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THE MECHANISM OF THERMAL-GRADIENT MASS TRANSFER IN THE SODIUM HYDROXIDE—
NICKEL SYSTEM !

By CmarLes E. May

SUMMARY

“Thermal-gradient mass transfer” was investigated in the
molten sodium hydroxide—nickel system. Possible mecha-
nisms (physical, electrochemical, and chemical) are discussed
in terms of experimental and theoretical evidence. Faperi-
mental details are included in appendizes. The following
mechanism is found to be the most probable:

Cold zone

‘N2,NiO,+2Na 2Nea,0+Ni

Hot zone

Kinetic equations are theoretically derived considering sepa-
rately the following three factors as controlling the overall rate
of mass transfer: the chemical reaction, the diffusion process,
and the forced circulation (if present). If the above mechanism
18 the true one, the chemical reaction is the rate-determining
step in dynamic systems, and the diffusion process is the rate-
controlling step in static systems. The beneficial and detri-
mental effects of additives are interpreted in terms of the probable
mechanism.

Ividence is also presented to show that thermal-gradient
mass transfer in the molien sodium hydrozide—copper system
oceurs by a similar mechanism.

INTRODUCTION

Sodium hydroxide is in many ways an attractive choice as
a high-temperature heat-transfer fluid. Unfortunately, only
o few materials are suitable for containing it in the molten
condition at the temperatures desired, 1500° to 1700° F.
Among these are nickel (refs. 1 to 3), copper, silver, gold
(ref. 4), and some nickel-base alloys recently produced at
the Lewis laboratory. Even these materials exhibit cor-
rosion termed ‘‘thermal-gradient mass transfer”, although
they do not show-intergranular attack or rapid solution.
Thermal-gradient mass transfer is the phenomenon by which
the metal is removed (either chemically or physically) from
the hotter regions of a system and deposited in colder
regions. With the previously listed metals the deposit is
in the form of needlelike crystals, the size of which depends
on the experimental conditions.

t Bupersedes NACA Technical Note 4089 by Obarles E. May, 1957.

In order to find ways of inhibiting this type of corrosion,
an investigation was conducted concerning the possible
mechanisms for mass fransfer. Although mass transfer
also occurs in liquid metal systems (ref. 5; e.g., molten
sodium in copper), the mechanism in such cases is undoubt-
edly purely physical in nature, being due to solution of the
container material in the molten metal. In systems using
sodium hydroxide, transfer is probably chemical in nature,
and the process is believed to be similar for all the container
materials previously mentioned. The purpose of this report
is to establish the most probable mechanism for mass trans-
fer in this system. This report discusses methods of meas-
urement, choice of mechanism, kinetics, effect of additives,
and alternate mechanisms. Many of the proofs require
the use of previously unpublished experimental data, the
details of which are included in the appendixes.

METHODS OF MEASUREMENT

At the Lewis laboratory two methods have been used to
study the phenomenon of mass transfer; they are the static
capsule test and the dynamic toroid test. Previous reports
(refs. 1 to 3) describe these in detail. In the static test a
vertical temperature gradient exists in nickel capsules
(crucibles) with the hot zone at the bottom. This type of
gradient was intended to produce thermal convection.
The nickel dissolves from the bottom of the capsule and
precipitates as a narrow ring at the liquid level of the sodium
hydrozide. From radiographs of such capsules the relative
amounts of transfer can be estimated qualitatively. The
loss in weight of a nickel specimen placed in the hot zone
(bottom) is found to be proportional to the amount of
transfer in the cold zone (ref. 1).

In the circulating liquid runs made in toroids, radiographs
of the cold sections also supply a convenient method for
measuring mass transfer. Since the transferred nickel is’
spread over an extended area, the average reduction in
internal diameter of the cold section of the toroid gives a
quantitative measure of transfer. :

" CHOICE OF MECHANISM

In the study of the mechanism of thermal-gradient mass
transfer, a most general case can be considered. In the cold
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zone all of the reactants R,’s combine to produce nickel and
all of the other products P/’s:

}:j)n,R, — Ni+f}_‘, m P,

where n; and m, are the number of moles of R; and P,
respectively. The reverse reaction must occur at the hot
zone to maintain the process. The requirements for such a
cyclic reaction to occur are that at each temperature reac-
tion occurs toward the attainment of equilibrium and that
the equilibrium constant varies significantly with tempera-
ture. Thus, the concentrations are slightly displaced in one
direction from equilibrium at the higher temperatures and
in the other direction at the lower temperatures. Obviously,
at some “mean temperature” the concentrations of the ma-
terials involved are in chemical equilibrium.

As a consequence, three major processes are involved in

any proposed mechanism: (1) the chemical reactions that -

occur at the hot and cold zones, (2) the migration (diffusion
or circulation) of the species from the hot to the cold zone
and vice versa, and (3) the initial adjustment of concentra-
tions to “mean-temperature’” equilibrium, which sometimes
requires additional chemical reactions. The evidence for
or against a particular mechanism depends primarily on the
nature of the first process, the zone reactions.

POSSIBLE REACTIONS

The first step in determining the mechanism of transfer
was to enumerate all the possible reactions that could be
envisioned (table I). A similar list is suggested in reference
6. These mechanisms were divided into three primary
groups: physical, electrochemical, and chemical. The chem-
ical mechanisms have been subdivided as to whether the
oxidizing-reducing pair in the equation

Cold zone

Na,NiO,+Reductant Oxidant-+Ni

Hot zone

arises from an impurity, the disproportionation of nickel, or
the sodium hydroxide. If the sodium hydroxide supplies
the redox pair, the element actually involved in the oxida-
tion could be either oxygen, hydrogen, or sodium. In the
subsequent discussion, the oxidized form of nickel is generally
represented as sodium nickelite (N2,NiO,), since this com-
pound in the form of olive-green needlelike crystals has re-
cently been isolated at the Lewis laboratory (appendix A)
as well as at other laboratories (refs. 6 to 9). It likewise
appears that this is the only oxidized form of nickel stable
in molten sodium hydroxide (appendix A).

MEANS OF SELECTION

The requirements for the actual mechanism-are the follow-
ing: :
(1) The existence of chemical species involved in the re-
actions should be feasible. Their presence should be sup-
ported either axperimentally or theoretically.

(2) The mechanism should explain the apparent difference
in the kinetics between static and dynamic tests. Since in
static tests hydrogen simultaneously decreases the rate of
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transfer and the nickelite concentration (appendix B), it
appears that the rate of transfer depends upon nickelite con
centration. However, in dynamic toroid tests, even thougt
the nickelite concentration increases with time (appendix C).
the rate of transfer is independent of time. This indicates
that the rate of transfer is independent of nickelite concen-
tration.

(3) The mechanism should explain the effect of additives
upon the rate of transfer. Special attention should be de-
voted to the compounds of chromium (appendixes D and E)
since both metallic chromium and chromium sesquioxide
(Cr;0,) inhibit transfer in static tests, while only chromium
inhibits it in dynamic tests.

(4) There should be no experimental data in direct con:
trediction to the mechanism. However, all mechanisms
except the last (reaction (7)) are contradictory to one o1
more experimental facts. These discrepancies are discussed
later.

SODIUM MECHANISM

The following mechanism is considered to be the most

probable one (table I, reaction (7)):

Cold zone

Na,NiO,;+2Na 9N2a,0+Ni

Hot zone

The sodium oxide is presumed to arise exclusively from dis-
sociation of sodium hydroxide, which generates water at the
same time. Theoretically, sodium oxide should exist in
sodium hydroxide; thermodynamic calculations (appendix I)
show that its equilibrium concentration cen be as high as 2.7
mole percent. Its presence has also been supported experi-
mentally (ref. 10). Sodium nickelite (appendix A) and
metallic sodium (ref. 7) have definitely been found experi~
mentally in the sodium hydroxide—nickel system. Metallic
sodium has likewise been detected in the sodium hydroxide—
copper system (appendix G). Sodium, as well as sodium
nickelite, is formed by the hot-zone reaction. Since, how-
ever, the concentration of sodium nickelite does not reach o
constant value (appendix C), undoubtedly most of it is
formed by the reaction

Ni+2NaOH—>H,+Na,NiO,

KINETICS

In order to explain the apparent differences between the
results in static and dynamic tests, one must first derive the
kinetic equations which are applicable to the mass transfer
process. Any one of the following three factors can be con-
sidered to control the over-all rate of transfer: the rate of the
chemical reaction, the rate of the diffusion process, and the
rate of the circulation (if present). The equations in the
next sections are developed in terms of the general reaction
as written for the cold zone

>nR,— Ni+ S m /P,
E
CHEMICAL REACTION

When the chemical reaction is relatively slow, the molten
material is essentially homogeneous with respect to the con-
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centrations of all the chemical species. The rate of transfer
r.is obtained by considering the net rate of reaction in a unit
area of the cold zone (denoted by the subscript ¢):

re=l TRk call [P ®

where k, is the rate constant of the forward reaction, %, is
the rate constant of the reverse reaction, ¢ is the activity
of the nickel metal, and [] indicates the concentration of the
species. Rearranging gives

r.—kfc(H[Rj]”') <1 haﬂ[ﬂ] ) . @)

fc ]:[[R]“i

Since at some ‘‘mean temperature” (mentioned previously)
the species involved are in chemical equilibrium, their con-

centrations are related to each other by the ethbrmm~

constant I, of that “mean temperature’:
a']i[ [P™
K=
‘m [R™

®3)

The equilibrium constant K, for the cold zone is given by
the equation

Kc:kf. c/krc . (4)
Substituting equations (3) and (4) into equation (2) yields
r=ky. (IJI [Rf]"’) (1 r-%) (5)

From temperature-coefficient considerations,

K, AHIRT~AHJRT,
B¢ (6)

where AH is the enthalpy of the reaction as written for the
cold zone, R is the gas constant, T, is the temperature of the

cold zone, and T, is the equilibrium temperature. Substi-
tuting equation (6) into equation (5) gives
AH|RT .~AH|RT,
re=ky (TIRI™) (1—e ) @

Finally, by expanding the exponential and assuming T,-T.
(AT in eq. (8)) to be small, the rate of mass transfer is
obtained for a chemical-reaction-controlled process:

AHAT

= (D[R]
re=—k (B ) 25 ®)
or similarly
AHA
re=—ta (RPI™) 252L ©

" DIFFUSION PROCESS

If the chemical reactions concerned are relatively fast,
diffusion of the products and reactants may become the
governing factor for the rate process. The resulting rate
equation can be most easily derived for two nickel plates,
each of unit area, at different temperatures, and placed
parallel to each other at & distance [ apart in molten sodium
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hydroxide. The temperature difference and the speed of the
chemical reaction give rise to concentration differences AP,
and AR, for the species surrounding the two plates. These
plates are designated by the subscripts & for hot and ¢ for
cold.

