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PENETRATIOI\T OF REFRACTORY' METALS BY ALKALT METALS
R. L. Klueh

ABSTRACT

Under certain conditions liquid alkali meéals penetrate
tantalum and niobium rapidly along grain boundaries and cer-
taln crystallographic planes. Penetration is observed only °
‘when oxygen dissolved in the refractory metal exceeds some
threshold concentration, which depends upon the refractory
metal, the alkali metal, and the temperature. Penetration
was first encountered in niobium and tantalum exposed to
lithium, but has now been found when these metals are exposed
to sodium, potassium, and the sodium-potassium eutectic.
Oxygen levels required to effect penetration in nlo'bimn and
tantalum by lithium, sodium, and potassium at 600°C are com-"*.
pared, and the rate of penetration is dlscussed in. uerms of
a corrosion model. g

INTRODUCTTON

Liquid metals are a’ctract:we as heat transfer and, working fluids for
miclear reactors, and for the past 20 years much Work has been directed
at determining the compatlblllty of liquid metals with ‘structural and .
container materials. In recent years the 1iquid metsls 'of most . interest
have been the alkali metals lithium, sodium, and potass:mm For co'ntain—'/{i;
ment at high temperatures, the refractory metals — nloblum, tanta'Lum,
molybdenum, and their alloys — show considerable promise.

Refiactory metals are resiétant +0 alkali metal corrosion when the
system contains flo impurities - especially oxygen. The effect of oxygen
on compa’cibilﬁy differs dependihg upon whether the oxygen is in the
alkali metgi or the refractory metal. An increase ig the oxygen concen-~
tration of the alkali metal may lead to increased dissolution of the
refractory metal, as we recently showed for the niobium-;o;liﬁml aﬁd‘

2 systems. Oxygen in the refractory meﬁé‘l , on the

nid'bium-potassium
other hand, msy lead to severe penetration of'the refractory metal by

the alkali metal. This latter effect will be discussed here.
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Oxygen~induced alkéli metal penetration was first detected in the
‘Anidbium-lithium.system, and this system was studied by a nuwber of
investigators.>™® The important fEatuies of the penetration process
can be chara¢terized‘as follows. : ”
h 1. ‘Ihevoxygen concentration of niobium mist exceed a "threshold
level" before lithium.pénetrates. lThe threshold oxygen concentration
increases with temperature._ Penetration is independenf of the oxygen

concentration in the 1ithium,’

) 2. Botn intergranular (grain boundary) and transgramular (with a
(110} habit plane) attack occur, as shown in Fig. 1. The threshold for
intergranular attack ic less than that for transgranular attack.

X<t t’_ i kﬂ- N ‘ :1" ‘ )~"
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Fig.Al. Intergranular and Transgranular Penetration of Niobium
Containing 1500 ppm O and Exposed to Lithium for 100 hr at 816°C. 750X.
Etchant: HF-HNO3-Hp80,-H20. [Ref: J. R. DiStefano, Corrosion of
Refractory Metals by Lithium, ORNL-3551 (March 1964).]
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3. Lithium attack is extremely rapid; DiStefano® reports that a . /
;

0.040-in. specimen with 1900 ppm O was completely penetrated at 1100°C
in 0.5 hr, and a 0.040-in. single-crystal specimen with about 4000 ppm O
was completely penetrated at 8L5°C in 1 hr., The rate increases with .
increasing oxygen concentration in the nicbium.® .

4. Not all specimens are completely penetrated even after Iong
exposure times. The depth of attack increases with increasing oxyge;ri""
in the niobium, and for a given oxygen level in the niobiUm; the dep‘th"
of transgranular attack goes through a maximum at 600°C (ref 5).

