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* ABSTRACT

Grain boundary penetration and weight loss kinetics were

determined for both 304L and nitrided 304L stainless steels in

liquid lithium.  A delay time, observed before penetration

starts, was associated with the incubation of the corrosion

product. The penetration kinetics was found controlled by the

grain boundary diffusion of lithium. Titanium gettering of

the liquid lithium was found to reduce both penetration and

weight loss. The weight loss had a duplex behavior with a therm-

ally activated uniform corrosion followed by an irregular surface

deterioration.

An analytical technique to determine the nitrogen concentra-

tion in the liquid lithium has been developed.

Grain boundary grooving kinetics of iron in liquid lithium

was determined with iron diffusion in the liquid lithium being

the controlling process.

Penetration and creep behavior were investigated for stressed

iron in liquid lithium and the stress enhanced penetration was

found tg be controlled by creep. The activation energy for pene-

tration and creep was shown to be essentially the same as for

self diffusion of iron. A model for this stress enhanced pene-

tration was proposed.

ii
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SECTION I

LIQUID LITHIUM CORROSION OF TYPE 304L STAINLESS STEEL

Many investigations have been performed (1,2) to determine the

mechanisms of corrosion of containment materials by liquid metals.

The two major forms of corrosion are uniform attack and localized

grain boundary penetration. Grain boundary penetration has been

shown to be the most rapid and possibly the most severe mode of

attack. This investigation was concerned with grain boundary pene-

tration kinetics of type 304Lstainless steel by lithium, the rate

f  of dissolution and surface deterioration, and the effect of impur-

ities on the corrosion rate.                  -

The presence of oxygen, nitrogen, and carbon impurities in

corrosion systems has been reported to influence the rate of a

liquid metal attack on containment metals.  The increase reported

in solubility, weight loss, and grain boundary penetration with

increasing impurity concentration implies that some complex

lithium-containment metal-impurity reaction is responsible for the

corrosion behavior.

Hoffman (3) suggested that a Li3N·FeN complex compound would

be present in the stainless steel-nitrogen-liquid lithium system.

Similarly Brehm and Li (4,5) explained the grain boundary penetra-

tion-behavior in niobium with the formation of a (Nb-0-Li) corro-

sion product in the grain boundaries. Klueh (6) determined that

a "threshold concentration" of oxygen was necessary to initiate

-        the grain boundary penetration of niobium by oxygen contaminated
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lithium. Klueh (7) has further suggested that the grain boundary

penetration of tantalum, as well as niobium, is the result of

complex oxide formation within the containment metal grain bound-

aries. A spectrographic identification of such complex oxides

has been achieved by Horsley (8) and verified by Hiltz (9) for the

stainless-oxygen-liquid sodium system.

EXPERIMENTAL PROCEDURE

All tests were conducted within a stainless steel glove box

maintained at a positive pressure differential of .4 in. of water

with 99.98% pure argon. Further atmospheric purification was

accomplished by bubbling the incoming argon through a liquid

sodium-potassium alloy and then maintained by stirring another

flask of liquid sodium-potassium open to the glove box atmosphere

at room temperature.  Thus, if the surface of the liquid sodium-

potassium was free of oxide, it indicated that low levels of

oxygen contamination in the liquid lithium was present for each

test. On the other hand, nitrogen saturation of the liquid lith-

ium was assumed due to a solid lithium nitride scale on the liquid

lithium held in a stainless steel beaker at 300'C and also because

each time the test crucible was opened, a solid lithium nitride

scale was visible on the surface of the test lithium. This lith-

ium nitride was not visible on tests above 800'C since above 800'C

Li3N is not a stable compound (figure 1).

Lithium used in this investigation was purchased from

Research Organic Inorganic Chemical Corporation in the form of

99.9% pure - .635 cm diameter rods. Test specimens were from a
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304L stainless steel sheet (chemical analysis in Table I). Each

sample had the approximate dimensions and weight of .635 cm x 1.27

cm x .00762 cm and 0.5 grams.  To remove the effects of prior work,

homogenize the impurity concentration and obtain a uniform grain

size, all samples were annealled at 900'C for 4 hours.  The samples

were determined to have an average grain diameter of .0449 mm.

Following the anneal, all samples were ground on #1 grit silicon

carbide paper to remove any surface oxide and then cleaned with

methanol in an ultrasonic cleaner. Finally, before exposure , the

samples were weighed on a Mettler H10 balance and thickness meas-

urements were made with a micrometer.

A schematic diagram of the test crucible and furnace arrange-

ment is shown in Figure 2. Notable features of the crucible are

that all sections in contact with the liquid lithium was made of

304L stainless steel to eliminate dissimilar metal effects. The

crucible was sealed during each test by a press fit flange apparatus.