The rate of transfer, being equal to the rate of diffusion of
each species, is given by

=T (P =P =" (R, (R, D) (10)
or simply
rl_m(szP( 'n,k,lAR, (11)

where the k/s and k,’s are diffusion constants for the 7th and
and jth species. Multiplication of equations (10) and (11)
by U/k[P] and ljk,[R,], respectively, and then su.mmatlon over
all #’s and 4’s result in

m,AP, [~ TAR
(3 gyt k,[Rﬂ)— PAhion

or
_ m,AP 1 'niAR.1> ( )
(S (St SEm) W@
The numerator can be evaluated from equilibrium considera-
tions as follows. Since chemical equilibrium exists at the
hot and cold zones, the respective equilibrium constants K,
and K, are

(12)

a':[i[[:Pi,b]m{
R AT 49
and
K =a’¥[ [Pi,c]mi (15)
¢ F[Rj.c]nj
From temperature-coefficient considerations,

&= GAH/RT —AH[RTy, (16)
where T is the temperature of the hot zone. Combining
equations (14), (15), and (16) gives

~ R ] ny
eAH/BTo—AH/RTh____ [Pf.h]> ‘/ ([_& 1
e [T\R.d n

The concentrations at the hot zone expressed in terms of the
concentrations at the cold zone are

AP, ™
eAH/RT —AH/RT f c (18)
1
I < +[RJ c]

Expanding II and II and assuming that the AR,s and AP/s
i

j
are small with respect to the corresponding R,’s and P.’s
yield -
mAP,
{P i.c]

nAR,
J [RJ c]

- AH/RT—AH BT 3z ] S 19
i
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Expanding the exponential with AT, T5—
small gives

T., assumed to be

—AHAT mtAP,, AR,
—RTT =2 Py T IR

Combining equations (13) and (20), one obtains
re=—AHAT] (z L i )RT’Z
' FPI T3 B

—sam (3 Pl o

(20)

where %, is the &Verage-diﬂusion—rate constant.

CIRCULATION

In a system with force flow the rate of transfer may be
controlled by the rate of circulation k.;, (in cps). In a static
system with thermal convection a value for k., might be
difficult to assign. Nevertheless, the rate of transfer in a
circulation-controlled system can be expressed as

rim= Cleoty miAPy=ChoymAR; (22)

where C expresses the dependence of r, on the volume of the
melt. The following equation can then be obtained in a
similar manner to that for equation (13):

r=Ches (33 ”f‘z?f 3 '”[’éf ’)/ et [R,1> @3)

Since chemical equilibrium exists at the higher and lower
temperatures, equation (20) is again valid. Upon substi-
tuting equation (20) into equation (23),

ry=— Cloy AHAT] (z:ﬁ+; AR @

It is readily noted that in all three cases (egs. (9), (21),
and (24)) the rate of transfer (to the first approximation) is
proportional to the change in enthalpy of the reaction as
written for the cold zone. Inasmuch as the rate . is positive
as written, the enthalpy must be negative. To the first
approximation, the transfer is proportional to the difference
in temperature; this point has been supported experimentally
(ref. 1).

APPLICATION OF EQUATIONS
"For the sodium mechanism the three kinetic equations
would be:

—kaAHAT
Gy
—kAHAT

%
BT l<kl[Na301 HomNal ka[NaaNlog

—k.,CAHAT

1
BT ([NaaO] [Na]TrNaszoa]

r,(chemical) = (25)

r,(diffusion) (26)

r,(circulation) 27
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In a chemically controlled process the rate of transfer is
constant as long as the equilibrium concentration of sodium
oxide is not disturbed significantly by the zone reaction

Cold zone

Na,NiO,;+-2Na 2Na,0+4Ni

Hot zone

If the equilibrium constant for the zone reaction has a value
which keeps the sodium concentration low with respect to
that of sodium oxide, the latter is not appreciably affected.

In a diffusion-controlled process, the effect of the sodium
concentration may be ignored if k; is relatively large, as
would be predicted from the uncharged nature and the small
size of an atom of metallic sodium. Thus, the rate of trans-
fer should depend upon the nickelite concentration, since it
is of the same order of magnitude as the sodium oxide con-
centration- ([Na,NiO;]=0.2 mole percent at 24 hr, calcu-
lated from data in table VIII; [N2,0]=0.02 to 2.7 mole
percent, appendix F).

The rate of circulation-controlled transfer (eq. (27)) can
be considered next. Since the sodium concentration is less
than the nickelite concentration, the term 1/[Na] affects the
rate of transfer more than the term 1/[Na,NiO,;]. Therefore,
since 1/[Na] is proportional to the nickelite concentration,
the rate of mass transfer must decrease as the nickelito
concentration increases.

One therefore concludes that the rate of transfer in
dynamic systems is chemically controlled, since it is inde-
pendent of sodium nickelite concentration. However, trans-
fer in static systems must be diffusion controlled, since its
rate ‘increases with nickelite concentration (appendix B).
In static tests the rate of transfer should then increase with
time. The increased rate of specimen weight loss with time
in capsule tests (table VIII, column 9) is an indication of
this increased rate of transfer.

EFFECT OF ADDITIVES

In a chemically controlled mechanism (dynamic system)
additives may affect the rate of transfer in the following
ways:

(1) By changing the concentration of the sodium oxide

(2) By supplying an auxiliary transfer mechanism

(3) By changing the activity of the nickel metal
The first two methods of affecting the rate of transfer are
also valid in a diffusion-controlled mechanism (static system).
However, the third method, changing the activity of tho
nickel, should have no effect; instead changing the concen-
tration of sodium nickelite should affect the rate of transfer
as stated previously.

SO0DIUM OXIDE

One would predict that the addition of sodium oxide and
sodium metal (which would effectively increase the sodium
oxide concentration) to either a static or dynamic system
should increase the rate of mass transfer. This has been
verified experimentally (ref. 3). Adding calcium, sodium
hydride, lithium hydride, or calcium nitride (being equiv-
alent to adding metallic sodium) should likewise increase
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the rate of transfer.
i8

For example, the reaction with calcium

Ca+2NaOH—-Ca(0OH),+2Na

This also is demonstrated in references 2 and 3. The fast
decomposition of the sodium hydride and lithium hydride
should allow all the hydrogen thus generated to diffuse
rapidly through the nickel and thus to produce no beneficial
effect.

In cases in which metallic additives react with sodium
hydroxide to produce sodium oxide, an increased rate of
transfer should again be expected. This point is perhaps

illustrated in the increased rate of transfer caused by addi- |

tion of manganese, iron, titanium, vanadium, or molyb-
denum:
Mo+6NaOH—-Na,MoO,+2N2,0

WATER

Additions of water in small amounts should suppress the
sodium oxide concentration and inhibit transfer. In static
tests where gas saturated with water vapor was passed over
the sodium hydroxide in the nickel crucible being tested,
transfer was decreased (ref. 3).

Additions of certain oxides may be equivalent to adding
water, as is evident from the equation

Co0+42NaOH—»>N2a,Co0,+H,0

This may be the case when inhibition of transfer results from
the use of the following: cobalt oxide, cupric oxide, cuprous
oxide, stannous oxide, manganese monoxide, and zirconium
dioxide (ref. 11). The effectiveness of stannous oxide,
manganese monoxide, and cuprous oxide may be partially
due to their reducing action. In order for beneficial effects
due to water to be observed, the additive must either be
added after purging or react only at temperatures higher
than the purging temperature.

It is possible that too much water nnght result in an
auxiliary reaction such as

Cold zone

Na,NiO,+4-2Na+2H,;0 Ni+4NaOH

Hot zone

This may account for the case of unpurged sodium hydroxide
in which the rate of transfer was increased (ref. 2). This
reaction may also account for the fact that any beneficial
effects attributable to the presence of water are always
slight.

METALLIC CHROMIUM

Metallic chromium is an inhibitor of mass transfer (ref. 2).
The method by which chromium works is not by decreasing
the nickelite concentration (appendix D}.

