two phase transitions, one a t  about 325" C. 
and a second near 372OC. The vapor pressure data of 
these three solid phases are represented in Figure 2. The 
constants for the vapor pressure equations with their 

a i  o ( N c R E b Y f f i  TEHPERATURE 
.c€CREASM TmRRrmRE 

4 l 1  1.4 1.5 1.6 I 17 I. IS I 81 1.9 

TEMPERANRE, 1 0 0 0 / * K  

Figure 1 .  Vapor pressure of 
hafnium (IV) iodide, metastable 

Table I. Thermodynamic Properties and Vapor Pressure Equations of Hfld 

Log P,, = A - BIT 

Temp. AH%, Kcal./ A H L I ~ ,  Kcal./ 
Form Range, O C .  A f U A  B f U B  Gram Mole Gram Mole 

Metastable 263-401 12.235 * 0.028 6,214 f 17 28.37 * 0.04 31.34 zk 0.6 
a 302-324 19.46 i= 0.40 10,640 i 230 48.9 + 1.3 51.4 f 1.4 
P 325-372 13.39 * 0.19 7,370 * 120 33.7 + 0.6 37.0 1 '0 .9  
Y 373-405 12.05 i 0.13 6,125 * 84 28.2 & 0.5 31.5 & 0.9 
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Figure 2. Vapor pressure of h a f n i u m  
(IV) iodide, a, p, and y modifications 

respective standard deviations for the hafnium (IV) iodide 
system are given in Table I along with enthalpies of 
sublimation. 

From the heats of sublimation of the different phases a t  
the transition temperatures, as  calculated from the Clapey- 
ron equation, the enthalpies of transition were estimated to 
be 14.4 + 1.1 and 5.4 + 0.6 kcal,/gram mole for the 
( a  - @) and ( B  - y) transitions, respectively. Both phase 
transitions were confirmed by thermal analysis of a sample 
which had been heat treated a t  300" to 310°C. for an 
extended period of time to  convert all HfI I to  the a-modi- 
fication. The respective transition temperatures, 329 + 3" 
and 375 i 2" C., were obtained only on heating the sample 
through the transition. No temperature halts were observed 
when cooling. The thermal arrests shown in Figure 4 are 
representative of those obtained during the thermal analy- 
ses. These results were considered primarily as indications 
of the transitions postulated rather than accurate transition 
temperature measurements, since these measurements were 
difficult to  make owing to  the inherent difficulty in measur- 
ing accurately the thermal arrests of hygroscopic inorganic 

Table 1 1 .  Thermal Analysis of Hafnium (IV) Iodide 
Rate of Temp. Change, Transition 

C./Min. Temp., C. 
(a -6 )  0.97 327-332" 
(a-6)  0.46 327-332 
(a-6)  0.12 327.5 
(6-7)  0.15 375.4 
(6-7) 0.77 372-377 

Differential thermal analysis. 
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Figure 3. Hflr  transformation, R u n  2 
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Figure 4. Thermal analyses of Hfll 

salts. Table I1 gives other values obtained by thermal 
analysis. The transition temperatures from intersection of 
vapor pressure curves were 323" and 372" C. for the ( a  - 8) 
and (p - y) transitions. 

Of particular interest were the vapor pressure data  
obtained for decreasing temperatures during Run 2. These 
data, instead of reproducing the data previously obtained 
(interpreted as y, 8,  and a phases), duplicated the results 
obtained for the first run (interpreted as metastable HfI J. 
I n  Figure 2, point B represents the temperature and 
pressure a t  which the vapor phase was degassed from the 
sample in the sample chamber; this step was taken inten- 
tionally to verify that  the higher pressure was not a 
result of volatile impurities of decomposition products 
such as free iodine. In each case, the pressure returned 
to  essentially the value of the metastable vapor pressure 
a t  that  temperature. The last degdssing, however, resulted 
in the loss of the sample from the chamber. 

DISCUSS I ON 
As no previous HfI, vapor pressure data  have been 

reported, no comparison can be made to explain the 
peculiarities of this system. Krause and coworkers (8) 
did not allude to more than one HfI I modification in their 
reported x-ray data. The results of this work indicate 
that  a metastable HfI phase transforms to a more stable 
modification a t  temperatures near 300" C., though the meta- 
stable phase can exist up to a t  least 400" C. as evidenced 
by Run 1. I t  is possible that  the transformation also 
takes place a t  higher temperatures, though this did not 
occur in this investigation. The occurrence of phase transi- 
tions from one stable form to another as the sample is heated 
is not unusual; however, the interesting result of obtaining 
metastable HfI vapor pressures on cooling the system back 
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down is somewhat atypical. This effect parallels, t o  some 
extent, the phosphorus system in which the white phos- 
phorus transforms monotropically to the violet form and is 
converted back only by  condensation from the vapor phase 
(9). T o  this extent, the Hf14 system seems t o  behave 
monotropically. Conceivably, the zirconium iodide im- 
purity in the sample could have influenced the phase 
transitions; however, the similarity of the hafnium and 
zirconium congeners makes this doubtful. 

