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An evaluation of Re, as an alternative to Pt, for the 1 bar loop technique:
An experimental study at 1400°C
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ABSTRACT

Previous investigators have shown that, at high pressure, Re is a good capsule material and that Fe
loss to Re under these conditions is minimal.(édgrzberg and Zhang 1997). We present here the
first systematic low-pressure study of Re loop stability and of Fe loss from silicate melts to Re loops
as a function of,,. Experiments were performed at 14@and one bar pressure over a randsg,of
Forfo, values as low as QFM-2, Fe loss was found to be negligibly small, even for a charge/loop ratio
of only about 2. According to our calculations, for the same conditions, Fe loss to a Pt loop could
reach 70% of the initial FeO content. We have also estimated the diffusion coefficient of Fe in Re and
found it to be very smalk{L0*2 cn?/s), which is an additional factor in preventing Fe loss.

At values off,, near QFM, Re metal reacts to form volatile Re oxides. Bfg, &ielow QFM-1.7,
Re loops were found to be stable for any reasonable experimental run duration @@ .140@wer
temperatures Re may be stable to even higher valuigs @hese conditions are similar to or slightly
more reducing than the accepted redox states for the mantles of the Earth and Mars. Consequently,
for many experiments, Re may be a more convenient loop material than Pt.

INTRODUCTION pressure, Fe loss to Re is greatly reduced compared to Pt (e.qg.,

The container problem in experimental igneous petrologyerzberg and Zhang 1997). Unfortunately, Re metal is not
is an old and well-established one (e.g., Basaltic Volcanistifible over as wide a range of redox conditions as Pt. At only
Study Project 1981, p. 517-519). Platinum is a soft, flexiblgodestly oxidizing conditions=QFM), Re reacts with oxy--
and relatively cheap noble metal with a high melting temper@en to form volatile Re oxides, destroying the loop and ruin-
ture (1769°C), and it has been used widely as loop material {9 the experiment. n o
low-pressure experiments. Unfortunately, the significant affin- Here we present the results of a systematic investigation of
ity of Fe for Pt metal can result in large Fe losses from Fe€}) metallic Re volatility under controlled oxygen fugacities;
containing systems, especially at low valuesgf Such loss (2) Fe loss from FeO-containing melts suspended from Re
can seriously change not only phase relations and compd@fPs; and (3) the diffusion rate of Fe in metallic Re. Thus, this
tions in long-duration experiments, but also the texture, mifitudy delimits practical guidelines for the use of Re as a con-
eralogy, and chemical zoning of products in shorf@iner material in experimental petrology and geochemistry.
dyqamic-crystallization experiments (Lofgren et e}I. 1979; RHENIUM VOLATILITY AS A FUNCTION OF OXYGEN
Weinbruch et al. 1998). Presaturation of Pt metal with Fe is a FUGACITY
time-consuming technique and needs an exact knowledge of
the Fe-Pt alloy composition for every experimental conditidrxPerimental procedures
(e.g., Grove 1981; McKay et al. 1994). For this reason com- All experiments were conducted in a Deltech vertical-tube,
mercially available noble metal alloys (Ag-Pd, Au-Pd, Au-Pf} atm furnace, where th&,, was controlled by CO/C{yas
also have been widely used in experimental petrology for thextures. A PtREPtRhythermocouple in the working furnace
reduction of Fe loss, although without great success (Stern amdl a ZrQ solid-electrolyte oxygen sensor in a remote fur-
Wyllie 1975; Biggar 1977). The calculated affinities of Fe fonace were employed for measuring temperatt?e°C) and
different noble metals (Borisov and Palme, unpublished marfy; (+0.1 log unit) during experimental runs. Experiments were
script) showed that, with the exception of Au, whose meltiqgerformed at a constant temperature of 14D®ver a range
temperature (1062C) is too low for many experiments, onlyof fo, from 10%° (pure CQ) to 10'°“atm (4 log units below
Ru and Ir are likely to be useful alternatives to Pt. Unfortithe QFM buffer). Total gas linear velocity through the furnace
nately, the brittleness of Ir wires and the absence of commeas 0.76 cm/min for most experiments and was adjusted with
cially available Ru wire would make the use of these metagas flowmeter (Matheson, model 10220) with an accuracy of
impracticable. +0.07 cm/min.