Bxperiments show that metallic chromium reacts rapidly
with molten sodium hydroxide to form sodium chromite
(Cr*%), which then reacts more slowly (for 20 hr) to form
perhaps sodium hypochromate (Cr*®) (appendix E). This
chromite-hypochromate reaction is in equilibrium with the
hydrogen pressure (appendix E). Since the nickel-nickelite
reaction is not in equilibrium with hydrogen (appendix C),

526697—00——10
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a reaction similar to the following one cannot be at ‘“mean-
temperature” equilibrium:

Cold zone

I¢i4—IQa$(Jr()5 Iqag(Jr()34—Iqﬂani()g

Hot zone

The chromium is therefore not effective by means of this
auxiliary mechanism. In some way the chromite and
hypochromate form a complex in an approximate ratio of 1
to 1 at 1500° F. Therefore, it is not unreasonable that one
of the species might partially complex with sodium oxide and
thus inhibit mass transfer (in both static and dynamic tests).

The question which now arises is why the chromite formed
from metallic chromium reacts differently from the chromite
formed from chromium sesquioxide (appendix D). XHven
though both may form sodium chromite, the coordination
of the oxygen atoms about the chromium might be different;
this is quite common among water-soluble salts of chromium.
If the mechanism by which transfer is inhibited using metallic
chromium involves coordination (complex formation), chro-
mium sesquioxide obviously need not inhibit transfer in the
same manner as metallic chromium.

REDUCING AGENTS

Since chromium sesquioxide reduces the sodium nickelite
concentration (appendix D) presumedly by the generation
of hydrogen, it should inhibit mass transfer when the transfer
is & diffusion-controlled process. Tndeed, transfer is in-
hibited in static tests by chromium sesquioxide (appendix
D) but not in dynamic tests recently performed at the Lewis
laboratory. Another reducing agent, calcium hydride, also
inhibits transfer in static tests but not in dynamic tests
(ref. 3). Hence, directly applied hydrogen pressure which
inhibits transfer in static tests should not necessarily be
effective in dynamic tests. Published work on this effect is
inconclusive (ref. 11). Hydrogen could inhibit transfer in
dynamic tests if its poisoning action were sufficient to reduce
the activity of the nickel. (Calcium hydride increases the
rate of transfer in dynamic systems, because its decomposi-
tion produces ‘‘detrimental” calcium metal as well as
“beneficial” hydrogen.)

OXIDIZING AGENTS

Oxidizing agents should have the opposite effect of reducing
agents upon the rate of transfer, since they should increase
the sodium nickelite concentration. This is the effect found
in static systems for materials such as sodium peroxide, ferric
oxide, potassium. chlorate, potassium chromate, sodium
chromate, calcium chromate, cobaltous-ic oxide, manganese
dioxide, sodium bromate, and lead sesquioxide (refs. 2 and
11). This effect is not expected in dynamie tests, but none
of these additives have ever been studied under such condi-
tions.

- INSOLUBLE COMPOUNDS

Apparent inhibition of transfer resulted in static tests
from additions of aluminum, aluminum oxide, sodium alu-
minate, aluminum fluoride, magnesium oxide, calcium chlo-
ride, or strontium peroxide (refs. 2, 3, and 11). This has
been attributed to the formation of protective insoluble
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lnyers over the specimens, sodium aluminate in the case of
aluminum compounds, and insoluble oxides from the others.

INERT MATERIALS

Since silver, gold, and copper do not react rapidly with
sodium hydroxide, no effect is produced by using these
metals as additives (ref. 11). Other materials, such as salts
that are inert to sodium hydroxide (sodium chloride, sodium
fluoride, and sodium iodide) and ceramic materials stable at
1500° and 1700° F (tantalum nitride and columbium nitride),
should not and do not have any effect upon mass transfer
(refs. 2 and 11).

CONSIDERATION OF ALTERNATIVE MECHANISMS
PHYSICAL MECHANISM
In considering the physical mechanism (table I, reaction

()
Cold zone

Ni°(dissolved) Ni°(metal)

Hot zone

one may admit that nickel is soluble in molten sodium
hydroxide and that as soon as saturation is reached transfer
could occur.

Although mass transfer might be attributable to this
mechanism, experiments with hydrogen atmospheres show
its contribution to be quite small, since the presence of hydro-
gen reduces the rate of transfer by a large factor (appendix
B and ref. 3). In no way is it conceivable that hydrogen
reduces the solubility of nickel in molten sodium hydroxide.
A large variety of other materials in small quantities do
affect the rate of transfer (appendixes D and E and refs. 2
and 3). It does not seem plausible that such materials
would affect transfer if it were just a problem of physical
solubility. i

ELECTRICAL MECHANISM

The second possible mechanism for transfer involves the

electrochemical half-cell reactions (table I, reaction (2))

Cold zone
2Nga;0+Ni

Ng,NiQ,;+4-2Nat4-2e~

Hot zone

This mechanism requires the existence of an electromotive
force between nickel at the hot zone and nickel at the cold
zone. Such a potential has been observed experimentally
(appendix H and ref. 12); it is probably attributable to reac-
tion (2). Moreover, this potential is sufficient to sustain a
current of measurable magnitude for 6 hours (appendix H).
The electrochemical reaction requires that, since the sodium
nickelite concentration builds up with time (appendix C),
the electromotive force as well as the actual rate of transfer
should decrease with time. This is contrary to fact. Also,
in the presence of hydrogen, the mass transfer should occur
from the cold zone to the hot zone in accordance with the
reversal of polarity observed with a hydrogen atmosphere
(appendix H).

The conclusions are that the electrochemical process may
be occurring, but that its contribution to the mass transfer
actually observed is small and as time progresses becomes less
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and less. In the presence of a hydrogen atmosphere this
process cannot occur at all. An additional proof is the fact
that crystals of nickel plate out on & ceramic material in
cold regions (ref. 6); in this case an electrochemical process
is impossible.

The latter conclusions are of course valid even though the
half-cell reactions might involve nickel with a wvalence
of +3:

Cold zone

Na.Ni02+3Na.++3e“ 2Nﬂ20 +Ni

Hot zone

IMPURITY MECHANISM
Of the impurities present in sodium hydroxide (table IT)
and nickel (table III), only irom, cobalt, or manganese

could contribute to the impurity mechanism, since the
element involved must exist in two oxidized valence states:

Cold zone

NagNlOg+2N agFBOg 2NQ3F903 + Ni

Hot zone
Cold zone

Nani02+2N840002 2Na30003+Ni

Hot zone
Cold zone

2N2;NiO;+Na,MnO, Na,MnO,+2Na,0+4-2Ni

Hot zone

The probability that a sulfate, a phosphate, silver, or copper
would exist in two ionic valences is exceedingly small.
Because of the small concentrations of all the impurities,
this type mechanism, although possible, is still not probable.
The concentration of impurities arising trom the nickel
increases in the sodium hydroxide with time (ref. 6), and
thus the rate of transfer should increase. The rate of
transfer does not increase with time in dynamic tests.
Finally, all these impurities were deliberately added (in
some form) to the sodium hydroxide, and although some
apparently increase transfer (perhaps fivefold by qualitative
estimate) (table IV), this increase is not proportional to the
thousandfold increase of the impurity concentration.

DISPROPORTIONATION MECHANISM

The next mechanism to consider is the disproportionation
reaction of nickel (table I, reaction (4))

Cold zone

3Na;NiO, 2N2a;NiO;+Ni

Hot zone

Again reference is made to the fact that the sodium nickelite
concentration increases with time (appendix C). Since the
nickelite and nickelate must be in ‘‘mean-temperature’”
equilibrium, the concentration of the nickelate must also
increase. Therefore, the transfer rate should depend on
the nickelite concentration regardless of how the rate process
is controlled. The same is true even if the chemical equa~-
tion is
Cold zone

3Na,NiO, 2NaNiO;+2Na;04-Ni

Hot zone
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Since the transfer rate in dynamic systems is experimentally
independent of nickelite concentration, the actual mechan-
ism cannot involve disproportionation of nickel.

Furthermore, the higher valences of nickel should not
exist in the presence of a hydrogen pressure (ref. 6) such as
has been reported to exist above the nickel—sodium hydroxide
system at 800° C (4 mm Hg, ref. 7).

OXYGEN MECHANISM
The possibility that oxygen is the ‘“‘redox” material ac-
cording to the equation

Cold zone

Na,NiO, Na,0+40,+Ni

Hot zone

is nil,since the pressure of hydrogen of 4-millimeters of mer-
cury (vef.7) eliminates the possibility that oxygen is present
at all.
HYDROGEN MECHANISM
The mechanism that for a long time seemed the most
logical involves hydrogen as the redox material; the reaction
is (table I, reaction (8))

Cold zone

NﬂquOg"l’Hg

2NaOH-4-Ni
Hot zone .

The reaction between nickel and sodium hydroxide is known
to oceur, since both hydrogen and sodium nickelite are found
as products; the problem is whether this reaction can go in
reverse. This seemed possible, since nickel oxide (assumed
to be the oxidized form. of nickel) is easily reduced by hydro-
gen. Ixperiments under isothermal conditions with a con-
stant imposed hydrogen pressure (appendix C) showed that
the rate of formation of sodium nickelite is constant even up
to times of 600 hours. Thus, equilibrium is not reached, the
reverse reaction never occurs, and this mechanism could
never account for transfer. FEven with no added hydrogen,
equilibrium is not reached, inasmuch as the concentration
of sodium nickelite does not reach a constant value (table
VIII, column 7). The decrease in the rate of formation of
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sodium nickelite caused by hydrogen must be due to its
direct poisoning action upon the nickel.

Since the concentration of species of nickel other than
Nit? (e.g., Ni*®) which might be in equilibrium with the
hydrogen present is extremely low (ref. 6), the corresponding
reactions involving this concentration need not be con-
sidered.