Penetrated niobium showed increased lithium and decreased oxygen
concentrations. Metallography showed the presence of a corros:Lon pro- ‘
duct in the penetrated specimens,” and an x-ray diff‘raction paf‘ttern o
" obtained from the corrosion product was different from that for Liéo.
It appears, therefore, that Lithium penetration results from the forma-
tion of a product containing lithium, niobium, and oxygen (i.e. s A
niobate, although the diffraction patterns of the corrosion product
could not be successfully matched to any lithium niobate patterns’®).
DiStefano’ alsc observed the lithium attack of oxygen-doped tanta-

lum. Oxygen-induced attack of niobium and tantalum by sodium; .potassium,

and the sodium-potassium eutectic, NaK; has also been observed. Some
recent experiments at Oak Ridge Natlonal Laboratory that employed o
unalloyed tantalum thermocouple tube sheaths in contact with NaK fan.led
in less than 5 hr at 250 to 300°C when the Nak penetrated the 0. 00'7-1.n
sheath wall. Harrison® showed that tantalu.m spec:unens conta:.mng more
than 270 ppm O were attacked by NaK at 650\ and '730 c. L:Ltman9 found .
that niobium contalnlng more than lOOO and 1300 ppm. 0 is :Lntergranularly

attacked at 600 and 80G°C, respectlvelY, and H:Lckam observed the pene- o

tration of tantalum by potassium. R , ‘
The problem of lithium penetratlon of m_oblum Was c:u.rcumvented by »
the addition of small amounts of zirconium- (at 1east 1%) to the n:LobJ.um %,

Zirconium reacts with the oxygen dlssolved 1n the metal to form Zr02 ’

thereby lowering the chemical act:Lv:Lty of. oxygen :Ln sol1d solutlon Tan- f '

5

talum is similarly rendered more res:.stam, to l:u.thlum attack by the add:.-

. tion of hafnium. !

Although the problem of penetration has.:;been reduced by the deve\].oi),-;'g"‘"’l“

ment of more corrosion-resistant alloys, the mechanism: of penetration is -



"s’cill not clear. The purpose of the presen'!i studies , therefore, was to
ga"ifi' insight into the penetration process.

EXPERIMENTAL PROCEDURE

Oxygen was added to niobium and tantalum test specimens of 99.9%
purrby by anneal:mg a’b 1000° C in an oxygen pressure of 1 X lO"* torr in
a vacuum system with a controlled oxygen leak. After ox;da’clon the . ‘specl-
mens were vacuum homogenized at 1400°C for 4 hr; homogenization was
checked by mlcrohardness measurements Before and after exposure to the
l:l.qu:.d metal the oxygen concentration was determ:.ned by either vacuum~
‘fusion or fast-neutron ac t:r.vatlon analy31s.

The specimens were exposed to alkali metals either singly or in
grcups 1n capsules of the type shown schematically in Fig. 2. The

(: .
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. Fig. 2. Schematic Diagram of Test System.



alkali metals were purified to = 99.8% by exposure to zirconium foilf
before test. The capsules were loaded ahd'welded in an argon-filled
-chamber to prevent contamination of the alkali metal or refractory
'metal. A stainless steel outer container protected the capsules from
air oxidation during test, and a tantalum foil wrap protected the cap~
sules against jmpurities from the stainless steel. While being heated
to the test temperature,'the specimens were in the vapor zone, and when
the system reached temperature the capsule was inverted to 1mmerse the
specimen in the liquid. -

After test the capsuleS'were inverted, quendhed in llquld nltrogen,
and Qpened in the argon chamher, and the alkali metal was removed'by
edlssolv1ng 1n chllled 1eopropy1 alcohol. . The spe01mens were examlned
metallographlcally to determlne the extent of penetratlon

' RESULTS
Comparisenvof Systegs.