As many as 20 samples could be suspended in the lithium without

interference between samples. During this series of tests the

argon present in the glove box was used as a cover gas. Also the

test specimens were held in approximately the center of the hot

zone of the furnace to minimize thermal gradients. Temperature

was held stable by the thermocouple sensor being fastened securely

to the exterior of the test crucible with control maintained by a

Marshall model 4044 proportional temperature controller.

The crucible was brought to the test temperature slowly and

1 allowed to stabilize for at least 6 hours to achieve quasi-
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TABLE I

Chemical Analysis

304L Stainless Steel

Chemical Svecies Weight Per Cent

C                                                                                             . 026

Mn 1.60

11 1 P                               .026
Y

1.

1                      8                              .030

Sl .49
\

\

i Cr 18.48
il                                                                       .  6.                        1

Nl 9.16
4.

Mo .26
t

CO .07

CU .17

t.
,

1

:.

 i

1 1
l.  t
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equilibrium, with respect to the solubility, between the 304L

stainless steel crucible and the lithium. Leavenworth and Cleary

(12) stated that 6 hours were sufficient to achieve equilibrium

with respect to a dissolution reaction in liquid lithium. Fol-

lowing this stabilizing period, 304L stainless steel samples were

introduced into the system to begin the test. During the test,

sets of at leaht two samples were removed from the test apparatus

at various times. All samples were then submerged in water to

remove any lithium surface coating and then subjected to a final

ultrasonic cleaning in methanol.

All grain boundary penetration measurements were done by a

metallographic determination of the depth of corrosion products

resulting from the migration of lithium into the stainless steel

samples. The metallography consisted of polishing each sample

down to a .05 micron alumina wheel and followed by an etch in one-

of three equivalent etchant mediums. Ferric chloride, chromic

acid, and oxalic acid etches were·all investigated to eliminate

the possibility that penetration traces were characteristic of a

specidl etching technique. The three etches were found to give

the same typical penetration pattern thus adding confidence to the

metallographic procedure (Table II and figure 3).

RESULTS AND DISCUSSION

The results of this investigation cite the data and analysis

for static-isothermal-crucible tests of the 304L stainless steel-

liquid lithium corrosion system. The grain boundary penetration
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TABLE II

REAGENT   1 COMPOSITION PROCEDURE

FeC13 -
HCl Feclj -------- 5 g. Etch for 60 seconds to

reveal general structure
1- used for HCl 50 ml plus penetration - follow
most of the by slight polish and
penetratlon H20-----------100 ml etch for 20 seconds to
study reveal only the penetration.

Oxallc Acld --- 10 g. Used electrolytlcally with

Oxalic Acld
f spec<imen as the anode.  A

H20 ---------- 100 01  current of .3 amps. for 2
minutes reveals the
penetration very distinctly.

Cr 3----------- 10 g.  Used electrolytically with
specimen as the anode.  A

Chro mic   Ac id H20----------- 100 01  current of .8 amps for 15
seconds reveals the general
penetration. Should also
show any carbide
precipitation.

A listing of the etches and metallography procedures used
1n thls investigation.

I
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depth as a function of time and temperature was obtained by a

metallographic examination of the corroded 304L stainless steel

samples. A parabolic rate for penetration was found to be con-

trolling in this investigation. The parabolic rate for penetra-

tion, illustrated in Figures 4 and 5, was also found not to pass

through the origin, thus suggesting two rate controlling mechan-

isms are involved in this grain boundary pene.tration behavior.

The first rate controlling mechanism being associated with

this initial temperature dependent delay time, which is followed

by the parabolic penetration rate dependence., This recognizable

delay time, when plotted versus temperature, reveals the C-shaped

curve (Figure 6).  The shape of Figure 6 is very similar to that

found for typical nucleation rate versus temperature curves. If

a (Li-Me-N) complex compound is assumed to be the corrosion

product formed in the penetrated grain boundaries, the nucleation

of this corrosion product explains this observed delay time.

The probability that the corrosion product will form after a

certain length of time is a function of the energetic desire for

nucleating a new phase and the ability to transport the atomic

species. Initially the delay time decreases with increasing tem-

perature which would suggest a mass transport control due to the .

increase in transport kinetics with increasing temperature.  The

inversion to increasing delay time with increasing temperature

may be explained by the free energy of formation of the corrosion

complex becoming less negative at higher temperatures. If the

corrosion complex is of the Li3N·FeN type as suggested by Hoffman

(14), the stability of the Li3N compound can be used as a guali-
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tative measure  of the phase stability  of the complex compound.      As

shown in Figure 1, the stability of the Li3N compound and thus the

free energy of formation is approaching zero at 800'C which corre--                                 1

sponds with the temperature of the delay time inversion as shown

in Figure 6. Thus with the stability decreasing, formation of the

complex becomes more difficult above 890'C.

