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The vapor preasure of rhenium was measured hy the Langmuir method in the temperature range
P350—3350 “K using a vecuurm microbalance, The least sguares e thro the lour series of data
ints is 4.3736 log Piaim) =32 26— I80T00/T, Lenst squeres lincs for cach of the four acries yickd
ats and entropiea of sublimation higher than the cormesponding third Inw walums. The vapor pres-

sure aquation basad on the average heat and entropy is, $.5750 log Flatm}=
AHG {2948} is 1859 keal mol-'.
=J1.86— 180200/ based on our mean thizd law

The selected third law haal of sublimeiion,

equation for the vapor pressure ia 5750 log Flaum)

33.56— LEZS00T,
Our recommended

heat and tabulated valoes for 1he enimopica and enthalpics.
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1. Introduction

The only published experimental data on the rate
of sublimation of rhenium is due to Sherwood e al,,
[1)2 Theit data were obtained by the Langmuir
method using a modification of the hot wire technique
and ntilizing an BIIIJSSH’I[ cotrection to chtain ab-
solute temperatures.! Although there is no special
reagon to question the aceuracy of their vesultz, past
experience has shown that large systematic errors
offen ocour and are difficult to detect in high tempera-
ture vaporization measwrements. Hence, in view of
this and the interest in rhenium as a pseful material
for particular high temperature applications, i1 was
considered worthwhile to undertzke additional
teasurements.

2. Experimental Method

The specimen used in this work came from a sample
of zone refined rod supplied by MRC Corporation,
Orangeburg, New York and was fabricated by arc
erosion at NBS inte a right circular cylinder about 1.5
cm long and .25 cm in diameter. A hole 0.1 cm in
diameter and 1.0 cm long, assumed to represent black-
body conditions, was drilled along the cylinder axis
and a suspension hole 0.025 cm in diameler was
drilled along a diameter near the other end ol the
sample.
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A “rypical” analyaia according to the supplier
showed the principal metallic impurities 1o be Fe, Mo,
and Si with impurity contents of < 13, 40, and 10
PPM, respectively, while the principal nonmetallic
impttrity was 12 PPM (.,

A semiquantitative spectrochemical analysis per-
formed at NBS indicated the presence of Cu and 5i
in the range of 10-100 PPM and Ca, Fe, and Mg in
the range of 1-10 PPM.

The density of a piece of the rhenium stock was
determined by weighing in water and was 20,95 g om—4,
close to the theoretical x-ray density of 21.04 g cm~#[2].

The measurements were made using the vacuom
microbalance apparatus previously deseribed |[3].
Samples were heated directly by rf induction ar 450
kHz. Vacuum in the ulira-high vacuum range (10—
to 107" torT) was maintained by a 90 liter per second
ion pump. Weight losses in the microgram range
were delermined by measuring balance beam dis-
placement with a cathetometer,

The sample was suzpended from one arm of an
equal-arm quartz beam microbalance at the end of a
chain of 0.025 cm diam fused silica and sapphire rods
by & loop of 0.0075 cm diam tungsten wire which
passed through the suspension hole mm the sample and
over a hook on the lowest rod.  The chain of sapphire
and fused silica rods was connected at each end by
W-shaped hooks made by heating and hending the rods.

The arm of the vacoum chamber in which the semple
hung was a 16 mm .D, fused silica tube with a graded
seal and Pyrex window at the bottom for temperature
measurement. The window was prolected from vapor
deposition during the soblimation experiments by a
magnetically operaled shotter.
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A Vycor sleeve of 13 mm 0.D, htted anugly inside
the 16 mm O.D. fused silica tube of the vacoom sys-
tem. A thin platinam coaling deposited on the inner
surface of this sleeve helped prevent static charge
buildup in the vicinity of the sample from interfering
with the weighirg but did not heat inductively.

An NBS.calibrated optical pyrometer with a mag-
nifying objective lens was used to measure tempera-
tures by sighting on the blackbody hole through the
calibrated window and mirror. Calibralion correc-
tiens for the mirror and window were determined in
situ, before and after a series of experiments, by sight-
ing the pyrometer on & band lamp located above the
vacuum apparatus on a rotatable mount.  With the
pyrometer and band lamp in one position, readings
on the band lamp filament could be made using the
same optical path as was used dwring the vapur pres-
sure measuremenls except that the source was further
away. By rotaling the band lamp ¥ degrees and
taising the pyrometer, temperatore readings could
be made direcily on the hand lamp filamem. The
calibration correction was obtained from the difference
between reciprocal absolute temperatures with and
withaut the window and mirror in the optical path.