The behavior of oxygen—deped tantalum end nidbiwm\in potaSSiuﬁ, |
sodium, and 1ithiumﬁwas compared at 600°C. - To estimate the minimum or-
"threshold" oxygen concentratlon in the refractory metal requlred to - h
induce penetratlon, a series of spe01menS'W1th dlfferent oxygen concen-

trations was examlned.metallographlcally after test. The results are

.- given in Table 1. The threshold concentratlon was hlghest fbr potass1um

‘ .,,}

and lowest for lithium, and the threshold concentratlon fbr tantalum _L
was about half that for niobium (on a welght ba51s) '.f*’i 'fxgk
"F Flgure 3 shows tantalum.spec1mens that contalned dbout 1300 ppm* ,
of dlssolved oxygen -after exposure to potass1um, sodlum, and 11th1um
Similar unexposed specimens showed 1o ev1dence of prec:pltate The S
amount of attack for a given oxygen concentratlon'was least fbr potass:um
and most for llthlum. | |

Decreasing the oxygen concentration of the tantalum decreased both

the depth of attack and the number of,graln.boundarles attacked:‘ Flgurelé

*All concentrations are in parts per million by weight. "
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~ Table 1. Estimated Threshold Oxygen Cohcer;tratiohs in .
o " Refractory Metals for Grain-Boundary Penetration
o : by Alkali Metals at 600°C '

(BN

'

© '~ Threshold Oxygen Concentration
o (ppm by weight) '

Refractory " __ 3 L
o Meta?. Potassitum Sod.ium " Lithium
‘Tantalum 500 300 150
. Niobium 1000 800 400 :

.+ ¢ Fig. 3. . Tantalum Specimens Exposed to Alkali Mé'tals-'fozj 500 hr at
© 600°C. 100X.  Etchant: HpO-HNO3-NHHF. (a) Initially 1300 ppm O;

\

exposed to ‘potassium. (b) Initially 1400

_ppm O; exposed to sodium.
(¢) Tnitially 1200 ppm O; exposed to lithium. - - - ,

\
\

)
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Fig. 4. Tantalum That Contained. 600 ppm 0 and Was Exposed.
Potassium for 500 hr at 600°C. The- 0.002- to O. 004-1n.-deep darik areas
are corrosion pockets or "heads" that terminate attack along grain
boundaries. 100X. Unetched. S S ' :

L
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shows a tantalum spec1men that contalned ébo ppm | O and'was exposed- to

'potass1um.at 600°C. " This speclmen 1llustrates the type of attack that
occurs ab or just above the threshold oxygen concentration.. The attack
islccmplétely intergranular (?S revealed by etching) and terminates in
relatively large cotros1on pockets or penetration "heads."

. The. high susceptlblllty of tant \lum to lithium attack is demonstrat1

by the observatlons ‘on the capsules used in these. experlments. When:the

tantalum capsules were removed from the stainless steel outer contalnerg
they were dlscolored and appeared to have leaked durlng_test Sincefnc

weld or other fallures were apparent, we concluded that although the

tantalum contained only about 200 ppm O, the 11th1um.penetraued “the!

0.062-1in. Walls. This was confirmed when the tUbe'WalIS'were sectioned

and examined metallographlcallyy as shown by Fig. 5.



Fig. 5. Tantalum Tubing That Contained 200 ppm O and Was Exposed
to Lithium for 500 hr at 600°C. 50X. Etchant: H0-HNO3~NH,HF. -

¢
v

Figure 6wshcws a nidbiumfspecimen that contained\about 2200'ppm 0]
‘before lithium exposure at 600°C. The difference between niobium and
tantalum is seen by comparing Figs. 3(e) and 6. Aithough the nidbfum
specimen with 2200 ppm O was compleyely penetrated intergranularly,
transgranular penetration was incomplete. However, tantalum with onl&

1200 ppm O was completel& penetrated by'both modes.

T

‘r

Effect of Temperature g o

v

+ Tantalum specimens were exposed to potassium at 600, 800, and 1000°C |
to determine how temperéture affects the threshold oxygen goncentration
fdr penetratioh. Figure 7 comﬁares tantalum specimens that initially
contained 1200 and 700 ppm O after exposure at 800°C. These photomicro-
graphs”should be compared with Figs; 3(a) and 4,‘Whichlshow tantalum « |
specimens predoped to similar oxygen levels but exposed at 600°C. Pene- ..