SUMMARY OF RESULTS

The following zone reactions are the probable ones occur-
ring-in thermal-gradient mass transfer of nickel in molten
sodium hydroxide:

Cold zone

Na,NiO,4-2Na, 9Na,0+Ni /

Hot zone

The diffusion of the molecular species in the melt allows the
process to continue indefinitely. The sodium oxide arises
from the dissociation of sodium hydroxide at high tempera-
tures. The sodium nickelite (Na,NiO,) is formed primarily
from the following reaction and at a constant rate with any
given pressure of hydrogen:

2NaOH+Ni—H,+Na,NiO,

In dynamic tests, the rate of transfer is controlled by the
rate of the zone reactions and thus is constant with fime.
In static tests, the rate of transfer is controlled by the rate
of diffusion and thus increases with time.

The effects of additives upon the rate of transfer can be
explained in terms of this mechanism. Additives which
effectively increase the sodium oxide concentration increase
the rate of transfer; those which decrease this concentration
decrease the rate of transfer. Reducing agents decrease the
rate of transfer in static tests and have no effect in dynamic
tests. Oxidizing agents have the opposite effect in static
tests.

Lewis FLigeT ProruLsion LaBoRATORY
NarioNarn Apvisory COMMITTEE FOR AERONAUTICS
CreveLanD, O=IO, June 20, 1957

APPENDIX A

EXISTENCE OF SODIUM NICKELITE IN SODIUM HYDROXIDE—NICKEL SYSTEM

An investigation was made to demonstrate the existence
of sodium nickelite in the sodium hydroxide—nickel system.
The existence of this or a similar compound is necessary for
six of the seven possible mechanisms of mass transfer
(table I). The nature of the hydrolysis product of sodium
nickelite was also studied in order to substantiate the theory
that nickel was present in the +2 valence state. The re-
action between nickel oxide and sodium hydroxide was
investigated to show the relative instability of this compound
with respect to sodium nickelite.

MATERIALS AND PROCEDURE

The “L"” nickel crucibles as well as the procedure were
identical to those used in the standard static capsule test
at the Lewis laboratory (fig. 1 and refs. 2 and 3). The
crucibles were 5 inches long and had an outside diameter

of % inch and Yeinch-thick walls. All the crucible com-
ponents except the vent tube were fabricated from the
same length of tubing.

Before the crucibles were assembled, the components
were cleaned in & modified aqua regia solution. for 2 minutes.
Heliarc welding with an atmosphere containing 15 percent
hydrogen in helium was used in fabrication. A flow of
argon was maintained in the tube during welding. Sodium
hydroxide (13.0+0.1 g) was weighed into each crucible in
the dry box. The top and vent tube were then welded into
place. The moisture and air were removed by evacuation
to 5 microns of mercury at 580° F (in 16 hr) and then to
5 microns of mercury at 720° F (in 4 hr).: After evacuation
and cooling, & cover gas of helium at about 2 pounds per
square inch gage was admitted. Crimping and welding at
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~Welds-<~---~
-7 “~o_ |l Jr-inconel plug
-~Vent tube ~-Nickel plug
.~Inconel tube
|.-Nickel tube, (0D, 5/8% wall, 1/327)
(on, 5/85
wall, 1/167) .~ "L nickel_tube
" (QD, 1727 wall, 17327)
_-~Purged sodium B,
. ”  hydroxide-~_ _ -
5 BT =
. /
\ I3 [~
! 1
H !
i- Chromel-Alumel
, thermocouples -,
: |
H
{ \
L . =—— |

- "L" nickel specimens )
(Diom,, 5/167; /16" thick)=

Fravre 1.—Comparison of standard erucible {left) and crucible with
Inconel shell.

the crimp served to seal the crucible. Thermocouples were
spot-welded to the crucibles ¥ inch from the bottom and
also at the liquid level. A special furnace.(ref. 2) was used.

ISOLATION AND IDENTIFICATION OF SODIUM NICKELITE

Four crucibles were heated to 1700° F for 24 hours. After
cooling, they were cut into sections about ¥ inch long in a
dry helium atmosphere. Olive to dark-green needlelike
crystals about % inch long were visible throughout the white
sodium hydroxide matrix. Similar crystals are reported in
reference 6. The sodium hydroxide was dissolved away
from the crystals with absolute methyl alcohol. The X-ray
powder diffraction pattern (table V) determined for the
crystals matched the ones which have been reported by
other laboratories (refs. 7 and 9) and assigned the formula
Na,NiO,. No lines of nickel oxide or nickel hydroxide were
found. The utmost care was used to keep air and moisture
away from the crystals at all times. The chemical analysis
reported for this compound (residue) in reference 9 roughly
corresponds to the formula Na;NiO,. Reference 7 reports
an X-ray pattern from a residue obtained by heating sodium
hydroxide in nickel until all the hydrogen present was
evolved as a gas; this would likewise correspond to the
formula, Na,NiQ;. The fact that the pattern from this work
matches the others indicates that sodium nickelite does not
significantly react with absolute methyl alcohol.

No well defined crystals were obtained by heating sodium
hydroxide in nickel at 1500° F, since the nickelite concen-
tration was too small.

PREPARATION OF HYDROLYBIS PRODUCTS

In order to investigate the hydrolysis products, other
crucibles were prepared in the way described previously.
After the 24-hour treatment at 1700° F, the contents of the
crucibles were washed out with distilled water and the
crystals present were allowed to remain in the water about
3 days. Bright grass-green needlelike crystals were formed.
There was also present a slight amount of fine black pre-
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cipitate, which was probably formed from the hydrolysis
of sodium nickelite dissolved in the sodium hydroxide.
After removal of the black precipitate by decantation, the
green crystals were washed and then dried in a desiccator
containing Drierite. They were shown spectroscopically to
contain no sodium, and their X-ray pattern matched that
for nickel hydroxide (Ni(OH),). The individual crystals
were hexagonal in shape as seen under a microscope. The
crystals turned black upon drying at 120° C for 24 hours
but still retained the same crystalline form and X-ray
pattern. The crystals lost 11.8 percent of their weight during
the heating process. The chemical analysis of the black
crystals showed them to be nickel hydroxide (Ni(OH),).
Although the green crystals correspond to the composition
Ni(OH),-H,0, they probably contain merely physically
trapped water (inasmuch as the X-ray pattern was un-
changed).

- At 1500° F the reaction between sodium hydroxide and
nickel did not yield a crystalline hydrolysis product (except
in one isolated instance). The black to brown powder
regularly obtained by filtering the water solution of the
melt nevertheless gave the X-ray pattern for nickel hydrox-
ide. This powder was probably the same as the slight amount
of black powder obtained from the crucible run at 1700° F.

HYDROLYSIS PRODUCTS FROM REACTION OF SODIUM HYDROXIDE WITH
NICKEL OXIDE

A nickel crucible containing 0.13 gram of nickel oxide
and the usual 13 grams of sodium hydroxide was purged,
sealed, and heated to 1700° F for 15 minutes. When tho
contents were washed out, large grass-green needlelike
crystals were found. Only a trace of the nickel oxide X-ray
pattern was detectable in the nickel hydroxide pattern
found for these green crystals. X-ray patterns of individual
crystals proved them to be actually polycrystalline.

CONCLUSIONS

The reaction between nickel and molten sodium hydroxide
produces sodium nickelite (Na;NiO;). The sodium nickelite
can be isolated as needlelike crystals if the reaction occurs
at 1700° F but not if it occurs at 15600° F or lower; this is
attributed to the greater concentration of the nickelite at
1700° F (table VIII) and to a probably large rate of changé
of solubility with temperature between 1500° and 1700° .

The reaction between nickel oxide and sodium hydroxide
at 1700° F (and likely below that temperature) also produces
sodium nickelite (indicated by the presence of its hydrolysis
product nickel hydroxide):

NiO+2NaOH—-Na,NiO,+H,0

Since this reaction goes essentially to completion, very little
possibility exists that the species NiO can be present in
molten sodium hydroxide—nickel systems.

The reaction between sodium nickelite and water

Na;NiO,;+2H;0—»2NaOH-+Ni(OH),

results in the removal of the NaO component by leaching
without disturbing the external shape of the crystals.
Probably during this process single crystals of sodium nickelite
convert to polycrystalline nickel hydroxide (containing
physically trapped water).

v



THE MECHANISM OF THERMAL-GRADIENT MASS TRANSFER IN THE SODIUM HYDROXIDE—NICKEL SYSTEM

691

APPENDIX B

THE EFFECT OF HYDROGEN UPON MASS TRANSFER AND NICKELITE CONCENTRATION

Experiments were conducted to show the simultaneous
dependence of sodium nickelite concentration -and rate of
mass transfer upon the hydrogen pressure in nickel capsules
containing sodium hydroxide. A more complete study of
the rate of formation of sodium nickelite is presented in
appendix C.

METHOD 1

Four standard “L” nickel crucibles containing weighed
nickel specimens (¥ in. thick and ¥s in. in diam..) and sodium
hydroxide (13.040.1 g) were prepared and sealed in the
usual manner for standard capsule tests (appendix A and

ref. 2). They were encased in Inconel chambers (fig. 2).
To hydrogen cylinder
\,;—To other Inconel chambers
~Brass cap
Stopcock-| ,~Inconet chomber (135" long)
7
_ - Holes for three
./ additional Inconel
chambers
To vacuum .
pump ~Firebrick

Ve
Thermocouple ~
vocuum gage-~

Crucible-

I—Globars;

Fraure 2,—Vacuum system and Inconel chamber.