In oblaining each datum point the following se-
quence of operations was perlormed: (1) The rest
point of the microbalance was deletmined, (2) Lhe
sample was slowly heated to a temperalure several
hundred degrees below the rtemperature of Lhe ex-
periment, (3) the sample was rapidly heaied to the
operaling temperatore and maintained as nearly con-
stant as possible, (4) the sample was rapidly cooled to
a temperature well below the experimental tempera-
ture, the power slowly reduced, and the sscillator then
turned off, and (5} the rest poinl of the balance was
redetermined. The alow heating and cooling potiivns
of the ecycle were neceasary to avoid lateral motion
of he specimen caused by the of field while the rapid
heating and cooling portions of the cycle made the
measorement of Lhe doration of the experiment more
accorate.  The duration of the experiment was meas-
ured from the time the vscillator was sel at a prede-
termined power setting lo the 1ime the power was
decreased. Hence, the deficiency in  vaporized
material resulting from the fact ihat the sample is
not ye! atl Temperature at zero time is compensated
fur by the excess of material vaporized after the ex-
periment has been terminated. The mass change of
the sample was delermined [rom the displacement
of the heam of the microbalance and the previously
determined sensitivity of Lhe balance which was
ahaut 0.5 micrograms{micron.

The change in sensitivity with load was sofficiently
small 0 that the weight change of the sample during
a series nf experiments had negligible effect.  As in
our previous studies [4, 5] duplicate rest points usually
agreed 1o within =2 p: howevet, on several occasions
during the present experiments, long term drilis of
20 to 30 o were noted, indicating that errers due W
the weight loss measurement could become important
for 1the experiments with the smaller weight loszes.

3. Data and Thermodynamic Treatment

Yapor pressures were ralonlated oring the equoation:®

m 2Ry
P=m(—'—FMT) {1

where m is the mass of matectal sublimed, ¢ is the
duration of the expetiment, a is the projecled sorlace
area of the sample, T is the abaolote temperatore,
fl ia the pas constant, M is the atomic weight of the
vaporizing species, monatomie Thenlum, and a is
the vaporizatien coefficient, which was assumed equal
ta unity. The value of the sample arean, at tempera-
ture T was calculated from the area measured at
room temperature do. by assuming that the eqguation
a=aall1 + 287 —3000] was valid in the temperalure
ninge WhEl’E yYipor pI'ESHI.'I]'E messurements were car-
ried vnt. In Lhis equoation # is the coeficient of linear
thermal expansion which was assumed to be 7.2 x 10—
K-' based on the work of Sims et al, [2). The
sample area al room temperaiure ag, is caleulated
from the measured length and diameter of the cylin-
drical specimen.

In general, the heat of sublimation can be computed
from vapor pressure data in two ways. In the sec-
ond law method, one can make use of the experimental
data to evaluate both constants in the equation

log Platm)=— ;—{%‘:+ % (2)

where AH® is the heat of sublimation at the average
temperature, AY® is the entropy change al the same
temperature and R’ is equal to RInl{. It should be
noted that this equation is only approximate since it
ignores the temperature dependence of AH® and AS®.
Although a more exact second law treatment can be
made by inclusion of the temperatare dependence
of AF® and AS®, the error introduced into the second
law heat and entropy of sublimation by use of eq (2)
in the present case is small in comparizon with the
erTor in these quaniities resulting from scatter in the
vapor pressure data. As a matter of interest, a cor-
rect second law treatment for each series of data in
the present work was carried out and the values for
AH" and AS® at the average temperatures agreed
within 0.1 kcal mol™ and 0.05 cal mol-? *K-1 with
those obtained from the simpler treatment.