Vs

tration is much more severe at the lower temperature. In fact when a

tantalum specimen containing 700 ppm O was exposed to potassium at lOOO°C,

t (R
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no penetrétion WaS“detected,‘and little attack [51m11ar to Fig. 7(b)]
*was note&vfor a speclmen containing 1000 ppm 0.. p ‘

, n ' . i
i ) i ¢

We conclude that the threshold oxygen concentratlon for the pene-
tratlon of tantalumnby pota531um increases with increasing temperature.
The threshold is approxlmately 500 700, and 1000 ppm O at 600, 800,

' “ , " '

~ and JOOO C, respectlvely. ‘ T

‘w'\‘ [

. DiStefano” p01nted out that penetration is extremely rapid. We

>

encountered the same result'when'we attempted to study the Lithium
penetratlon kinetics of tantalum at 600°C. Tantalum specimens 0.04 in.
thlck contalnlng approx1mately 600 1200 and 3000 ppm O'were exposed
to lithium for 0.5, 1, and 2 hr. All spec1menS‘Were completely pene-

trated; Fig. 8 shows the low-oxygen spe01men that was exposed to lithium
for 0. 5 hr. o 4 | .

. Fig. 8. Tantalum That Contained 600 ppm O and Was Exposed to
Lithium for 0.5 hr at 600°C. 100X. Etchant: H>0-HNO3;-NH,HF.
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At present'we are attemptlng to stud; the penetration kinetics at
250 C, where the penetration is slower.

General Observations

Tantalum and niobium exposed to any of the alkali metals for 100 hr
or’more showed a loss of oxygen during test. Table 2 glves the changes
noted at 600 800, and 1000°C for the tantalum specimens penetrated.by
potassium. The oxygen concentrations at 800 and 1000°C decreased to a

Table 2. Change in the Oxygen Coqcentration of
Tantalum Exposed to Potassium

Temperature . ' Exposure Oxygen Concentration, ppm.

(fg) “(hr) ABefore After
600 500 600 "o
g00.° . 100 700 o3
800 i 100 1200. 36
1000 | 50 S 600 39
1000 50 1000 53
1000 © 50 . 1600 .23

level near that foundlin uhdoped specimens exposed for cohparable times
and temperatures. Since only intergranular penetration occurred at these
hlgher temperatures, only a very small fractlon of the total oxygen is
tied up in a corrosion product. Furthermore, some of the corrosion pro-
duct may be lost when the alkali metal adhering to the specimen after
test is dissolved in alcohol.:

All attempts at ident ng the corr081on product were unsuccessful.
Metallographic examination of penetrated spe01mens generally show the
attacked regions as holes, indicating that the corrosion product had
dissolved during polishing. When a penetratéﬁ specimen was fractured
and examined with the scanning electron microscope, a second phase,

presumgbly a corrosion product, was observed on grain boundaries, as
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shown in Fig. 9. The specimen fracture followed the morphology of the
corrosion product. When the specimen showm in Fig. 8 was fractured and

- exanined under the scanning electron microscope, two distinct regions
were visible. The region immediately adjacent to the surface fractured
transgranularly and corresponded to the region of extensive transgranular
attack. In the center of the specimen, intergranular fracture occurred
and corresponded to the region where attack was primarily along grain
boundaries. |

4

ﬁl

Fig. 9. TFracture Surface From Interior of Specimen Shown in Fig. 8.
Note that the grain surfaces appear to contain a second phase. 850X,

‘

DISCUSSION

General

If we assume that alkali metal penetration occurs by the formation
of a corrosion product, several of the experimental observations are
consistent with classical nuc}eation theory. The start of penetration
requires a nucleation step and thus requires the formation of a critical

nucleus of the cdmpound making up the corrosion product. As with all
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nucleation processes, supersaturation will be réquired — hence the
threshold oxygen concentration. Surface energy and strain energy con-
siderations favor nucleation on grain boundaries and thus account for
the lower threshold levels for intergranular attack.