Rhenium is one of the less-common refractory metals and One or two short pieces (2—6 mm long) of Re wire (99.97%
has the second highest melting temperature (3C36At high  purity, Alfa) with a nominal diameter of 0.25 mm (0.246 mm,
according to our measurements) were placed in a small silica
crucible and suspended in the hot zone of the furnace for a
*E-mail: aborisov@ems.jsc.nasa.gov fixed period of time at fixedo, (Table 1). The Re wires were
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weighted accurately (Sartorious, Supermicro) before and afterin region Ill (fo, >10°2 atm), volatile loss of metallic Re is
the experiment. Additionally, the average diameter of the prextremely rapid. For example, in pure e Re wire would be
cessed wires was measured with an accura&®.6025 mm.

Experimental results: Re loop stability at differentfo,

Experimental results are given in Table 1. Relative Re loss#iscussed in more detail in the Appendix. But what is important
per unit time are plotted vs. lo,, in Figure 1. As expected, from a practical point of view is that at high temperature (2@)0
there is a general trend of decreasing volatility with decreasiagd fo, values below 1@atm (QFM-1.7), a Re container will be
fo,- However, the relationship appears to be divided into thrgaite stable during any reasonable experimental duration.
discrete regions. In region If¢, <10%° atm), evaporation is

very slow and depends weakly, if at all,
of the Re loop (50% evaporation of Re wire) in region | was

calculated to be on the order of weeks

fgn The “half-life”

(see Fig. 1).

In region Il (fo, between 16°and 16®°atm), Re volatility
increases dramatically with increasfagand the “half-life” at - ¢onstant temperature of 1480 over a range of,, from 1077

fo, >QFM does not exceed a few hours. Thus, experiments WdF{NJrZ) to 10%°5 atm (IW-1). All experiments had nearly the
Re loops at 1400C may only be conducted &, values well  ggme run duration of 452 hours (Table 2).
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expected to evaporate completely within one hour (see Table 1).
Itis obvious that the different slopes of Re loss vsfdogeflect
different mechanisms of Re evaporation, and this is

IRON LOSS FROM FEO-CONTAINING MELTS SUS
PENDED FROM RE LOOPS

Experimental procedures
All experiments were conducted in the same furnace at a

A commercially available Re ribbon (“Goodfellow,” 99.99%
purity, 0.76 mm wide, and 0.05 mm thick) was used as a loop
material. Strips were cut from this ribbon and loops with an
average diameter of 2.5 mm were formed at the end of the longer
strip, with the final product resembling &' This looped strip
was then attached to a hanging rod using Pt wire, with the Pt-
Re contact at the top of thé™

Synthetic melts in the pseudobinary system “anorthite-diop-
side eutectic+FeO” with initial total FeO contents of 8.2 wt%
(DAF10), 16.6 wt% (DAF20), and 35.0 wt% (DAF40) were used
in the experiments. Anorthite-diopside eutectic glass was spiked
with FeO in appropriate proportions and homogenized in an ag-
ate mortar. The DAF10 mixture is a good analog for terrestrial
basalts, DAF20 approximates the FeO content of lunar, martian,
and asteroidal (“planetary”) basalts, and the DAF40 composi-
tion is an Fe-slag type melt that was employed to make small
degrees of Fe loss more obvious. Silicate powders mixed with a
glue were inserted into the loops, which were then suspended

FIGURE 1. Relative weight loss of Re wire pieces vs. Oxygep‘-,rom a ceramic disk and transferred into the furnace.

fugacity. Three differerfi, ranges with differe
are indicated by the Roman numerals.