The chambers were evacuated to a pressure of 5 microns of
mercury and then connected to a supply of hydrogen at a
constant pressure of 17 inches of mercury. The temperature
of the crucibles was raised to 1500° F by means of a special
Globar furnace (ref. 2). This furnace by supplying heat
from the bottom maintained an 80° F difference between the
bottom of the Inconel chambers and a position 2% inches
from the bottom (the sodium hydroxide liquid level). The
pressure of hydrogen inside the nickel crucibles was also
17 inches of mercury because of the permeability of nickel
toward hydrogen. After 80 hours at temperature the cruci-
bles were cooled and were radiographed to detect the amount
of transfer. The amount of sodium nickelite was determined
as nickel 2, and the specimens were reweighed (table
VI). The experiment was repeated with crucibles having
no added hydrogen in the chambers. Even though no
hydrogen was added to these control crucibles, a steady-state
hydrogen pressure of about 4 millimeters of mercury was
present (ref. 7). The steady-state pressure arises in a sealed
container from the fact that hydrogen is generated by the

reaction of nickel with sodium hydroxide and that hydrogen
is lost by diffusion through the walls of the nickel container.
The rates of these two processes become equal when a certain
steady-state hydrogen pressure is reached.

As is obvious from the data of table VI, the added hydro-
gen simultaneously inhibited the formation of the nickelite
and the rate of mass transfer.

METHOD 2

Tests were also run in which hydrogen was introduced
directly into the hot zone (bottom of the crucible) (fig. 3).

~Bourdon-
type gage
r Weld Yo vacuum
, ‘ [:‘ pump
e Vacuum
" Crimps-+~ Ve valve
r To hydrogen cylinder
l. u, o -
g +~°L° rickel_ tube _
r=1-- L[ (0D, 5/8% wall, 1/167)
. -~ nickel tube
5 (0.D., 1/4% wall, 17327
Sodium Seot BN
hydroxide--. | .
Surface . -
through which J Chromel-Alumel thermocouples
hydrogen ,
diffuses into, |
crucible--. y
= <
2
Iz

Fieure 3.—Crucible for introduction of hydrogen at hot zone.

These tests again showed that added hydrogen simultane-
ously inhibited the formation of sodium nickelite and the
rate of mass transfer.

METHOD 3

The third method was designed to determine whether
inhibiting the loss of hydrogen normally formed in a crucible
would likewise inhibit transfer. This was accomplished by
placing a shell of Inconel around a standard nickel crucible
(fig. 1), inasmuch as the rate of diffusion of hydrogen
through Inconel is much less than through nickel.

The internal and external dimensions of the modified
crucibles were as close as practicable to those of a standard
one. Two standard crucibles were used for comparison
(appendix A and ref. 2). Two Inconel-covered crucibles
were prepared by first treating the inner nickel crucibles
in essentially normal fashion. The top plugs were ham-
mered into place in & dry box and then welded to seal
the crucibles. The Inconel shells were then assembled
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- around the nickel and welded together. These four crucibles
were heated at 1560° F (in the Globar furnace) for 24 hours;
after this the crucibles were radiographed and the contents
were analyzed chemically (table VI).

REPORT 1366—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

The Inconel shell inhibited transfer as expected. Reduc-
tion of the rate of formation of the nickelite was also de-
tectable and was attributed to an increased hydrogen pres-
sure caused by the decreased loss of hydrogen by diffusion.

APPENDIX C

RATE OF FORMATION OF SODIUM NICKELITE

A study was made to determine the rate of formation of
sodium nickelite according to the equation

Ni+2NaOH—»Na.NiO,+H,

If the reaction does not reach equilibrium in a reasonable
time, the mechanism of mass transfer involving hydrogen as
the “redox’ material (table I, reaction (6)) is impossible.

PROCEDURE

Standard test nickel crucibles (fig. 1) containing 13.0
+4-0.1 gram of sodium hydrozide were prepared (purged and
crimped) in the usual menner (appendix A). They were in
turn suspended in an Inconel tube by means of a long
Nichrome loop spot-welded to the crimp of the nickel crucible
(fig. 4). The top of the loop was placed over a nickel

Bourdon- -
fype goge — _~Brass cap
~Electromagnet
To vacuum - -Nickel rod
purrip s< Lﬁ*‘wm )
Vacuum valve I_IZ' [ “Spring
—~Inconel tube
To_hydrogen - (0D, I wall, 1167
cylinder Nichrome
B loop---"7] ~1.D, 0.630"
N |
. =Crimp
12" A
,'l “IF--"L" nickel crucible
S =
7/ ,’/
Chromel-Alumel o
thermocouples 1" apart-¢------ ..
RN ~-Thermocouple at middle *
N \\\:’ of sodium hydroxide
\\\ —
)
4 /'O.D., "
___.L__ﬁ j/ |
18" == E ~Water for

== cooling
1 == ~2--Brass cap

Figure 4.—Apparatus for kinetic and equilibrium studies.

plunger, which could be pulled out from under the loop by
means of a magnet outside the vacuum system. Brass
caps were soft soldered to the top and bottom of the Inconel
tube so that the system could be evacuated. After evacua-
tion, hydrogen gas was admitted and controlled at the de-
sired pressure. The temperature was then raised as quickly
as possible to 1500° F (£4° F). The temperature measure-

ments along the outside of the Inconel tube showed that a
temperature difference of at most 3° F existed between the
top and the bottom of the molten sodium hydroxide. At
the end of & run a magnetic field was applied to the plunger
so that the nickel crucible was allowed to fall to the bottom
of the Inconel tube. The nickel crucible was thereby rapidly
cooled. The experiment was repeated for various times and
various hydrogen pressures (table VII). After each run the
crucible was cut open and its contents were analyzed for
oxidized nickel (fig. 5 and table VII).

1
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Fiaure 5—Rate of formation of sodium nickelite from nickel and
sodium hydroxide at 1500° F at various hydrogen pressures.

\
KINETICS

The sodium nickelite concentration appears to be a linear
function of time (fig. 5) and to be independent of hydrogen
pressures above 26 inches of-mercury. The results, although
scattered, indicate the rate of formation to be greater for
lower pressures. The data for steady-state hydrogen pressure
conditions (37.5 mg/24 hr (appendix D)) confirm this fact.
To express this effect analytically, one must use a kinetic
equation for reactions in which surfaces are easily poisoned

_ (in this case by hydrogen):

Tfom=kl+k2/(PH2 "

where 77, 18 the rate of formation of sodium nickelite, %y,
and n are constants, and Pg, is the hydrogen pressure. Since
Trorm 18 equal to k; at high pressure, k=64 (mg/dm?)/yr
(area=0.267 dm?). The values for the other constants are
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n=1.4 and k=360 [(g)(mm of Hg)-*/dm?®)/yr. The kine-
tics are obviously independent of the reverse reaction.

CONCLUSIONS

Since the rate of the reaction under discussion is linear
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with time, the reaction itself never reaches equilibrium under
the experimental conditions (at 1500° F, for times up to
600 hr, and with hydrogen pressures between 0.16 and 81 in.
Hg). Itfollows that the mechanism of mass transfer cannot
involve hydrogen as the ‘“redox” material.

APPENDIX D

REACTIONS OF CHROMIUM AND ITS COMPOUNDS WITH MOLTEN SODIUM HYDROXIDE

An investigation was made to determine the chemical
differences between the sodium chromites (or chromates)
produced from the following three reactions:

1500° F
Cr+NaOH

1500° F
Cr;0,+NaOH

1500° F
NﬁgCTO4+N&OH

This work was initiated because chromium metal was report-
ed to be an inhibitor of mass fransfer, while chromium
gesquioxide and sodium chromate were originally inter-
preted to be detrimental as additives (ref. 2).

PROCEDURE

Standard static crucible corrosion (mass transfer) tests
(appendixes A and B and ref. 2) were performed using
chromium (325 mesh), chromium sesquioxide (Cr;O;), and
gsodium chromate (Na;CrO,) as additives in the sodium
hydroxide—nickel system. These additives were added be-
fore purging. In order to accomplish a more thorough inves-
tigation, certain variations in the procedure were used for
each group of crucibles, as indicated in the footnotes of table

VIII.

CHROMIUM METAL

The ratio of chromate concentration [Cr®] to chromite
concentration [Cr*®] as found in water solutions is approxi-
mately 1 to 2 (table VIII, group I, column 6), being inde-
pendent of the percentage of chromium metal used (column
3) and independent of time for relatively long periods
(column 5). The composition is essentially uniform through-
out the crucibles (table VIII, footnote (b)). For periods of
time less than 1 hour, Cr*® alone existed (group II). Group
ITIT results indicate that this apparent 1-to-2 ratio for
[Crt] to [Cr*®] does not depend upon the steady-state
hydrogen pressure that is present in closed (sealed) systems
(ref. 7). These facts perhaps indicate the presence of Crt*
in the sodium hydroxide.

Since, however, this [Cr*®] to [Cr*®] ratio perhaps depends
somewhat upon temperature (table VIII, group IV), the
1-to-2 ratio may be only approximate, and thus the existence
of Crt* iz somewhat doubtful. For further discussion see
appendix B.

The reaction forming the hypothetical Cr* is fast enough
8o that any hydrogen so produced is quickly lost (by diffu-
sion) and is thus prevented from inhibiting significantly the
production of sodium nickelite (table VIII, column 7).