Depth of penetration was measured perpendicular to the sample

edge with an average of 10 measurements for each sample. Figures

4 and 5 show plots of the depth of penetration versus the square

root of time. Since the grain boundary penetration data was shown

to follow a parabolic time dependence in this investigation, the

second rate controlling mechanism is related to the mass transport

of elements from the liquid lithium into the austenite grain

boundaries. The assumed formation of a (Li-Me-N) complex compound

in the austenite grain boundaries defines the diffusing elements

to be either lithium or nitrogen. Reeves (15) has shown that the

activation energy for grain boundary penetration is not a function

of the nitrogen concentration of the 304L stainless steel; there-

fore, the rate controlling mechanism for the grain boundary pene-

tration of this corrosion complex is the grain boundary diffusion

of lithium.

Figure 7 shows the temperature dependence of the grain bound-

ary penetration over the temperature range 600-1000'C.  The change

in temperature dependence is again at approximately 800'C, which

agrees with changes in the delay time behavior shown in Figute 6.

Since both the delay time and the grain boundary penetration show
......

changes in temperature dependence at 800'C, the stability of the
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complex compound is suggested to affect both the nucleation and

mass transport processes.  Below 800'C the activation energy for

grain boundary penetration is approximately 31 Kcal/mole, which

is associated with the diffusion of lithium along the grain bound-

aries.  However, the activation energy above 800'C changes to 17

Kcal/mole indicating a change in the structural nature of the ·

complex compound in the grain boundaries in which the lithium is

diffusing.

Figures 8 and 9 illustrate the trends of the weight loss per

unit surface area data for 304L stainless steel in liquid lithium.

The linear nature of the weight loss data when plotted versus the

square root of time, implies the presence of a uniform dissolution

process. However, the change evident in Figure 9 indicates that a

combination of corrosion mechanisms is present above 700'C.  This

duplex weight loss behavior was suggested to be caused by the non-

uniform nature of liquid lithium corrosion. Since the non-uniform

weight loss behavior was only predominant after the corrosion

samples were completely penetrated, the non-uniform weight loss

behavior is associated with the increased importance of surface

degradation which may be caused by transgranular penetration.

An Arrhenius plot of the initial slope of the curves for 600, .

727, 800, and 900'C is shown in Figure 10.  This curve suggests

that a thermally activated process is evident below 800'C for the

initial weight loss behavior.  The temperature at which the slope

of this Arrhenius plot changes is consistent with the change

observed in the grain boundary penetration behavior (Figures 6 and
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7). This consistent behavior implies that similar mechanisms are

evidenced for both the weight loss and grain boundary penetration

investigations.

The.corrosion behavior of the 304L stainless steel samples,

when washed in nitric acid rather than methanol, reveals a com-

pletely different mode of attack. The micrograph of Figure 11
l

illustrates the uniform corrosion scale developed when the samples

were washed in nitric acid prior to exposure to the liquid lithium.

Some characteristics of this corrosion scale are that it emitted a

strong ammonia smell when washed in water and that it was not

strongly adherent to the uncorroded 304L stainless steel. An

attempt to identify this corrosion product by x-ray diffraction

was unsuccessful due to its amorphous nature. Horsley (18), how-

ever, was successful in identifying a similar scale in liquid

sodium systems by spectrographic techniques, which revealed a

(Na-Fe-0) complex compound.

Figure 12 illustrates the increased rate of weight loss when

the nitric acid contaminated 304L stainless steel samples are

analyzed. This figure shows that the uniform corrosion caused by

nitric acid contamination drastidally changes the corrosion rate

with respect to weight loss measurements.

The impurity effects mentioned, suggest important questions as

to material handling procedures for nuclear coolant systems. This

concern is primarily directed toward the cleaning techniques prior

to service, especially with respect to cleaning with active rea-

gents, i.e., nitric acid.
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V '   .CONCLUSIONS

The following conclusions to this investigation are:

1) A delay time is observed before the preferential grain

boundary attack initiates. This delay time was correlated with

the nucleation of a (Li-Me-N) corrosion product.

2) The grain boundary penetration was shown to follow a

parabolic time dependence which is consistent with mass transport

control.

3) The mass transport of lithium through the corrosion

product has been found to centrol the rate of grain boundary pene-

tration.