In the third law method, one makes use of absglute
entropies, usually obtained from heat content and
spectroscopic data, to caleulate the entropy change
for the assumed sublimation process at each tempera-
ture. These values and the experimental pressures
can then be substibned in eq (2) to obtain the experi-
mental values of AH® at the specified temperatures.
In practice, use iz generally made of free enersy
Funetions which allow one to calculate g value for the

 Yukues ol vimnsianis used in the caleulatbons were: 8= | 48717 cal mal™' "K, ', o7 B.3143
1K mwal ' gk sl of elienouen 130,75 ot standerd asncphens = WS Wi,
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heat of sublimation at a reference temperature, usually
294.15 °K (or 0 °K) according to the equation,

AH=T [(%)= - (%)g = f{In P{atm]] {3

where (@) is the free energy function. Differ-

ences between AN3(298) obtained by the second Jaw
and the third law methods can give information con-
cerning the consistency of the vapor pressure data
obtained, the free energy function data used, the sub-
Limation reaction assumed, or the existence of a vapor-
ization coeficient other than unity. Frequently, a
lack of trend in the heat of sublimation calculated as
a function oi the experimental temperature is taken
as an indication ithal no importent systematic errors
are present in the data.  Actually, becauze of random
error in the data points and Timited temperawure
ranges, it is usually easier to find a discrepancy by
comparing second and third law heats of zublimation
or the experimental entropy change with that found
from heat content and apectroscopic data.

4. Results

The basic daia from lour series of sublimalion ex-
pecimenls are listed in table 1. The major differences
hetween Lhe first 1wo series and the last two senes
of measurements are that different pyrometers were
used for temperaiure measurements and different
observers made the temperature and weight loss
measurements. In  addition to these differences,
determinations of the window and prism factors (“A™
values] before and afier each of the first three seties
of measurements indicated that substantial increases
in these quantities had taken place. It did not prove
possible to determine whai was responsible for the
increase in 4 values, It iz believed that a sufficient
temperature gradieni exists in the sample region of
the vacuum sysiem during measurements so that any
Ke:(k in the sample region wounld evaporale and be
able 10 migraie past the shutter to the sight window,
An Re:(; contaminant could have been introduced
into the sample region of ithe vacuum system from the
sample iiself, by oxidation of Re metal during glass-
blowing when the window was replaced after the series
I measurements, or by oxidation of He metal by H.Ch
which was uszed alter the series I and El measurements
to remove =mall amounts of rhentum aot collected by
the Vycor inserl tube. Another possibility is that Re
reacted with the ¥ycor insert tube to form ReOnig)
and a stable rhenium silicide. Calculation indicates
that rhenium disilicide is sufficiently stable so that
ReC.{g) might be formed in appreciable guantities
assuming ils standard {ree energy of formation is zero,
if the temperature of the rhenium-Vycor interface
were 1400 “K or higher. An xoay diffractogram of
material scraped from the side of the Vycor insert
tube at the conclusion of the series I daiz indicated

the presence of a phase other than Re which, however,
could pot be identified as either ReSi, ReSi, Si(l,
or a Pt-Re alloy.

TasLE 1. Faoper pressures ond feats of suflimation of Rhenfum ®

Temp. Durativn ol gun| 0 leas Vupur prevsure A
Series |
R rar 1N wgm X [ Noeul mof=!
58 24y R56:% iy LB5.5
vz § Sk LB& T.495 1850
07 5 bl 249 | A
i HHy 308 Tkl 1hh 2
A7 o L} Shd 127 1R
Series L
2541 T 141 |- .97 L]
24 250k LFE L. LB4.3
HaT L1 L54 134 14410
2712 SiHF Ml 42.0 LB3.8
ML 24y L5 4] LA
2688 MY 18] Il LB3.5
43 Lol m™ 1%4 LRE.?
24 240 - Lk 1] LB4.2
FEEL] 1My 518 % LEE S
Srres 111
Pl S 8.0 i | Rty
35549 | B0 [E14) 1.5 B30
s [P, LH] e 106 18548
550 | BOG 121 .42 13,7
M i} o 1R.2 |B5.6
b ¥ HHy 2663 482 154 4
TN [ .o 1855
2982 L0 1.51 1857
FLICH S g 1.04 1R
2351 108H .l LY [ |H5.%
PLI] L] a4 AT L]
2857 2 D 1Mk I:t¥]
Serign 1Y
el ] [} a.13 | 851
Pt [Pyl i L% | Rzl
el ¥, 1] 2 157 LB5.T
21 149 ) 139 1.1
by 5] | hidy *u ILT LBGT
] 1400 el 1L LN
o 0 | 40 pa: ) (-] | B5.0
ot & e ] [Pl P I E ]
585 | 7l [HX S LB
T 1419 el 1.2 | 8.3
Fior, ] 600 s ] 104
2 T [ [1r3 Doy LB=.?
A Lo 332 A0 1344
580 | 300 17 L] {8

* Listed in experimental sequence.
" Rawdm temperocure sample awrfeee oreas wers L5397, 1590, 1.590, awd 1.587 em? Fur
aerien [ 1'hm'u|£:|'|r'. reapeckively.