nt regimes of volatility

TaBLE 1. Metallic Re volatility: experimental conditions and results

The average melt/loop mass ratio was about 2 and was nearly
constant for all experimental charges. Samples were quenched

Vgas, TWeight, mg §Re loss,
No. Sample cm/sec —log fo, t,C *hs I.W. AW. D, mm wt. frac./h
1 RE10 0.76 3.01 1400 0.38 341 1.15 0.150 1.743
2 RE9 0.76 4.30 1399 0.45 4.29 3.22 0.226 0.553
3 RE8 0.76 5.03 1399 0.43 5.46 4.36 0.229 0.468
4 RE8a 0.76 5.03 1399 0.43 3.57 2.92 0.229 0.425
5 RE6 0.76 5.64 1397 0.40 6.19 5.24 0.236 0.387
6 RE6a 0.76 5.64 1397 0.40 2.73 2.40 0.236 0.300
7 RE5 0.76 5.84 1397 0.57 4.59 3.88 0.234 0.271
8 RE2 0.76 6.28 1400 2.12 3.86 291 not md. 0.116
9 RE3 0.76 6.29 1398 1.92 5.51 4.62 0.239 0.085
10 RE11 0.76 6.54 1398 5.72 4.87 3.14 0.226 0.062
11 RE1lla 0.76 6.54 1398 5.72 2.58 1.96 0.229 0.042
12 RE4 0.76 7.52 1399 14.17 5.23 4.87 0.239 0.005
13 RE7 0.69 7.96 1400 24.48 6.37 6.05 0.244 0.002
14 RE7a 0.69 7.96 1400 24.48 3.84 3.72 0.244 0.001
15 RE16 0.73 10.41 1394 63.08 5.11 4.66 0.241 0.001
16 RE1l6a 0.73 10.41 1394 63.08 2.53 2.39 0.244 0.001

* Experimental duration, in hours.

T I.LW. = initial weight, before experiment; A.W. = weight after experiment.

T Diameter after experiment.
§ Re loss = (ini. weight - aft. weight)/h.
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by quickly withdrawing the hanging rod from the hot zone tt.9 and ~12% at IW-0.5), but still considerably lower than would
the top of the furnace. be expected for a Pt loop (>50% at QFM-2). Also, we will ar-

Quenched samples were mounted in epoxy and polishgde below that the DAF20 results at QFM-2 are probably atypi-
Glasses were analyzed for major elements with a Cameed, although the reason for this is unclear.
Camebax electron microprobe. Natural pyroxene was used ag-inally, Fe loss from our “Fe-rich slags” (DAF40 series) is
a standard for all elements. Iron in Re loops was analyzed wathly ~1% at QFM-2 (calculated loss to a Pt loop would be ~30%
a Cameca SX-100 electron microprobe. Operating conditioatthe same conditions). Iron loss still stays reasonably low (15%)
were 20 kV accelerating voltage and 20 nA beam current, wahIW buffer conditions, and only approaches 50% at IW-1.
Fe metal as a standard for Fe. In addition, Fe diffusion profiles The small amounts of Fe loss at QFM-2 for both the DAF10
were measured in the loop at loop/glass contacts, ugimy 1 and DAF40 series are the main reason we believe the higher
steps and 60 s counting times orKEeX-rays. loss experienced by the DAF20 experiment at the dgpie

) ) ) not representative. This is best shown by Figure 3, which illus-

Results and discussion: Fe loss from experimental melts  {rates the functional relationship between the percentage of Fe