4) The mode of weight loss is due to a combined uniform and

non-uniform mode of attack.

-
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SECTION II

ANALYSIS USED IN INTERPRETING THE GRAIN BOUNDARY

PENETRATION RESULTS OF 304L AND NITRIDED 304L
' STAINLESS STEEL BY LITHIUM

There are many theories explaining alkali corrosion (19-30).

However, it is not appropriate to present a cohprehensive review;

rather, only two pertinent theories will be discussed in detail.

These deal directly with the grain-boundary penetration of liquid

lithium into an alloy.

THEORETICAL PRESENTATION BY BREHM

In the following analysis, taken from Brehm   (28,29) ,   the  pene-

trated grain boundary of a niobium bicrystal (see figure 13) is

assumed to be a solid and to consist of a two-phase .region. The

phases are a solid solution of niobium, oxygen, and lithium plus

a precipitated (Nb-0-Li) complex.  The zone in front of the pene-

6rated boundary is a single solid solution phase of niobium,

oxygen, and lithium.

The following assumptions are made about this corrosion system:

1) The diffusion of lithium is entirely through the solid

solution phase. Thus D is the diffusion coefficient of

lithium in the grain-boundary region.

2) D is independent of position.

3) Local equilibrium exists for all places at all times.

4) Oxygen migration does not influence the rate of advance

of the penetrated zone.
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In figure 13, the interface between the penetrated and non-

penetrated region is at y = x. The lithium concentration. is C

and the boundary conditions are:

B.C. €=0 at y> 0 andt=0

C = CS at y= 0 and t>0

C = C2 at y= x and t>0

Using the diffusion equation  for the interval  0 < y< x

D  82C           3 c
8 yZ   jt                   eq. 1

the appropriate solution is:

c = cs -Aer'<,/i                          eq. 2
Given CA is the average concentration of lithium in the niobium

between y=0 and y=x, equation 3 follows from a mass balance.

dc                   dx
-D Jy

y=O
CA .dt eq. 3

Upon combining equations 2 and 3 the following condition is

i found:

1                         ' A D- CA
dx

eq. 4  .IT t dt

The solution to equation 4 is

2

X= ./Et eq. 5
j

4

1,

 1

t

f·
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provided
/35 _A__ eq. 6

IK      =    4      3'      CA

The boundary conditions, C = C2 and y = x, with.equations

2 and 5 yield

C2  =  CS  -  Aerf  CK eq. 7
v 4D

where

A=CS-(2 eq. 8

erflf--D- 1
'        The final solution  for  0<y<x    is

C  =  "  - ICe:3-1  erf 1/4--'- 1.
where K is a constant to be determined.

To find K, equation 8 and 6 are used

/FK- --f  -K    - CS  -  (2
1 -*D    c i    4 -4D           - --CA eq. 9

If the lithium and oxygen interact on a one-to-one basis in the

precipitate then, CA = V, where V is the original concentration in

the grain boundary. Provided the solid solubility of lithium,

CS-(2' is less than the amount of lithium present, CA' then 4D > K

and .equation 9 becomes

2  |     K -     21__KP +    11   -K  +....CS-     (214D 314DI 5    1   4 01                              CA

l_15
.-
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1

or
-

K  =   2 D   C S-   (2  +   1  < C S-   (2   2  + . . .                                          10L CA   J  CA .
eq.

-

\ .-

If the values of Cs' C2' D, and CA were known as a function

of temperature, the penetration could be calculated. The emphasis

of the above model is the rate is parabolic and depends on K. But

K is a function of D, the diffusion coefficient of lithium in the

two-phase region. Also this theory could be applied to other

systems with a minimal number of changes.

THEORETICAL PRESENTATION BY PATTERSON

Patterson (30) described the grain-boundary penetration of

lithium into a 304L stainless steel. Given the penetrated speci-

men (see figure 14), region 2 has two phases:  A (Li-Me-N) complex

plus austenite. Region 1, a lithium solid solution in austenite,

is a single-phase system.

The chemical potential, in figure 14, is established by diffu-

sion. At the sample's surface the constant-chemical potential is

U  ·P., the chemical potential at the reaction interface, is also
Li  1

constant. Likewise the corresponding concentrations are shown in

figure 14. To solve this problem the following assumptions must

be made:

- 1)  Dl and D2 are the respective diffusivities of lithium

in region 1 and region 2.

2)  The' conditions of local equilibrium are satisfied at

-                 all times for the interfaces. The interfacial concen-

trations of lithium are Cc, Cl, and Cl.»,                     4
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3) The reaction interface has the coordinate x.