Evidence that the observed increase in A value
was not simply due to deposition of Re on the window
was obtained from the series IV data in which about
3450 px of Re was vaporized with no measurable
change in the 4 value of the window and during a
series of experiments performed between series [II
and TV during which 2000 pg of Re were vaporized
without the shutter interposed between the sample
and the window with no resulting change in A value.
Likewise, the fact that the increase in A4 values for
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the series 1, 11, and III data was all about the aame
while the total amount of Re vaporized was about
7000, 1150, and 6000 e, reapectively, is inconsistent
with this hypothesis. m%nitia]ly, it was thought that
the change in A value had taken place during prelim-
inary outgassing by volatilization of a rhenium oxide
contaminant and that the 4 value measured at the
end of the series was the appropriate one to use.
However, analyais of the least squares residuals for
the series II and series III data show a trend suggest-
ing that at least part ol the shift took place during the
series. Therefore, for each of the first three series
of measurements, the average of the 4 values deter-
mined before and after the series was used to corvect
the observed temperature to absclute temperature.

It shouid be noted that the adoption of any constant
A value will have practically no efect on the hear of
sublimation calculated by the second law method while
the third law heat will be changed if the 4 vaiue is
changed as will the second law entropy. Also, if
the temperatures are varied randomly during the
seTies, a systematically changing 4 value will have
little effect on the second law heat.

Tahle 2 summarizes the second law heats and en-
tropies of sublimation calculated by least squares for
each series of data in the present work and adjusted 10
temperatures of 208 and 2600 °K, respectively, using
Stull and Sipnke's tables [6]; similarly adjusted values
based on those reported by Sherwood et al. [1]; mean
third law heats of sublimation based on the free
energy functions listed by Stull and Sinke; and the
standard errors computed for each of these quantities
as well as the estimated overall uncertainty in the
third law heats of sublimation.

The final heat and entropy of sublimation based on
the second law method were obtained by averaging
the individual results obtained in the four series of

' Tunre 2. Heat and entroptes af sublimalion af rtenivm

Bapiznd Tuw valugn Third [£w valwes
Deeler
milnatjoen
amn2e8) | Standard fas?a600r | Siendacd | 38293 | Standacd | Overall
heul mel!|  emor [eal mul-t [ eneur cal [keal ml-t|  eroe unceriainry
tkdmal by [kesl mod B "RG0 Jeookt TR k) et [bcab e haak -
k= Bt [ dwod - rhlmed™" | 1kjmol™
] wh
Eerien | 144 ix EF] [ L] 03 1.1
(7881 b [l ¥4 [1avLy 15.1) LIS [Q.7] 16.Y)
Eeriea 1 188+ | £ 353 05l 183.% ol 1.4
7.5 A6 p o (130AD 120 [ ATad) 10.5] 15v]
Serien 11 LR | 3 o .73 1A% 5 0.k 1.3
(T4 4N 17 [§E Fall] 13.11 (176 1.7 (3.4
Seriea IY 1844 1 3.4 145 |85 % ' N | 06
[Ted b (214 L1384 8.5 [ £ L] {0LE) [T
Sherewd (LXK "6l KL R § 1857 i b
elal [L]] IB07.6k H N L1485 "n (7T H) L& *{d Ak
Al jeriniy 1266 2.6 g iy (KL 1853 k2 R L)
this wurk| 17806 (100 (1553} {4.2) [ITR.5) fLiIE RN
Finad 1842 v 3% LN 1854 [IN] i
1T T) = 11.81 (13 T3t L R [N 2Tk

A alculsted From Stult and Sinke [6] 455, =556 col md 17K 1
= Theerw: sagndurd ebrts were cabvulated lrom he dute given in |11
' These errr estimades are 5 % siandord emmiw.

experiments. These values lead to the equation
4.5756 log Plarm)=33.36— 183500/T which can be
osed to represent the vapor pressure of rhenoivm in
the temperature range (23530-3050 °K).

The final heat of sublimation iz the mean third Jaw
valuz obtained from the series IV data. This heat
and the tabulated entropy a1 2600 °K lead to the equa-
tion 4.5756 log Platm) = 31.86 — 180200/F. These two
equations yield the same pressure at 2267 °K and
gradually divergent pressures as Lhe temperature
increases or decreases. At 3000 °K Lhe equation
based on the second law values predicts a pressure
of Relg) about 20 percent higher than the equation
hased on the third law values.