In general the standard free energy of formation for oxides becomes
more negative with decreasing temperature. The oxygen concentration
necessary'to form a critical nucleus shoﬁld therefore decrease with
decreasing temperature, as observ.d. DiStefano,lzkin some low-temperature -
experiments, noted an incubation period before attack starts, such an
dbservatlon is again in accord with a nucleation ‘step.

Table 1 shows that the threshold for tantalum is roughly one-half
that for n;dblumJ Thermodynamically, the threshold oxygen concentration
should be considered in terms of a threshold oxygen activity. The oxygen
solubility in niobium!® is about twice that of tantalum, }* and therefore,
if the oxygen-saturated solutions are taken as the standard state and if
Henry's law applies to saturation, the tﬁfeshqld oxygen activities are

nearly equal in tantalum and niobium.

Penetration Model

Any penetration model must explain the effects of time and oxygen
concentration on penetration rate Table 3, taken from Dlstefano, -
shows the effect of time on the penetration of nlob"um.by'llthxum of
interest are the tests above 260°C where penetration depth did not
increase significantly between 1 and lOO hr. ThlS occurred for the speci-
mens with 1000 ppm O at 538 and 816°C. the also how final penetration
depfhland penetration depth in the first hour of exposure increased with
oxygen concentration. |

A£ elevated temperatures, DiStefano’ attributed the cessation of
penetration to the removal of oxygen from the niobium by the 1ithium{
He showed with diffusion calculatlons that after 1 hr at 816°C the
\oxygen concentration 0.005 in. below the external surface of a spec1men
that 1n1t1ally'conta1ned 1000 ppm O was below the threshold oxygen con-
centration. This was not the case for specimens\initislly csntaining
1700 ppm O or more; which were completely'penetrated.by the lithium
at 816°C. . | | |
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Table 3. Effect of Time on the Depth of Penetration of
Oxygen-Contaminated Nicbium by Lithium, Taken from DiStefano’

comcsgirstion  EESL  Temeowe gy il
1000 Polycrystalline 260 1 0.007
1000 Polycrystalline 260 100 0.016
1000 Polycrystalline 538 1 0.009
1000 Polycrystalline 538 100 0.012
1000 Single crystal 816 1 0.003
1000 Single crystal 816 250 0.003
1700 Single crystal 816 0.1 0.003
1700 Single crystal 816 1 0.005
1700 Single crystal 816 100 0.0302
1200 Single crystal 538 0.5 0.006
1200 Single crystal 538 30  0.013
4475 Single crystal 816 0.1 0.012
LA5 Single crystal 816 1 0.033%
aComplete.

Oxygen depletion, however, does not explain the lower temperature
test results. For example, using Ang'sl’ value for the oxygen diffusion
coefficient in niocbium, we have calculated that the oxygen concentration
0.012 in. below the surface should still}be 90% of its original value
even after 100 hr at 538°C; this would be well above the threshold
oxygen concentration.

Diffusion Mbdel‘

Brehm et gl,é'were the only investigators that attempted to deter-~
mine the attack mechanism. They studied the lithium penetration of
oriented, oxygen-doped (700, 1500, and 2400 ppm 0) niobium bicrystals
at 800, 900, and 1000°C. The depth of grain boundary penetration varied
as (time)l/z'with an activation energy of 70 kcal/mole. These authors,

like DiStefano, assumed that penetration results from the formation of
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an unidentified lithium-oxygen-nio‘bi&m -compound that they observed
visually on the surface of fractured specimens. B

Brehm et al. proposed a model that assumes that lithium diffuses’
- into the grain boundary and reacts with oxygen and niobium to form the
corrosion product. Lithium diffusion to the reaction front is assumed -
the rate-~limiting step. Since the activation energy for volume diffu-
sion is over 100 kcal/mole, the authors concluded that grain~boundary .
diffusion is rate limiting. i | |