A mass balance,  0<y<x, requires

dx     3CI      + D ACI((2-CllaE = -D -                            11lay' - 1591 eq.
+Y=X y= .X

Using the diffusion equations and boundary conditions,

D232C JC y< x eq. 12
8Y4  3t

D 32( JC Y>X eq. 131*Y St
B.C. C= C s,Y=o l t>0

C = C 2 Y = x,t>0
C  =  Cl;   Y  =  xt t> 0
C = 0,  y > 0, t=0
C=  0,   y= 00,  t>0

The solution to equations 12 and 13 are

C= CS -Aerf Y Y<X eq. 14

,/4D2t

Y

C = B (1- er TE<=   
) y> x                            eq.  15

with A and B as constants. If equations 14 and 15 are used in

equation 11, the result is

r  -d x  _                                                                       2 1
((2-611dt -, DZA . exp 1  -*2 1

-

Dl B   '  < -x I
exp eq. 16

NTTD2t 1 402t  TID2t 4Dlt j

The final solution, extracted by dimensional analysis, becomes

X =\  eq. 17
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However, A, B, and K still remain undetermined, thus combin-

ing equations 16 and 17, the result is

/IBi l    -KI /TDI /-K 1
((2-Cl)'/K  =,/ -Tr  A  expl  4521 -l -ir  B   exp 1 4-DI I

eq. 18

+
From the boundary conditions, Cy = x-, C= (2; Y=x,C= Cl)'

equations 14 and 15, and equation 17, A and B are determined.

CS-C2             ClA= B= 19

erf K/4D2 1-erf K/4Dl
eq.

Substituting A and B into equation 18, a relationship for K appears

exp(-K/4D 2)

((2-Cl) F. 4 2 (Cs-(2) erf K/4D2
- /Ii  exp(-K/4Dl)

4 -irc1 eq. 20

(1-erf K/4Dl)
Provided D2>>Dl, or Cl is small, the right term in equation 20

is neglected.

i                  /KE-- erf /.. E e.p
1-KI-=..

CS-(2 eq. 21
V 4D2 V 4D2      4D2      C2-Cl

If further assumption permits,  (CS-(2) < ((2-Cl) or 4D2>K, then

1             1-*-1+ 41 K 12 - 11 K 13 + CS-C2
21 - eq. 22
 4D2 I 3 4D2l 814D21 ... - (2.Cl

equivalently

FICS-(21 1<CS-(2                 232-
eq.

K = 2D            -         +
2 1  (2-Cll- i 'Cz-Cll

..
-
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A parabolic rate is predicted, which depends on a constant K.  K

is a function of D2' the diffusion coefficient for lithium in the

two-phase region.

The two models by Brehm and Patterson are essentially the

same. However, the work of Patterson (30) is mcre general since

it allows for concentration discontinuities at the phase boundar-

ies. The continuity condition imposed by Brehm (28,29) could be

described by Patterson as CS-(2>>(2-Cl= .  The general solutions

from Brehm, equations 5 and 9, and Patterson, equations 17 and 20,

were solved in closed form, equations 10 and 23, by making certain

limiting assumptions.  Brehm permitted CS-C2<CA while Patterson

let C -C <C -C . Thus the two theories do have subtle differences.S 2 2 1

i,
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SECTION III

LIQUID LITHIUM CORROSION OF NITRIDED 304L STAINLESS STEEL

Grain boundary penetration and weight loss were determined

for a nitrided 304L stainless steel in a nitrogen saturated lithium

system. These results, along with previous work with as-received

304L stainless steel were used to develop a theoretical corrosion

model. The previous work (Section I) on as-received 304L stain-

less steel indicated that the controlling mechanism of grain

boundary penetration was either the diffusion of nitrogen or lith-

ium through the grain boundary corrosion product.  By performing

the lithium penetration investigation on nitrided 304L stainless

steel, it was possible to determine a change in activation energy

or controlling atomistic mechanism. No change in mechanism would

suggest lithium diffusion through the grain boundaries as control-

ling.

The thermally activated grain boundary penetration was found

to obey a parabolic rate law.  However, nitriding did increase the

penetration rate,   but  did not cause a mechanistic change.. A delay

time, observed before the penetration started, was needed to incu-

bate a (Li-Me-N) corrosion complex. -The penetration was controlled

by the diffusion of lithium through the incubated complex, located

in the penetrated grain boundaries. The activation energies, for

the nitrided and as-received specimens, indicated the (Li-Me-N)

complex exhibited a solid-liquid transition at 747'C.

-             The parabolic weight loss had a duplex behavior.  Weight loss is
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initiated with a thermally activated uniform corrosion followed

by an irregular. surface deterioration. The activation energies

for the initial process were consistent with the above liquid-

solid transition.