CHROMIUM SESQUIOXIDE

The results with chromium sesquioxide (table VIII, group
V) show that it is an inhibitor of transfer. This is indicated
by comparison of the specimen weight changes (column
8) and was substantiated by the decrease in the rate of
transfer apparent in radiographs of the crucibles (not shown).
Chromium sesquioxide is not beneficial in dynamic tests.
During the process the chromium converts slowly from
Cr*® to the Cr*® as found in the water solution, but the
reaction dpparently stops when it is two-thirds complete.
This perhaps indicates the presence of Cr*S. The hydrogen
produced from the oxidation of the chromium sesquioxide
keeps the sodium nickelite concentration low (table VIII,
column 7). The magnitude of this phenomenon depends
upon the actual percent of chromium sesquioxide used. It
seems possible that the Cr,O; inhibits transfer by this prop-
erty of keeping the nickelite concentration low (thus working
in a different manner than chromium metal).

Group VI results (table VIII) compare the three additives
used. These results confirm the previous data (groups I
to V). The tests with sodium chromate indicate that the
chromium converts to essentially the same oxidation state
as it does in the chromium sesquioxide (table VIII, column 7).
This results in the oxidation of metallic nickel (table VIII,
footnote (f)).

SUMMARY

The following equations roughly summarize the informa-
tion obtained:

Very fast

) Cr-+3NaOH Na;,CrOs-l-gHg

Moderately
fast
Na;CrOs+NaOH

(Perhaps)Crt+H,

(2) OI'303 +2N&OH‘—)2N&CI‘02+HQO

Slow
N&CI'02+2N8-OH > Nﬁ3CTO4+Hg

Inhibited by hydrogen

Ni+4-2NaOH
pressures

See appendix E for further discussion of chromium metal.
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APPENDIX E

\ CHROMATE-CHROMITE EQUILIBRIUM IN MOLTEN SODIUM HYDROXIDE

A study was made concerning the equilibrium between the
valences of chromium formed when the metal reacts with
molten sodium hydroxide at 1500° F. It was hoped that
such an investigation might uniquely define the valences of
chromium.

PROCEDURE

Standard static-test nickel crucibles containing sodium
hydroxide (13.0+0.1 g) and various amounts of chromium
metal (325 mesh) were prepared in the usual manner (ap-
pendix A and ref. 2). They were then heated in a hydrogen
atmosphere at 1500° ¥ and quenched in the manner deseribed
in appendix C. After each crucible was opened, its content
was immediately acidified with dilute sulfuric acid. Then
the water phase was analyzed for Cr*® and GCr*® (table IX,
columns 4 and 5). The insoluble material was assumed to
contain only Cr*3.

EQUILIBRIUM

Proof that equilibrium was actually reached is the fact
that the ‘“‘equilibrium constants” subsequently calculated
are independent of test duration (table IX, column 3).

The equilibrium between the lower and higher oxidation
states of chromium as it exists in molten sodium hydroxide
(not necessarily as it exists in water) is expressible by the
general equation :

y—z

[Cx*7] Py, 2
K=""Torm

where K is the equilibrium constant. Since in fact the value
‘of Pg[Crt¥]/[total Cr] is essentially constant (table IX,
column 6), one might conclude that +3 and -5 are the
valences present ({Crt’] being proportional to [Crt¢]; [Crt®]
being essentially equal to [total Cr]; and the dependence

upon Py, being the first power). This selection is not
unambiguous if chromium can exist as & dimer or trimer.
Since in the case of a dimer the equilibrium constant K; can

be expressed
[Cr, P r—

[Cr, ™ .

the valences would be 43 and +4. The valences 43 and
+5 are in some ways the simpler explanation, being in
agreement with the work in which chromium sesquioxide is
oxidized to Cr*® (appendix D).

K3=

COMPLEX FORMATION

‘When a compound containing Cr*® is dissolved in water
and acidified, the following disproportionation reaction
should occur:

6Na;CrOs+29H,50,—~Cr,(S04)342Na.Cr0,+
26NaHSO,+16H,;0

If all the resulting chromium compounds are water soluble,
one would expect [soluble Cr*?)/[Cr*®] to equal 0.5, not 3.3
(table IX, column 7). A value of 3.5 (almost 3.3) to 1 for
this ratio is understandable, if the Crt*® is assumed to be
coordinated with Cr*® according to the first formula in the
equation

N 6N&50r05(Na;501'03) st 83H2804'—)7 Cl'g (SOD 3+
2NaaCrgO7—|- 62N&HSO4+ 52H20

Under conditions of low and varying hydrogen pressure (un-
sealed systems) one chromite (Cr*®) apparently coordinates
with one hypochromate, as indicated by the apparent --4
valence (appendix D and table VIII, group III).

APPENDIX F

EQUILIBRIUM CONCENTRATION OF SODIUM OXIDE IN SODIUM HYDROXIDE

The equilibrium constant for the reaction
2NaOH(liquid) 2Na,0(solid) +H;0(gas)

was calculated from thermodynamic data (table X and refs.
13 and 14). Ttwas found to be 103 atmosphere at 822° C.
Since the partial pressure of water over sodium hydroxide is
about 3 millimeters of mercury at 822° C (ref. 7), the molar
concentration of sodium oxide must be about 2.7 percent.
This is in general agreement with recent experimental work
(ref. 10). This concentration seems more than sufficient for
the oxide to take part in the chemical reactions involved in
mass transfer.

The molar concentration of water must also be 2.7 percent,

since very little water is in the vapor state (because of the
low vapor pressure). This low pressure ig indicated in-
directly in static crucible tests using flowing atmospheres
(appendix D and ref. 3). If pressures larger than several
millimeters of mercury existed, large quantities of water
would be removed by & flowing gas, and the sodium oxide
concentration and mass transfer would thus be increased.

If one disregards the experimental evidence and assumes
all the water formed from the dissociation to be contained
in the free space (10 ml in a standard crucible), the molar
concentration of sodium oxide would still be sufficient (0.02
percent) to take part in mass transfer. The resulting water
pressure (400 mm Hg) would be, of course, in gross disagree-
ment with the facts.
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APPENDIX G

CORROSION AND MASS TRANSFER IN SODIUM HYDROXIDE—COPPER SYSTEM

In order to compare the mechanism of transfer in nickel
with that in another metal, the sodium hydroxide—copper
system was investigated.

PROCEDURE

Static corrosion tests in which copper crucibles were
exposed to air for 24 hours resulted in excess oxidation and
lenking. Therefore, static-capsule corrosion tests were
performed with the copper crucibles protected from oxide-
tion by being encased in Inconel chambers (fig. 2).

Four crucibles were fabricated from copper tubing in the
same manner as the “L’’ nickel crucibles (appendix A and
ref. 2). In three out of four cases during the 1500° F test,
leaks occurred at the lower weld (below the sodium hydroxide
level). Subsequent capsules were therefore fabricated from
a single bar of copper to the same dimensions #s the standard
nickel crucibles. The specimens and tops were machined
from the same bar stock, while the vent tubes were made
from tubing in the usual manner. The loading and purging
procedure was identical to that used for nickel crucibles.
The conditions of the test were the same as those for method
l in appendix B except that the Inconel chambers were
continually evacuated. Nickel crucibles were used for
comparison. After the crucibles were rddiographed, the
melts were analyzed chemically, and the weight losses of the
specimens were determined (table XT).

PRESENCE OF SODIUM

Several days after the test, a white alkaline coating was
detected around the crimp on some unopened copper crucibles
(table XI, column 5). This phenomenon was interpreted
as being due to the formation of metallic sodium in the melt
and its diffusion through the copper metal at high temper-
ature followed at room temperature by its reaction with
the components of the air to form sodium carbonate. Photo-
micrographs of the crimped sections indicated that some

foreign material had vaporized from the surface of the
copper.

Furthermore, the extremely large weight losses of the
copper crucibles (table XTI, column 6) can be attributed only
to the loss of metallic sodium. Radiographs of the copper
crucibles show & loss of sodium hydroxide. Unfortunately
the contents were not analyzed for sodium hydroxide. All
this evidence indicates a reaction for copper which is similar
to that for nickel:

Cu+2Na,0—-Na;Cu0,;42Na

EFFECT OF CHROMIUM

Radiographs (not shown) and the specimen weight changes
(table X1, column 7) indicate that chromium is an inhibitor
of transfer in the sodium hydroxide—copper system, as
could be predicted from the proposed mechanism. How-
ever, another factor has to be considered here. The pressure
of hydrogen generated by the chromium reaction is not
easily eliminated, since copper is less permeable to hydrogen
then is nickel. The resulting hydrogen pressure inhibits
the chromite-to-chromate reaction (column 8) as well as
the copper-to-cuprate reaction (coluran 9). This accounts
for some of the effectiveness of the chromium in copper
but not for that in nickel.

COMPARISON OF TRANSFER OF COPPER AND NICKEL

Radiographs of crucibles show little difference in the
actual amount of transfer for copper and nickel. The fact
that the specimens have relatively large weight losses is
attributable to the large amount of copper (from the speci-
mens as well as the crucibles) which reacts with sodium
oxide to form metallic sodium and the sodium cuprate. It
is the side reactions of copper (oxidation, sodium diffusion,
and the rapid reaction with sodium hydroxide) which make
it a far less favorable container material for molten caustic
than nickel is.

APPENDIX H

THERMOELECTRIC POTENTIAL OF NICKEL IN MOLTEN SODIUM HYDROXIDE

This sectiop describes the thermoelectric potential and
current found to exist in the sodium hydroxide—nickel
system and presents a tentative explanation for them.