In most cases, glasses had the shape of cylinders with ftett andf,,. With the exception of the DAF20 series experi-
to slightly rounded surfaces, and the outer loop surface wasent at QFM-2, the data of all experiments form a very consis-
clean of silicate. However, the outer surfaces of the loopstant trend. The regression ling&E 0.994) is not for the entire
the most-reducing experiments with the highest FeO contedtsta set but is fitted to the DAF40 series only, where small
(DAF40 series below 18%atm) were covered with a thin layerchanges in Fe loss are quantified most easily. Clearly, the
of melt. Apparently, there is an increase in the tendency of tBAF40 regression is also consistent with the overall data set.
silicate to wet the metal as the Fe content of the Re metal Trus, the equation:
creases (for a more detailed discu;sion, see beIow)._The mﬂﬁ'(percent Fe loss) = —0.780,03)x log o, — 6.17 £0.07, o)
reducing loop (DAF40-4) was seriously deformed, implying Q)
that, aff,, values below 18°*atm, the combination of Re loops ) . o

can be used for the rough estimation of tipper limit (re-

and Fe-rich melt compositions should be used carefully. g .
All glasses are essentially homogeneous with respect to F&¢MPer our low melt/loop mass ratio) of Fe loss from experi-

reflecting much faster diffusion in the silicate melt compard@€ntal charges at 146Q. The consistency among the different

to the metal, where Fe analysis reveals highly zoned proﬁlré%mposmonal series gives us increased confidence in the re-

that are attributable to diffusion of Fe into the Re. The averagd/ts Of our experiments.

Fe contents of the experimental glasses are given in Table ZAS expected, Fe loss t_o the Re qups incregses (FeO content
and displayed graphically vs. I6g, in Figure 2. in glasses decreases) with decreasingsee Figs. 2 and 3).

There was practically no Fe loss from the silicates contaih’0 Main factors are responsible for Fe loss in any metal con-

ing 8.2 Wt% FeO (DAF10 series) down to QFM-2, and the gainer: the lowf,, and the mass melt/loop ratio(fR The equi-
loops of this series contained much less than 1 wt% Fe (Seel'lpéi_um silicate melt/Re metal distribution of Fe can be described
low for details). Even at IW-0.5, only ~14% FeO loss was oY the reaction:

served. We compared these ex_perimental results_v_vith calculation§:e (Re) + 0.5 ©= FeO (silicate melt) @)

of Fe loss to Pt loops, assuming complete equilibrium and the

same Pt/silicate ratio (thermodynamic data for the Fe-Pt bindriye equilibrium constants of reactions 2 are given by:

are taken from Heald 1967). Based on these calculations (QFM-

2 and 1400C), we anticipate that about 70% of the initial Fe Kz = @red[are X (fo,)*] (3)
would be lost in Pt from our “terrestrial basaltic” melts. so the equilibium Fe ratio is:

Iron loss from “planetary basalts” (DAF20 series) is a little
higher than from “terrestrial basalts” (5% of initial FeO at QFM-  C72,/CRE = A x (fo,)°° (4)

TABLE 2. Iron loss in Re loops: experimental conditions and FeO content in quanched glasses

No. Sample —log fo, T°C *hs FeO, wt% (10)

1 DAF10-5 7.69 1399 47 8.10 (0.13)
2 DAF40-5 7.69 1399 47 34.86 (0.16)
3 DAF20-2 8.17 1398 43 15.75 (0.10)
4 DAF10-9 8.32 1398 45 8.16 (0.03)
5 DAF40-9 8.32 1398 45 34.63 (0.42)
6 DAF10-8 8.97 1400 47 7.95 (0.18)
7 DAF40-8 8.97 1400 47 33.30 (0.14)
8 DAF20-1 9.36 1398 46 15.46 (0.09)
9 DAF20-6 9.70 1398 46 15.05 (0.09)
10 DAF40-6 9.70 1398 46 29.87 (0.05)
11 DAF20-7 10.06 1395 48 14.54 (0.02)
12 DAF40-7 10.06 1395 48 27.03 (0.18)
13 DAF10-11 10.09 1398 45 7.05 (0.06)
14 DAF40-4 10.52 1399 47 17.47 (0.21)

Notes: The same last numbers in the sample coldes mean that the charges were melted in the same experimental run; s.d. = standard deviation.
* Duration of experiment in hours.
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Analyzed profiles of Fe in Re showed that, in most cases,
only the first 10um of the loop in contact with the silicate
showed any Fe enrichment. And even in this case the amount
of Fe was small, typically not exceeding 1 wt%. These Fe con-
centration profiles are typically irregular, perhaps because of
the multi-crystalline nature of the Re metal. Therefore, it is
possible that transport of Fe in Re is a complicated mix of faster
intergranular (surface) diffusion and slower bulk diffusion.