EXPERIMENTAL PROCEDURE

Since previous work (30) in Section I was used as a control,

the 304L samples used in this investigation were prepared with a

similar grain structure. This was necessary because grain bound-

ary penetration is affedted by grain size  (31) .

The proper nitriding procedure was determined by first rolling

a .075 inch 304L sheet to .055 inches followed by a 1100'C, 4-hour -

anneal in a NH3 atmosphere.  Diffusion coefficients in a similar

4 alloy (18(r, 12Ni) for an ammonia atmosphere indicated 3.8 hours

produced .21 wt % nitrogen saturation (32). The. nitrided speci-

mens were then worked to .035 inch.  At 1100'C, in an ammonia

atmosphere, a grain growth curve (figure 15) was constructed.

The remaining samples were annealed for 8 minutes to reproduce

the grain size used in Section I.

The experimental procedures used with these nitrided stain-

less steel specimens were identical to those used in Section I to

obtain a weight loss in liquid lithium.

DISCUSSION AND RESULTS

Tw6 different modes of attack were found: (1) preferential

grain-boundary penetration, and (2) surface deterioration or dis-

solution. The results describe a static-isothermal test in an
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all 304L stainless steel-liquid lithium environment.

If a penetrated sample was bent after it was exposed to lith-

ium it cracked to the penetrated depth (see figure 16). Thus,

structural and impermeable integrity are lost by lithium penetra-

tion.

All penetration measurements were taken perpendicular to the

edge   of the nitrided sample, and represent   a. 10 reading average.

To establish the present corrosion system was equivalent to the

work of Patterson (30), his 800'C penetration test was duplicated.

Figure 17 shows the two systems are the same for similar condi-

tions.

Figure 18 shows the penetration results, plotted as penetra-
11

tion depth versus t., for nitrided and as-received 304L stainless

steel at 600'C.  Similar penetration results were also found for

650, 700, 750, 800, and 9000C.

The rates are parabolic and empirically conform to

x = /RE . eq. 24

Figure 19, an Arrhenius plot, shows the temperature depend-

ence of K is exponential.

K -  Kl  exp  -11 T> 7470 C eq. 25
RT/

I - K, ex,1.3 1 eq. 26
RT / T < 7470  C

The two slopes shown indicate a change in processes has occurred.

Patters-on (30) generalizing the:·previous model of Brehm,

predicts
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x =jif eq. 17
-

where K  = 2D2
-ICS,-0,1-,ICS-(212.

eq. 23
(2-Ci/3((2-Cll

The defihitions of C2' Cl' and CS follow from figure 14.  D2' the

diffusion coefficient in the two-phase region, is

02 = Do
exp(-2) eq. 27RT

In several corrosion systems, the corrosion product has a

liquid solid transition temperature. For instance, the (Nb-0-Li)

complex melts at 1100'C (33,34) and the lithium carbide product

behaves in a similar fashion (35).

It is proposed thai the same behavior is responsible for the

activation change.  Above 747'C a liquid phase, a (Li-Me-N) complex,

exists at the grain boundaries while below 747'C a solid phase is

present.  Equating equations 23 and 25, T > 747'C,

-Qi
)

expl      RT I l21  l.2.6 1 1  - *  1   C 2-c l   "' 1
eq. 28Kl

exp 
-RT l = Do

1 -QI[ Ics-cll 2 1 cs-£212 1

therefore Qi = Q
-

and            K  =D 21 eq.-  CS-Cl - 21 CS-£212 29

1       IC -C-1  3 (2-Cl  "'0   2 11             -·

Thus the lower ictivation energy in figure 19 represents lithium

diffusion in a liquid phase, while Kl is a function of 00 and

various interfacial concentrations.  Likewise, for T < 747'C,
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Q2 = Q eq. 30

r,ics-cil 2lcs-ci 1  'and

K2 = Do-w (2-Cl - 3 C2-Cl 
"' eq. 31

-

- ...,... I-.   - ...

Q2 is the activation energy for the diffusion of lithium in a

solid (Li-Me-N) product.  K2 is again a function of D  and inter-

facial concentrations.

The nonmechanistic increase in rate between the nitrided and

as-received (30) samples is related to a variation in Do or inter-

facial concentrations (28,29). Brehm observed a similar increase

as the oxygen impurities were increased in niobium (see figure 1).

Likewise the interstitial impurities in pure iron (36), figure 8,

increase D  for sodium and potassium diffusion.  Assuming

2         - &S                                                     32D o=v a  exp (R )
eq.

where v is the jump frequency, a is a crystallographic constant,

and S is the entropy of mobility.  Thus the increase in Do implies

the jump frequency increased and/or the entropy decreased. Like-

wise an increase in K2 can be caused by interfacial concentration

changes.