APPARATUS

Although many types of apparatus were used (most of
which had about the same degree of success and reproduci-
bility), only the final apparatis is described here (fig. 6).
The outside container was fabricated from Inconel and
made vacuum tight by means of a water-cooled O-ring seal
between the two brass plates on top. The cup inside
(containing NaOH) and the electrodes were fabricated from
“T,/’ nickel tubing. The electrodes were vacuum sealed to
the system by means of rubber tubing and electrically insu-
lated from the Inconel supports by means of ceramic tubes.

Heating was accomplished by means of ceramic-covered
Nichrome heating wire wound around the Inconel container.
Several layers of asbestos supplied sufficient heat insulation.
The temperature was manually controlled through a Variac
and measured by thermocouples contacting the tips of the

electrodes.
THERMOELECTRIC POTENTIAL

While the temperature of the vessel and one electrode
was held constant, the second electrode was cooled by
passing a stream of air through it. The temperature dii-
ference between the two electrodes was measured as well
as the electrical potential existing between them. Generally,
the results were very scattered, although the hotter electrode
was always negative with respect to the cooler electrode.
Occasionally, the scatter was low (fig. 7).
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Fiaure 7.—Thermoelectric potential between two nickel electrodes

at different temperatures in sodium hydroxide. Higher temperature,
670° C.

Values for electromotive force divided by the temperature
difference (emf/AT) for many trials ranged from 10 to 120
microvolts per degree. These values were essentially inde-
pendent of whether a vacuum or a helium atmosphere was
present above the sodium hydroxide. However, when a
hydrogen pressure was used, the sign of emf/AT was re-
versed (i.e., the cooler electrode became negative with re-
spect to the hotter one). Upon removal of the hydrogen
pressure the original polarity was restored.
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THERMOELECTRIC CURRENT

An experiment was also carried out to see whether this
thermoelectric potential could sustain an electric current.
The hot and cold electrodes were connected through a low
resistance (2 ohms), and the potential drop across it was
measured over a period of 6 hours. The current was
qmte unsteady.

INTERPRETATION

The measured potential could be due to the Seebeck effect:

or to one of the following half-cell reactions:

Cold zone

Na,NiQ;+2Nat42e- 2Na,0-+Ni

Hot zone

Cold zone

9H,0-+20~ 20H-+H,

Hot zone

Cold zone

NaOH-+t-e~ OH-+4Na

Hot zone

Cold zone

Nat+NaNiO,+4-e~ Na;NiO,

Hot zone

The Seebeck (thermocouple) effect is not likely for the follow-
ing reasons: Sodium hydroxide is probably a poor electronic
conductor, and the effect of hydrogen is far too great for the
potential to be due to simple thermocouple action. The
effect of the hydrogen upon the thermoelectric potential
is even difficult to explain in terms of any of the thermocell’
reactions listed. Thepresenceof hydrogen should in all cases
(by reducing the ratio of products to reactants) increase
emf/AT (not decrease it past zero as is found experimentally)
inasmuch as the value of emf/AT is determined by the
equation (ref. 15)

emf o [products]
m?' =AS°—E o ([reactants]
where n is the number of electrons shown in the half-cell
reaction, & is the Faraday conversion factor, and AS° is
the standard entropy change for the reaction as written for
the hot zone. The only reasonable way to explain the effect
i8 to assume that the thermoelectric potential is produced
by the nickel-nickelite reaction with the hydrogen poisoning
the nickel. In appendix C another case is presented in
which hydrogen apparently poisons nickel in the sodium
hydroxide system.
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TABLE I.—PROPOSED MECHANISMS

Type of reaction TReaction Migration processes Additional reactions required
for initiation
Cold zone
Physical (1) Nio(dissolved)e— _NiO(metal) Ni®(hot) —(cold) None
- Hot zone
Cold zone /
Eleotrochemical (2) NazNiOz4-2Nat+2e— 2Na;O+Ni Na;NiOz(hot) —(cold) 2NaOH—Nag0+Hy0O
Hot zone Na+(hot) —(cold)
e~ (hot) —(cold)
Naz0(cold) —(hot)
Cold zone
Chemical NazNiOz+Reductant, > Oxidant+Ni
Hot zone
Cold zone
Impurity (3) NazNiQz-+2Na;FeOs 2Na;Fe0;-4 Ni NagNiOz(hot) —(cold)
Hot zone NagFeOz(bot) —(cold) None
Na;FeOs(cold) —(hot)
Cold zome
Disproportionation | (4) 3Na;NiOs 2Na,NiQ;+Ni {NaaNiOa (hot) —(cold) } Ni+2NaOH—Na;NiO;+H;
N Hot zone NagNiOs(eold) —(hot)
Element present in ‘
sodium hydroxide: Cold zone
Oxygen () NagNiOs] Na0+340;+Ni NagNiOz(hot) —(cold)
Hot zone NazO(ecold) —(hot) Ni+2NaOH—Na;NiOs+H,
Oz(cold) —(hot)
Cold zone
Hydrogen (6) NagNiOs--H, 2NaOH -+ Ni NagNiOz(hot) —(cold)
Hot zone Ha(hot) —(cold) None
NaOH (cold) —(hot)
Cold zone
Sodium (7) NasNiO:+}2Na 2Na,0+Ni NaaNiOz(hot) —(cold)
Hot zone Nahot)—(cold) 2NaOH—NagO+H;0
Naz0(cold) —(hot)

TABLE ITI.—COMPOSITION OF “L” NICKEL TUBING

TABLE II.—ANALYSIS OF SODIUM HYDROXIDE PELLETS
[Ref. 2.] [Ref. 2.

Material Percent Material Percent
Sodium hydroxide . _____________________ 97. 6 Manganese_ .- - 0. 1494-0. 016
Chloride (CY) o o-- . 005 Tron e . 0694, 006
Iron (Fe) - o oo oo . 001 COPPer - oo el . 029-£. 000
Other heavy metals (as Ag)_ ____________________ 0 Carbon e . 024 4. 005
Carbonate (NagCO) oo oo .32 Silicon. . .- . 020+, 002
Phosphate_ _ - - 0 Bulfur. - e . 008+. 001
Silica and amonium hydroxide precipitate_.________ 0 Cobalt . e . 119+, 013
Total nitrogen (as NHs, NOg) - - oo . . 001 Niekel - oo i Balance
Sulfate (804 . - oo oo e 0
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TABLE IV—EFFECT UPON TRANSFER OF INCREASING

699

TABLE V.—X-RAY DIFFRACTION DATA FOR SODIUM

IMPURITY CONTENT NICKELITE
[Refs. 2, 3, and 11.] - 4 val
’ . d values values
. I Interatomic ' from ref. 9 | fromref. 9| 4 values
Specimen weight change for various distances, | Intensity of (Oak (Univer- | from ref. 7
percents of added impurities, mg d line Ridge) sity of ]
X f ! ArkaAnsas),
0 1 3 5
Percent | Percent | Percent | Percent 8. 48 Medium | oo o |
_____________________________ 4. 87
Nickel impurities: 4. 356 Strong 432 4. 37 4.33
Manganese._ . ....__.__ —4.7] —20.0 | —co__ | 0 S 417 Strong | -oecem | —ee-- 4.17
Tron. e —51| —26.7| —284| =281 | | | -----mm - mmmmmmemem | emmeem | m-eees 3. 67
COPPOre e e e —51| —84| —6.7| —5.8 3.22 Weak 3.21 319 | aa--
Carbon..o oo —7.9| —78.6| —85|.—7.8| | | ------= | sommmm-me- A e B
Siucon (See Bodium sili- 2. bb Medium 2. b7 2. 55 2, 55
oate below) - oo oo} common | ommmee oo | e | memmee ] e 253 | cemeem | mmmmme-
Bulfur (see sodium sul- 2.43 Strong 2. 42 24 ) .
fate below) - - oo oo | oo | e ol 2.23 Weak 2. 27 228 | -
Cobalb. - oo —5.1| +0.6] +7.2| +82 2.17 Weak 2. 14 L
Sodium hydroxide impur- 2.10 Weak 2. 09 2,09 | ..
ities: 1. 92 Weak 193 L 92 191
Sodium chloride ... —~7.91 —6.5| —6.6| ____._ 187 Weak L87 | comoee [ -
Tron oxide. .o o-cooeeo- —51| —9.2| —1n1| —48| | | -m--em- | -mmmmmee- L70 | cooooe | oo
Silver metal__________ 4 —51| —60]| —48| —51 L 65 Weak L6+ [ - L 65
Sodium carbonate.... . .. ~7.9| -17.5| —10.3| —22.0 | | -----m- | -mmmememe- I T Bt
Sodium phosphate_ .. —51| —54| —52| —8686 1. 680 Weak LB0 | ecoeom | memeeeee
Sodiumsilicate. - - _.___ a7 a—11 | o oo L 57 Weak 1.66 | oo ] oo
Nickel nitrate.____._.. Y, S P S N DU N I (SR R A e e
Sodium sulfate._ ... .. LY S . 5 U N A R B [P Y 1.49 149 | eeeees
1. 44 Medium 1. 44 L46 | e
T O T e 141 1. 43 1. 41
= Approximate (ref. 11). 1. 38 Weak 1.38 | oo | .
_________________ 1. 34 R e
_________________ 1.31 —————— emmm———
_________________ 1. 29 [, e
1.27 Weak ¥ A S
_________________ 1. 23 [ ——am—m-
_________________ 1. 22 1.22 S,
TABLE VI—EFFECT OF HYDROGEN UPON MASS TRANSFER
Total | Pressure of hydrogen,| Tempera- Specimen | Amount Nit2
Method | number of in. Hg ture, °F Time, hr | weight loss, | in melt, mg Appearance of transfer in radiograph
crucibles mg
1 a4 0.16 (Steady state) 1500 80 4.34+0.7 11.441. 9 Clearly visible
4 17 1500 80 2.8+0.6 0.41+0.05 | Hardly visible
3 ) 0.16 (Steady state) 1560 24 7.640.8 | 79.4%1.8 | Clearly visible
2 >0.16 (Slightly 1660 24 4.64-0.3 8.340.1 Narrower band than in crucibles with
above steady steady-state hydrogen pressure
state) ;

* Crucibles used

for comparison.