Mathematical analyses of this problem are available, 16,17 gng
Brehm et al. chose the Darken analysis 16 ang attempted to get a quali- ’
tative fit with their data. Wagnerl” has derived equations similar to
those of Darkenl® for a reaction zone moving as tl/ 2 and has shown that o
- when

() 1y | e

DO/DLi < N7 /Ny <1, o \ | (1)
BNV o

| _ (s) > ' : L

X = <2DLiNLi t/uNO s - (2)

X = distance from spec&imén surface to the penétratiqn fr'o'nt‘,".ﬂ )

t = time, ‘ ; SR o
Dy = oxygen diffusion coefficient in nicbium,
NI(,?.) = lithium concentration in niobium at the lithium-nib‘bium e

interface,
NO = initial oxygen concentration of niobium,
Vv = ratio of lithium to oxygen in the corrosion product.

As seen 1n Eq. (2), the rate of penetration (dX/dt) should décréase‘ :
as N, increases. Experimentally Brehm et al.® found an increase in pene- -
tration rate with N,. Since the model predicts that the rate of pene- |
tration is direc’cl;(r S)roportional to the lithium concentration at the
niobimsi surface, NL?. ., they proposed that the discrepancy was resolved
if NL?_ increased with oxygen concentration faster than the bxygen con-
centraticn increases. However, such an explanation does not appear

Justified, since the niobium specimens lose oxygen to the lithium.

L
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Hence the oxygen concentration at the niovium surface is quickly
~ reduced to that in equilibriim with the liquid Llithium (essentially
zero). | _
3 Edgation (2) can be used to calculate X only when the conditions
of Eq. (L) are met. Physically Eq. (1) means that the oxygen reacts
in placel® (i.e., the flux of lithium into the nicbium is verw'mudh
greatei than that of oxygen out). As we have seen, at 538°C there is
esSentiélly no oxygen diffusion relative to- the advance of the pene~
tration front, and Eq. (2) should apply if the model is wvalid.
-Equation (2) can be applled directly only if we know NﬁS) and,DLi.
All indications are that the lithium solubility in niobium is extremely
small and even at relatively high temperatures is probably less than
100 ppm. No data are available on Drsi-. If we assume that the lithium
concentratlon at the niobium surface is 100 ppm, we can use Eq. (2)
along,W1th the data of Table 3 to calculate DLi Then using this diffu-
sion coefficient we can calculate the time for complete penetration.
' For the specimen penetrated O. 009 in. in 1 hr at 538°C (assume v = 1),
/ DLi is calculated to be 3.1 X 10 7 2/sec This value is much larger
than any known diffusion coefficient for substitutional diffusion -
even graln boundary dlffu31on at 538 C If‘we now use this value for
DL , Eq. (2) predlcts that the speczmen should be completely penetrated
(O 02 in.) in 5 hr As seen in Table 3, the specimen is not completely
penetrated in 100 hr. HEnce?the diffusion model fails oﬁ two counts.
Quaiitatively thé‘dbserved\effeCt of NéS) is opposite to that predicted,
‘and the apparent cessation of penetration at lower temperatures is not

accounted for. - “‘@

.3

Proposed Mbdel

As an alternatlve to the. d1ffus1on model, we tentatively propose
that alkal; metal attack occurs by a wedging mechanism. Wedging results
from the formation of corrosion products having a larger volume than the
metalkfrOm‘which‘they”form. Nielsenl? proposed that such a méchaﬁism
occurs during the stress corrosion of austenitic staiﬁless steels, and

Pickering gz.gl.zo showed that cracks could be propagated by corrosion

o
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products in the absence of any externally applied stress. LThe mechanism
is qualitative and has not yielded to mathematical analysié.,