Rhenium has an hexagonal crystal structure. Microscopic
examination of a piece of the Re strip reveals the presence of
many microcracks roughly perpendicular to the long dimen-
sion of the strip, which cross each other at angles of a60
12C°. The length of these cracks varies from 5 to 100

A few regular Fe profiles suitable for diffusion coefficient
calculations were also found, and one of the best examples is

FIGURE 2. A plot of FeO vs. lodo, showing the Fe content of shown in Figure 4. Our loop diameter was large enough and
silicate glasses from three different series (DAF10, DAF20, and DAF4%e Fe content of the silicate constant enough that, as a first
initial FeO levels are shown with dashed lines) after experimental rug proximation, we decided to use a diffusion model of a semi-

on Re loops at different oxygen fugacities (see text for details). A
experiments were carried out at 14@for approximately two days
FeO in the silicate decreases as Fe alloys with the Re loop.

100 g
B 7
m DAF10 series oo«
) 2757
QFM-1 ® DAF20 series [\ e
,
A DAF40 series L*
»
0 F
@ 104 e
o -
o 2 Rl
LL .
£
@ R
° <
o 1 .~
o Pid
-
L e Regression is for DAF40 series data:
7 tlo log (%Fe loss) = -0.75*logfO; 6.17
0.1 T T T
7 8 9 10 11
-log fo,

FIGURE 3. A plot of percent Fe loss vs. Idg,. All experiments
seem to obey the same rate loss law, regardless of absolute

concentration.

infinite medium with initially zero Fe content and whose sur-

" face is maintained at a constant concentratip{C@ank 1975,

Eq. 2.45):
Fe = G x erfc [2(Dt)*9] ®)

where G is the Fe content of Re along distarxciom the
silicate/metal boundary after experimental duratidd is the
diffusion coefficient, and erfc(z) is a complement to the error
function erf(z), that is: erfc(z) = 1 — erf(z). We can rearrange
Equation 5 as follows:

inverf (1-G&/C;) = x/2(Dt)°* (6)

If our simplifying assumptions are correct, tineerseerror
function of (1-G¥YC,) plotted vs. distanc& should yield a
straight line of slope 1/[2(0’9. Accordingly, for knowrt, D
can be calculated easily, as inverf(z) is a standard function in
some commercially available software (e.g., Origin, Microcal
Software, Inc). The value of,@s unknown, but can be esti-
pagged by trial and error by requiring that the trend pass through
the origin.

The inset of Figure 4 plots inverf of (10, as a func-
tion of distance for the first fm of analyses shown in the

where the constant A includes terms such ag:KRe), and main figure, because these are the only analyses that have suf-
Yeeo (Melt). Thus, the lower thiy,, the lower the equilibrium ficient Fe to constrain the model. We find that this simple model
CFeQ,. The higher the value of R the smaller the Fe loss forfits the Fe data very well and yieldg €0.30 wt% and Rt =

the same equilibrium€R,/CEeratio. We have already mentioned(5.3+ 0.2)x 10 cné/s. The true error in Rdetermination is

that in our experiments the averagg Ralue was ~2, becauseprobably somewhat higher than that indicated by our regres-
the purpose of these experiments was not to prevent Fe losssbut. If we assume0.5um as an accuracy for the location of

to understand how serious it could be. Our experience in wotke silicate/metal boundary, this becomes about 10% accuracy
ing with metal strip loops shows that,Ran be easily increasedin our estimate of & which will in turn result in a 3% error in

to 10, which would result in even lower losses of Fe.