Inherent to the penetration behavior is a delay time. The

observed delay is compared to the work of Patterson (30) in figure

20. Also shown is the nucleation time for a M C in 316L stain-23 6

less steel. The difference between the carbide nucleation and

delay time suggest the delay is corrosion product nucleation.

Initially as temperature increases, the delay time decreases,

-         suggesting mass transport kinetics are controlling„  If the
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corrosion product, as suggested (3), is Li3N·FeN the stability of

this compound is decreasing as temperature increases.  The Li3N

component is not stable (see figure 1) 'above 812'C.  As the tem-

perature increases above 812'C, the nose of the delay curve, the

corrosion product stability is decreasing and a longer. incubation

period is required.

The weight loss, representing uniform corrosion and surface

deterioration, was not investigated in detail. Measurements

beyond the penetration times were not sought. As seen earlier, a

penetrated sample loses structural and impermeable integrity.

Thus penetration, and not weight loss, is the controlling design

factor in any Li-304L stainless steel system.

Figure 21 shows an example of weight loss measurements for

nitrided 304L specimens. Dissolution attack begins immediately,

indicating the delay time is not a wetting phenomenon. The weight

loss empirically obeys a parabolic relationship

Wt = weight loss = /RE eq. 33unit area

However, the curve shows a duplex behavior at longer times; thus·

another type of parabolic process is occurring.

The initial portion of each curve is a uniform corrosion

attack. It obeys a parabolic relationship (27,38) since it is

controlled by the diffusion of specimen alloy constituents.

The increase in rate at later times represents surface deter-

ioration. Transgranular penetration (see figure 22), seen in

other alkali metal systems (39-43), destroys the individual grains

and eventually causes a breaking up and degradation of the surface.
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(See figure 23.)  The result, diffusion-controlled transgranular

penetration, is a highly localized attack, increasing weight loss.

 

An initial weight loss Arrhenius plot, figure 24, suggests

a thermally controlled process below 747'C.  The similar slope

changes for weight loss and grain-boundary penetration, at 747'C

imply the same mechanisms are responsible for the processes.  A

solid-liquid transition for the corrosion product explains weight

loss activation.  Below 747'C the solid corrosion product forms

and remains at the surface. Thus the lithium must diffuse through

the product, to the corrosion interface resulting in a parabolic

weight loss rate. The activation energy for weight loss is in

agreement with the activation energy for penetration.  However,

above 747'C the corrosion product is a liquid and does not remain. - -

at the surface of the specimen. The lithium freely attacks and

another mechanism, possibly alloy diffusion from .the. sample or

chemical attack, controls.

CONCLUSIONS

The most important facts this investigation revealed are:

1) The presence of nitrogen in a 304L specimen does not

change the corrosion mechanism but it does increase the rate.

2) A delay time is observed before grain-boundary attack

occurs. This delay is associated with the time needed to nucle-

ate a corrosion product, a (Li-Me-N) complex.

3) Grain-boundary penetration was shown consistent with a

parabolic rate-diffusion model.
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4) The activation energy for penetration was shown repre-

sentative of lithium diffusion in a solid corrosion product below

747'C.  Likewise the activation energy above 747'C is representa-

tive of lithium diffusion in a liquid corrosibn product.

5) The weight loss represents two types of continuous con-

secutive attack. First a uniform corrosion later superimposed

with a surface deterioration.

6) The activation energy for weight loss· was shown consistent

with a liquid-solid transition   for the uniform corrosion product.

Below 747'C the activation energy is representative of lithium

diffusion in a solid corrosion complex.
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SECTION IV     '

EFFECTS OF GETTERING ON THE LIQUID LITHIUM CORROSION

Hoffman, Patterson, and Reeves have found that increasing

the nitrogen content of either the lithium or stainless steel

increases the corrosion rate of the steel. Nitrogen is an impur-

ity that reacts readily with lithium.

Some investigations have been made (3,10) on the removal of

this impurity by gettering. Gettering is the operation of alloy-

ing either the liquid lithium or containment metal with an element

that has a lower free energy of formation of oxides, nitrides, or

carbides than the lithium. Hoffman (9) suggested that hot getter-

ing liquid lithium with either titanium; zirconium or yttrium

could reduce the corrosion rate of containment metals. Phillips

(10) used a yttrium hot trap to reduce the rate of corrosion in

a liquid lithium-stainless steel convection loop.  Klueh (5) has

shown that alloy additions of less than 1 percent Zr to Nb, sta-

bilizes the oxygen concentration of the niobium and thus decreased

the attack by liquid lithium. Therefore, the reduction of corro-

sion can be achieved by removing the impurities from the corrosion

system.