All of the second law heats of sublimation tabulated
in table 2 are higher than the mean third law heats
reflecting the fact that the second law entropy changes
are greater Lthan Lhe value based on the tables. Among
the possibilitiee which could account for this fact is
that the vapor aheve Re{c) containa vapor species
other than Reig), the tabulated entropy and free energy
functions for Relc) are too high, or a systematic error
occuwrred in temperature measurements due to non-
blackbody conditions in the *hlackbody hole™ of the
sample. However, the difference between the second
law entropies and third law enlropy are nol very large
and it is questionable a= to whether or not the differ-
ences are significant. For example, two or three
standard errors are frequently accepted as a reason-
able measure of the uncertainty in & value and within
these Lmils, agreement of the second and third law
heats and entropies of sublimation is sabsfactory.
The least squares line through all four series of data is
4.5756 log Platm)= 3226 — 1807T00T, which yields
values of the heat and entropy of sublimation in excel.
lent agreement with the tabulated entropy and the
third law heat based on the tabulated entropy. The
only reason for not recommending these values is that
sertous biases can be introduced into second law treat-
ments when sets of data points having slight systematic
difierences zre treated as a single set. This 1s par-
ticularly true when the data involved cover different
temperature ranges.  Since we wonld not recommend
the second law heat and entropy derived in this way
if it led 1o poorer agreement between the second and
third law values, it would be rather arbitrary to recom-
mend them because they are in better agreement.

The standard errors (standard deviattons in the
mean) listed in 1able 2 are computed from the scatter
of the individual determinations about the mean or
fitted line. The overall uncertainties for the third
law heats of suhlimation are the square root of the
sum of the squares of the uncertainties arising from
random scatter in the data points, oncertainty due to
pyrometer calibration and wncertainty in the A value.

The uncertainties due to random scatier are taken
as three times the standard error while that in the
pyrometer calibration is based on the overall uncer-
tainty listed on the NBS calibration certificate. For
ithe hrst three series of deta the overall uncertainty
in ithe 4 values were assumed to be equal to one-hall
of the increase in the 4 value thai took place doring
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each series. For the seres [V data the uncertainty
in the A value was three times the standard error.

The uncertzinties doe to pyrometer calibration and
A valoe were converted to equivalent uncertainties in
the third law heat vaing the mean value of AR (208)
and the mean temperature for the seriea. These
were then combined with the random uncertainty to
yvield the overall uncertainty listed in the last colomn
of 1able 2.

In terms of uncertainties in temperaiure, the un-
certainties in the pyrometer calibration, 4 value,
random scatter and the overall temperature uncer-
tainty were: series I=7, 22, 9, 25 °K: series II—06,
- 19, 4, 20 °K: series [I1—6, 16, 6, 18 "K: and series IV —
6, 2, 6, 9 °K.

5. Summary and Conclusions

The mean third law heat of sublimation selected
from the data in the present study as the most reliable
is in excellent agreement with the mean value derived
Irom the data of Sherwood et al. [1], while the agree-
ment between the second and third law heats of sub-
Limation is somewhat improved.

The question as to whether the second or third law
" heat of sublimation is the more reliable in the present
case appears to be worthy of comment.

For metallic rhenium, heat content data obtained
by conventional methods is available only 10 1474 °K.
Low temperatore calorimetric data reported by Smith,
Oliver, and Cobble [7] agrees within abont one-hall
percent with the high-temperature data of Jaeger and
Rosenbahm [8] in the range 0—20 °C, High tempera-
lure heat capacity data obtained by Taylor and Finch
[9] ins the range 300 to 2200 °K by the pulze heating

9098 056 —5

method is systematically lower than the data of Jacger
and Rozenbgshm: however, the estimated uncertainty
of the former data is =4 percent while that of the larter
iz =0.5 percent and the data are in satisfactory agree-
ment within these error limits. Between 1500 and
2600 °K, the contribulion of the extrapolated heat
capacity data 10 lhe free energy function and entropy
of Reic) is 3.34 and 4.53 cal mol? °K-!, respectively,
or about 20 percent, Hence, an extremely pessimistic
view of the errors involved in the heat capacily of
Reic) would be necessary in order to justify the prefer-
ence of the second law results. Because of this, the
vapor pressure equation based on the third law heat
of sublimation and tabulated entrapies is recommended.
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