|RON DIFFUSION COEFFICIENTS IN

METALLIC RHENIUM

the slope calculation and a 6% error in the determination of
DE. Keeping in mind the simplicity of the model, this preci-
sion seems very acceptable. Other profiles of poorer quality
gave ¥ in the same range: 4 — 3010 cnt/s. Thus, Fe

In addition to the two equilibrium factors responsible for Fdiffusion in Re seems to be about three orders of magnitude
loss €o, and R,), we should also mention a third kinetic oneslower than in Pt=7 x 10° cn¥/s at 1400°C, Berger and
the diffusion rate of Fe in Re. If, for example, there was a coBehwarz 1978). Simplified calculations (for a plane bounded
tainer material in which Fe diffusion was extremely slow, themy one impermeable surface and one surface maintained at a

Fe loss could be very small even for [fyyand R, values.

constant Fe concentration) indicate that 10 hours at 1@00
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03f which is very similar to the cost of Pt wire of the same size.
\‘F 12 C,=03wt% s Taking into account the time and cost of electroplating Fe onto
5 A Pt wire (see Grove 1981 for details), it seems clear that in many
< o2l & g o8 o cases Re may be a better choice than Pt.
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APPENDIX produce volatile species can be written as:

The speciation of volatile Re oxides n Re (metal) 412 O, = Re,O,, (volatile species) (A7)

First of_a_lll, we should_mention that_ our experiment_s on Rvﬁth the constant of equilibriuri,; to be equal:
metal stabilitywere notdesigned to obtain thermodynamic data.
Nevertheless, these are the first systematic data on the effect oK x; = pyo/(fo,)™? % (age)" (A8)
fo, on Re volatility, and our results may possibly be an ad
tional source of thermodynamic information. As noted befo

Figure 1 shows the rate of Re volatility as a functiofppét

q—L'or pure Re metaka= 1; and combining Equation A8 with A5
"8t A6, after simplification yields:

constant temperature, with three different regions of distinct logdp(M) = m/2 x log fo, + CONST (A9)
Re volatility. Volatility in region | is too slow, and in region Il or:
is too fast to be treated thermodynamically. We will only try to  jog¢(R) = m/2 x log fo,# CONST (A10)

interpret Re volatility dependence at intermedigjgregion .
I1), using a simple thermodynamic model. Thus, the slope of IggM) or logh(R) vs. logf,, will reflect

Let us assume that, even under our obviously nonequilibridiff Number of oxygen atoms in the volatile Re species. For
conditions, loss of Re wire per unit time is proportional to tHk@mPple, in the case of R, the slope should be equal 7/2.

Re surface are to the “equilibrium” partial pressure of vola- _ ©On Appendix Figure 1, we plai(M) vs. logfo,. In prin-
tile Re speciegu, and to the number of Re atoms in the vol£iple, because we normalize to the lerigttwo different pieces,
tile oxide molecula: exposed to the same conditions, should have the $&vhe

This is not exactly the case; smaller lengths of Re wire have
—dM/dt = k; x Sxnxpy (A1) slightly lower values obh(M). This is possibly due to our ex-

wherek; is a rate constant that is dependent on temperatufr)l ;?g:f;la?ij\;gnérignggirnr\s“rsvsh;?ggzeghgﬁte ;::;i:;ngnciﬁé
gas velocity, etc. Even though gas flow through the furnag . C
precludes the attainment of equilibrium, we assume in the moOgrfg;)‘epni&aggil:ghf);?]zcer‘eges'r?gstg? ﬁgg?ﬁ;ii;giojfhfgn
that the vapor pressure of the primary volatile Re species fiﬁ-