TABLE VII.—EKINETIC DATA FOR SODIUM
NICKELITE FORMATION

Ni*? jn melt,| Hydrogen

Time, hr mg pressure,
in. Hg
615 1 40 810
303 - 66 26. 5
303 111 ~16.0
284 . 64 16. 5
228 L1i1 ~15.0
184 . 437 28.3
138 .343 728.3
89 . 285 20.1
89 103 3.6
88 .21 38 4,
87 .42 20.7
82 .25 387
63 . 638 12. 7
45 . 167 70. 6
43 . 093 73.2
41 . 115 37.6
40 . 130 86.5
26 . 080 60. 0
22 062 86. 1
21 218 20.7
19 . 150 38 4
18 . 175 28.9
| 14 090 68. 4

0 L1000 | oeeao o

0 L0700 | o
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TABLE VIIL—CORROSION DATA WITH CHROMIUM, CHROMIUM SESQUIOXIDE, AND SODIUM CHROMATE
AS ADDITIVES

1 2 3 4 5 6 7 8 9
Percent of Average rate
Group of Amount of | Tempera- Cr as Crt® | Nit?2in melt,| Specimen | of specimen
crucibles Additive additive, ture, °F Time, hr (remainder g weight weight
percent was Crtd) change, mg change,
m
&b o] 29. 9
Cr 2.5 1500 24 {32. b
33.3
30.1
7.5 24 {30. 3
30. 7
5 24 30.3
5.8 96 33.7
12 96 30.8
15 240 30. 4
- 32.0
10 d 245 {33. 5
32.6
o b o JT Cr 12 1500 0.33 0
Cr @ 1500 .5 0 )
Cr 12 1500 5 L5
o eT1T None | ___.___ 1500 24 | . —12.9
None | —_____.._ | | | | | «ccceca- —10. 5
Cr 3 33.3 +4.5
Cr 3 33.9 +4.5

Sea footnotes at end of table.
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TABLE VIIIL—CORROSION DATA WITH CHROMIUM, CHROMIUM SESQUIOXIDE, AND SODIUM CHROMATE
A8 ADDITIVES—Continued

1 2 3 4 5 6 7 8 9
Percent of Average rate
Group of Amount of | Tempera- Cr ag Crt¢ | Ni*? in melt,| Specimen | of specimen
crucibles Additive additive, ture, °F Time, hr (remainder g weight weight
percent wasg Crt?) change, mg cha;‘r}g:,
m
IV None | __.__.._ 1700 24 | . 0. 251 —32.3
Cr 3 35.9 . 256 +7.0
Cr b 36. 1 . 195 +9.0
None | ... | | { |} cacoo__ . 232 —30.5
Cr 1 35.3 . 235 —7.0
Cr 3 4 d 36. 8 . 207 +7.0
v None | ____.._ 1500 24 | oo 0. 0375 —b.9 —0.25
Cr;0; 1 43 . 0109 +28 | oo
Cr 03 3.2 16 . 0180 +26 | ..
Cr;0, 5 d 5.3 . 0389 +21 | oo
None | __.___._ 96 | . . 0830 —30.5 -—. 31
Cri0; 1 60 . 0511 —241 | ...
Cry0; 3 34 . 0288 +3.8 | .-
Cry0s 6.3 ' 22 . 0511 —5.8 | .
None | _oo__.__ 168 | _o__.. . 1135 —8L 2 —. 48
Crs0, 1 . 58 . 0945 —79.6 | ..
Cr;04 2 61 . 0485 —1L4 | ..
Cr;0; 49 54 . 0668 +.6 | .
Cra0O; 1 240 57 . 0914 —139. 4 —. 58
Cr;0, 6.2 $ 240 57 . 0931 —746 | _______
°VI None | ... ... 1500 67 | .. 0. 0834
Cr 1 32.0 . 1063
Cr 3 37.0 . 0669
Cr 5 32.5 . 0802
Cr:0, 1.5 63. 0 . 0376
Cr;0, 4.4 24 2 . 0227
Cry04 7.4 15. 5 . 0285
NayCrOy 9.3 $ 66. 1 Q]
None | ___.... 71 | .- . 0748
Cr 1 42. 8 . 0780
Cr 3 37.2 . 0772
Cr 5 33.2 . 0784
Cr;04 L5 48. 5 . 0504
Cry04 4 4 24. 6 . 0244
Cr;05 7.4 13. 4 . 0215
Na,CrOq 9.3 J { 63.7 O]
None | __.o___. 1700 185 | oecoo- . 1591
Cr 3 39.8 . 1640
Cr 3 38.2 . 1859
Cr;0, 4.4 46. 5 . 0396
Cr;0; 7.4 | ‘ 28.0 . 0423

2 These crucibles were cut into several sections; differences in analysis between sections were slight (column 6).
b No analysis was made for Nit3,

o No specimens.

4 10 percent 325 mesh plus 13 percent larger mesh.

¢ Flowing helium atmosphere over sodium bydroxide (ref. 3).

f Coating of oxide was found on inside surface of crucible,



702

TABLE IX—CHROMITE-CHROMATE EQUILIBRIUM DATA
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1 2 3 4 5 6 7
Total Hydrogen Acid- Pg,[Crtt
amount of pgvessu%e Time, Crin | soluble Crts %ﬁ} ’ [Soluble Cr#?]
chromium, | Pg,, in. ﬁg hr melt, g in melt, g in. Hg [Crte]
8
0. 1300 79. 2 14 0. 00156 0. 0053 0.91 3.5
. 1310 68. 4 16 . 0016 . 0050 .84 3.1
. 1298 28. 3 16 . 0026 . 0083 .66 3.2
. 1296 22. 4 15 .. 0039 . 0140 . 67 2.8
. 1304 14. 8 32 . 0070 . 0177 . 80 3.9
. 1307 10. 6 15 . 0088 Q] .71 ——
. 3900 69. 2 18 . 0046 . 0135 .81 3.4
. 3903 - 63.8 40 . 0049 . 0149 . 80 3.3
. 3899 60.1 65 . 0055 . 0175 . 85 3.1
. 3800 40.6 14 . 0103 ™ 1.07 —
. 3901 40.2 88 . 0094 . 0246 .97 3.8
. 3900 17. 5 14 . 0163 . 0447 .78 2.7
Average 0. 81 Average 3. 3

= Not properly acidified.

i f
TABLE X—~THERMODYNAMIC DATA FOR SODIUM HYDROXIDE, SODIUM

/

OXIDE, AND WATER

[Refs. 13 and 14.]
- Heat of
Heat of forma- | Entropy, S, transforma- Heat of
tion, AHrorm, at 25° Specific heat at constant pressure, | tion from fusion,
at 25° C, eal/ smoleS C,, cal/(mole) (°K) alpha to beta,| AH/ uson,
cal/mole °X) AHrans, cal/mole
cal/mole
Sodium hydroxide (a) (solid) . ___—__._ —102, 000 14. 2 17. 6 1000 | oeeeeee-
Sodium hydroxide (8) (80lid) - - oo cceoe] et | oo 1726 | . 1900
Sodium hydroxide (Hquid) - o ccccccoee] oo | mmeeen 19.6 | cdccaces | eemeceaa
Sodium oxide (s0lid) . - e v . —102, 900 17.4 156.945.4X1073T | cccccae | ammmaoae
TWater (8S) - o oo oo —57, 800 45.11 |7.1942 83X103T—0. 16X10-%T2| oo | comeemee
TABLE XI.—CORROSION DATA FOR SODIUM HYDROXIDE—COPPER SYSTEM
1 2 3 4 5 6 8 9
Alkalinity Crucible Specimen | Amount of | Amount of
Crucible material Chromium, | Tempera- Time, of coating weight weight Cr as Cr¥, | Cu?s or Nit?
percent ture, °F on crucible, | change, mg | change, mg percent in melt, g
. mg NaOH ‘
Nickel tubing . ..o ____ None 1500 24 None —4. 4 —2.1 | cmmmcee | mmcmmn
Nickel tubing._. . __.__ None 1500 24 None —4.9 —3.85 | cmmimee | emmmmcam
Copper tubing._ _______.____ None 1500 24 60 | . —3.4 | oea- 0. 0669
Copper bar. - _______.____ None 1500 24 0.5 —45.9 —9.4 | o 0852
Copper bar_._____________ None 1500 24 5 —25.6 —9.68 | oo 0846
Copper bar______________ 3 1500 -7 S S I +5.2 4.4 0. 0172
Copper bar_______________ 3 1500 24 | .- —945.3 +6.2 6.7 . 0367
Nickel tubing.__ _.._______ None 1500 80 None +0.7 —81 | e 0. 0625
Copperbar. . None 1500 80 15. 8 —804. 1 —285 | ocooeaa- . 633
Copper bar___________ P None 1500 80 4.8 —788 2 —33.7 | e . 670