The conditions for wedging require a éorrosion product larger in
volume than the metal from which it formed. ILitman® noted that the
corrosion products that formed when nidbium.containing 2400Appm O was
exposed to,potassium at 815°C were of lower density than the matrix.
When the external. surface was examined, metalllc protuberances were
observed, as shown in Fig. 10. These\marklngS'were found only'when
the nidbium.initially contained more than 1000 ppnm O. When ‘the speci-.
mens were sectioned the position of the subsurface corros1on products

often matched the locations of the surface protuberances, as. shown in

\

Fig. 11. We also observed this "pbulging" effect in tantalum;penetrated
: .f g
by potassium and sodium. ' . v rﬁg J

i : - RS i
N . B to
i .

Fig. 10. Protuberances on the Surface of a Niobium Specimen That
Contained 2400 ppm O and Was Exposed to Potassium for 100 hr at 815°C.
20X. [Ref:. A. P. thman, The Effect of Oxygen on the Corrosion of
Nldblum'by quuld Potas51um, ORNL-3751 (July 1965).] - . '
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A. P. Litman, The Effect of Oxygen on the Corrosion of Niobium by Liquid -
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Fig. 10 Showing How
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Potassium, ORNL-3751 (July 1965).]
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Bulging is only observed 1n conJunctﬂon Wlth attack that shows the |
large 'meads" at the end cof the penetratlon, alchough not all attack ; |
showing "heads" exhibits. bulglns The distance of the "head - from: the
external surface probably determlnes whether bulvlng oncurs .or not

Following Pickering et al. 70 we. propose that the oressure of the
larger volume of products that formS'wques open the materlal in. front
~of it to form a crack. Liquid metal is urawn to,the crack tip by either
or both of the following mechaniSmS‘ (l)'the'né%ly formed cavity repre-
sents a low~pressure reglon 1nto -which the llquld metal is forced
(2) the liquid metal is attracted to the crach tip by caplllary action.

Pickering et al.?°

gave a derlvatlon by'Hirth for the average velocity
of the liquid as it flows through the oenetrated reglon to the crack

tip by capillary action as

o 57vz cos 6 ~ )
4Nx |
where
= distance from the specimen surface,
5 = one-half of crack width wedged open by the corrosion
product, ] | o

n = coefficient of viacosity,

Yol = surface tension of liquid,

0 = contact angle of the liquid with the SOlld )

Corrosion-product wedging can qualltatlvelv account for the obser—
vations on liquid metal.attack. The penetratlon rate increases with
increasing oxygen concentration of the refractory metal because
greater amounts of corrosion products are'forméd, which lead to higher
stresses, and thus larger amounts of liquidhare transferred to the
reaction front. That is, the higher stresses developed by the larger
amount of products lead to a larger & and thus a larger v. At lower
oxygen concentrations, d decreases and the}rate'at which liquid reaches
the front eventually decreases to the poiuthwhere penetration essentially

ceases.
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The corrosion heads found on the ends of some penetrations may
resuit when the liquid transfer to the reaction front is rate control-
ling. These heads are found only at higher temperatures (at least
600°C),'where oxygen diffusion becomes important. When penetration
slows or stops because v decreases, oxygen can diffuse from the imme=~
diate surroundings to the reaction front and react locally with the
available liquid (i.e., oxygen diffuses to the reaction front at a
rate greater than or equal to the rate at which liquid arrives at the
reaction front). Reaction ceases when oxygen is depleted from the
specinen. '

The wedging mechanism is also consistent with the observation of
a maximum transgranular penetration depth with temperature.’ At ele-
vated temperatures the decrease is explained by oxygen depletion from
the specimen, as discussed in the preceding section. At low tempera-
tures, where oxygen diffusion is slow, penetration ceases because v
approaches zero. The wvelocity is a function of temperature through
n and 6. The viscosity®l and the contact angle®? decrease with
increasing teméerature, leading to an increase in v and thus increased
penetration.
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