(ReO), 1 (Re@®), 3/2 (ReQ), and 7/2 (RgD,) that would be

roaches that of the equilibrium vapor pressure in the vicin : ) . :
P q porp g%pected for the corresponding species. A linear regression of

of the Re wire. At least one reason for making this assumpti . .
. . eight experimental points betweemIQRE5) and 16° atm
is that, regardless of the rate of gas flow, there will always b . o

‘Er_ 7 and RE7a) gives a slope of 19606.04 (Io; R? = 0.99),

stagnant boundary layer immediately adjacent to the wire sur: . : . .
9 " y layer | ately adj W gvlth the apparent Re volatile species being Réis was

face (Feynman et al. 1964). It is within this small but finit ted b th leulati . t th d
boundary layer that we believe the equilibrium partial pressulgge)fpec ed because Ihe ca cu. ations using present thermody-
is approximated. namic data (Knacke et al. 1991; Barin 1995) indicate th@@Re

Furthermore, if we neglect the ends of the Re wire and ould be the main volatile species at such high temperatures.

sume its lengtlh is constant during the experiment (measure- eAV\r']'gtg:fuzs tthclsarr??lélt;?tmgrree:elt?'lé%Icr)n\,\éas re wire di
ments showed that this assumption is warranted within error way v ' Ut ure wi !

limits), the surface area of the wire may be expressed as aftﬁ{g?t?r’ rather_ than wire mass. Monitoring wire dle_lmeter IS a
tion of the mass: classical technique for the measurement of evaporation rate (see,

for example, Wimber and Kraus 1974), but in our experiments

S=2(/p)¥2 x M2 (A2) Equation A8 is not as accurate as Equation A9 because of the
wherep is the density of Re metal. Combining Equations AROOrer precision of measurement of small changes in wire di-
and A2 yields: ameter, but useful as an independent check of our results. Dif-

ferent wires, exposed to the same conditions, showed the same

—1/M¥2x dM = 2(iL/p)*M2 x Ky X N % g % dt (A3) or very similar diameter within error (see Table 1), so for each
which can be integrated to give: distinct experimental condition, an averap@) was calcu-

Vo Ny — " lated. A linear regression of these averages within the Region

(Mg"2 =M/t = 2 /p)*** x ky X N X Pug (Ad) Il fo, range gives a slope of 1.8®.10 (1) with R = 0.97, in
whereM, andM are, respectively, the masses of the Re wikxcellent agreement with Appendix Figure 1.
before and after processing in the furnace for atifBgpress- As noted above, R®, has been widely believed to be the
ing L throughM, and the initial radius of the wi , the final species responsible for Re metal volatility (e.g., Cotton and
equation will be given as: Wilkinson 1966). However, a careful survey of the literature

[1 = (MIMy) ¥/t = 2k X 11 X puod(Ry X p). (A5) showed that the situation is not so clear cut. Indeed, at low tem-

peratures and higl, values (above pure solid & or ReQ,

Alternatively, we can modify Equation A4 and exprésand or above a mixture of R®,/ReQ, Re/ReQ, or ReQ/ReQ),

M, through the initial and final radii of wire: Re0; is the dominant volatile species (Battles et al. 1968; Skin-

_ ner and Searcy 1973). However, a mass-spectrometric study of a

(Ro—RYt= 2k xnxpua)fp (A6) mixture of Re with ZnO at temperatures from 1047 to 1267 K

Let us designate the left-hand sides of Equations A5 and A6iggicated that ReQgas is present in concentrations similar to

$(M) and¢(R), respectively, and see how they should depemR,0, gas, and a reaction of Re with MgO at temperatures from

onfo,. The general case of the reaction of Re with oxygen 1770 to 2143 K principally produces Re@as (Skinner and
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Searcy 1973). Moreover, in the case of the last reaction, the iuglicated by Appendix Figure 2, Fe and Re concentrations
thors also found ReCand ReQions, with relative intensities within individual spatial domains are relatively constant, sug-
lower than the intensity of the Rg@on by factors of 3 and 10, gestive of stoichiometric phases. In addition, both the absolute
respectively. But these minor ions were interpreted to be the F& concentrations and the lack of Fe concentration gradients in
sult of dissociative ionization of Rg@Qas. Appendix Figure 2 contrast with those of Figure 4, where simple