The  zirconium iodide in the sample is not believed to  
affect the calculated enthalpies of vaporization considering 
the similarity of the reported enthalpies of vaporization of 
the other halides (1 )  (about 5% difference). The  principal 
effect of the zirconium impurity is expected to  be a net 
lowering of the magnitude of the vapor pressure. I f  Raoult’s 
Law is assumed, the reported vapor pressure could be 3 to  
4% lower than pure HfI,. 

The  heats of sublimation, AH?, of the  metastable (28.37 
kcal. / gram mole) and 7-modification (28.2 kcal./ gram 
mole) are the same within experimental error, and both are 
in good agreement with the estimates of Brewer (28 kca1.i 
gram mole). The  vapor pressure of the metastable HfI 4 at 
400” C. is approximately 9% higher than the vapor pressure 
of the ?-modification and nearly 40% higher than Brewer’s 
estimate, which is based on a sublimation temperature of 
700°K. Thermodynamic consistency of the  data is con- 
firmed by  the temperature invarience of individual values 
of  AH^^.,^ within a given phase. T h e  respective entropies of 
sublimation (42.7 and 42.4 eu.) are in general agreement 
with the value of 40 eu. estimated by Brewer. 

ACKNOWLEDGMENT 

The  authors acknowledge the helpful suggestions and 
encouragement of Frank E. Block, Project Coordinator at 
the Albany Metallurgy Research Center, during the course 

LITERATURE CITED 

Brewer, Leo, in “The Chemistry and Metallurgy of Miscell- 
aneous Materials,” L.L. Quill, Ed., pp. 193-275, McGraw- 
Hill, New York, 1950. 
Darken, L.S., Gurry, R.W., “Physical Chemistry of Metals,” 
535 pp., McGraw-Hill, New York, 1953. 
Gregory, N.W., Handy, L.L., in “Inorganic Syntheses,” 
Therald Moeller, Ed., Vol. V ,  pp. 128-30, McGraw-Hill, 
New York, 1957. 
Hampel, C.A., “Rare Metals Handbook,” 2nd ed., 715 pp., 
Reinhold, London, 1961. 
Kelley, K.K., “Contributions to  the Data on Theoretical 
Metallurgy XIII. High-Temperature Heat-Content, Heat- 
Capacity, and Entropy Data for the Elements and Inorganic 
Compounds,” U S .  Bur. Mines, Bull. 584, 232 pp., 1960. 
Kelley, K.K., private communication, April 27, 1964. 
Kelley, K.K., King, E.G., in “The Metallurgy of Hafnium,” 
D.E. Thomas and E.T. Hayes, Eds., Chap. 9, US. Govern- 
ment Printing Office, Washington, D.C., 1960. 
Krause, Brigitte, Hook, A.B., Wawner, F., Rosenwasser, 
Hayman, Anal. Chen. 32,1210 (1960). 
Moore, W.J., “Physical Chemistry,” 592 pp., Prentice-Hall, 
New York, 1950. 
Stevenson, F.D., Ph.D. thesis, 174 pp., Oregon State Univer- 
sity, Corvallis, Ore., 1962. 
Stevenson, F.D., Wicks, C.E., “A Metal Diaphragm Appa- 
ratus for Measuring Vapor Pressures. Vapor Pressure of 
Arsenic (111) Oxide,” U S .  Bur. Mines, Rept. Incest., RI-6212, 
19 pp., 1963. 

RECEIVED for review June 18, 1964. Accepted October 8, 1964. 
Work was performed in part at the Albany Metallurgy Research 
Center, Albany, Oregon and in part at the Ames Laboratory of the 
US. Atomic Energy Commission. This paper is based in part on 
a dissertation submitted by F.D. Stevenson to the Graduate School 
at Oregon State University in partial fulfillment of the require- 

of this work. ments for the degree of Doctor of Philosophy, June 1962. 

36 JOURNALOF CHEMICAL AND ENGINEERING DATA 