Lastly, Weber et al. (1970) conducted a mass-spectromettiffusion appears to be the dominant mechanism for incorpo-
study of the evaporation of Re ribbons at ligy(in an ultra- rating Fe into Re. Although the Re-rich side of the Re-Fe phase
high vacuum apparatus). They found that at temperatures digram is not known, REe, and RegFe are believed to be
low 1800 K only Re®@ vapor was formed, but at higherstable in this system (Moffatt 1986), and it is possible that other
temperatures, ReOvas observed to form. Franklin andintermetallics could exist as well.

Stickney (1971) derived the thermochemical properties ofReO
and ReQ from the experimental data of Weber et al. (1970)
and Weber and Cassuto (1971). Accordng to our extrapolation
of these data, the volatile Re@ther than R€, should pre-
dominate in a vapor above the Re metal at temperatures higher U
than 164CC.

Thus, the issue of Re oxidation may be more complicated
than is currently assumed. In particular, in some of the studigs
cited above, itis not even clear what the source of oxygen is. l%fg
example, the extremely large difference between the Mg/Mg@
and Re/Re@oxygen buffers would seem to preclude MgO as 5 0.014
source of oxygen in the experiments of Skinner and Searéy
(2973).

Regardless of the exact stability fields of these Re oxide 0.0014
species, the studies cited above serve to indicate that the ther-

1400°C

0.14

modynamic basis for solid Re/volatile oxide equilibria is con-
strained relatively poorly. Even fairly recent data ogRgas

from Knacke et al. (1991) were excluded from a later summary
(Barin 1995), and more recent electrochemical measurements

of Re/ReQ equilibrium also require a significant modification

ReQ, (Pownceby and O’Neil 1994). Furthermore, we wish to
emphasize that in our own experiments, we have not directly

measured the volatile Re species, and itis possible that the rate gg|

of Re volatility is determined by the formation of an interme-

diate, metastable compound. For example, the volatilization of

Re may occur first by the oxidation of Re to Réfte limit- =

ing step) with subsequent rapid conversion of RedReO.

In our view more work is needed to unravel the detailed sy&
. . . - . (O]

tematics of Re oxidation/volatilization.

Cont

The DAF40-4 loop: Phase relationships in the Re-rich
part of the Re-Fe system at 1400C

The Re-Fe phase diagram is only known for the Fe-rich side
of this binary with Fe 40 at%, and all additional information
about the Re-rich side will be useful. We have already men-
tioned that the most reducing loop (DAF40-4) was seriously
deformed after the experiment. Appendix Figure 2 shows that

the Re in this charge apparently reacted to form two coexistiBg

Re-Fe alloys, one havirgl9.0 wt% (44 at%) Fe and the othey;

5

- log fO,

7

APPENDIX FIGURE 1. Rate of weight loss of Re wire vs. oxygen

. . . i ity. Th ter [IM(Mo)*4/t f hysical-chemical
to previous estimates on the standard enthalpy of formatlonrﬁlgaCIy e parameter [IM(M,)*"}/t comes from a physical-chemica

del for Re volatility (see text for details).
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APPENDIX FIGURE 2. An example of an Fe profile through the of
F40-4 Re loop, the most-reducing and FeO-rich experiment. The

0op appears to be a mixture of two stoichiometric Re-Fe intermetallic

=10.5 wt% (28 at%). We suspect t_hat_ we may h¢_':1ve formed st@mpounds (see text for details). We were unable to evaluate this
ichiometric (or nearly stoichiometric) intermetallic compoundgossibility further, because the Re rich side of the Re-Fe binary phase
such as Rfe (19.4 wt% Fe) and REe, (10.7 wt% Fe). As diagram has not been well studied.