Titanium gettering experiments are being performed to further

substantiate the role of nitrogen in the grain boundary penetra-

tion and weight loss behavior. Suggestions (14,15,17) have been

made that lithium corrosion is related to the formation of complex

compounds of the type (Li-Me-N). If the formation of these com-
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plexes does play an important role, the rate of penetration and

weight loss should decrease with the reduction in availability of

free nitrogen. Figure 25 shows a comparison of penetration

kinetics for the nitrogen saturated lithium and the titanium

gettered lithium tests at 800'C.  The reduction in the grain

boundary penetration rate verify that nitrogen is indeed associated

with the corrosion product.

Figure 26 shows the weight loss versus the square root of

time curve for the titanium gettered and ungettered lithium experi-
0ment at 800 C. A comparison of the two curves of Figure 26 reveals

that gettering the lithium reduces the amount of weight lost by

the 304L stainless steel samples and eliminates the secondary non-

uniform attack. This change in the severity of corrosion, with

respect to weight loss measurements, is consistent with the reduc-

tion in grain boundary penetration rate for the titanium gettered

system. This again infers that nitrogen plays an important role

in the corrosion behavior of type 304L stainless steel in liquid

lithium.

--
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SECTION V

- NITROGEN ANALYSIS-FOR-LIQUID LITHIUM     -

Nitrogen is an important impuritf that affects the corrosion

behavior of 304L stainless steel in liquid lithium. The analysis

of nitrogen concentrations is important in lithium corrosion

studies.

Ward et al. (44) used a modified Kjeldahl procedure to

analyze nitride nitrogen in sodium.  The same procedure, modi-

fied for lithium, is used to determine the lithium nitride con-

centration of lithium.

The entire procedure will be carried out in a dry box' to pre-

vent the interference of oxygen and foreign nitrogen to the

determinations.

The following simplified procedure will be followed:

1) Dissolve the lithium sample in water,

2) Distill mixture into a receiver flask containing boric

acid,

3) Titrate the boric acid solution with hydrochloric acid

to the endpoint.

Ammonia is produced when lithium nitride is dissolved in

water. The ammonia is flushed from the reaction vessel during

the distillation process and is absorbed by the boric acid.  The

boric acid solution is titrated to an acid endpoint with hydro-

chloric acid. The experimental arrangement is illustrated in

-        figure 27. The following reactions take place in the process:
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1) Li3N + 3H20 = NH3 + 3LiOH  (dissolving)

Li + H20 = LiOH + 1/2 H2

2) NH3 + H3803 = NH4+ + H2803-  (absorption)

3) H2803 + H+ = H3803 (titration)

The nitrogen content is equal to the amount of hydrochloric

acid required to reach the endpoint.

Standard samples of ammonium chloride were run through the

procedure with an average sample recovery of 98.2%. Nitride

nitrogen concentrations as low as 50 ppm can be determined with
e

the equipment presently in use.

.

i
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SECTION VI

THE INFLUENCE OF CHROMIUM ON THE GRAIN BOUNDARY

PENETRATION BEHAVIOR OF Fe-Cr ALLOYS IN LIQUID LITHIUM

The investigation of the penetration kinetics on a series of

Fe-Cr alloys is·being prepared. From thi.s investigation the role of

chromium on the corrosion behavior is to be better understood. The

activation energy as a function of amount of chromium is to be

determined.  These high purity alloys were most generously pre-

pared by Dr. Robert Reed of the Oak Ridge National Laboratories.

These alloys are presently being rolled into sheets in our

mechanical forming facility.  Also, grain growth kinetics are being

determined so that all the worked alloys will be recrystallized and

grown to constant grain size for the lithium penetration of the

grain boundaries.

The furnace has been built and temperature control and mon-

itoring equipment-has been assembled and tested.  A pure iron

crucible which will contain chromium saturated lithium has been

fabricated.  Lithium penetration runs will begin after the speci-

men preparation has been perfected. The nitrogen concentration

of the liquid lithium during these tests will be analyzed.

1.-

1

:
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SECTION VII

INTERACTION OF STRESSES AND LIQUID LITHIUM CORRCSION

Grain boundary penetration of high purity iron by liquid

lithium was determined as a function of stress, temperature and

time. This was correlated with creep of high purity iron in

liquid lithium to form a model for penetration. The activation

energies for penetration and creep were essentially the same.

They were nearly equal to a previously measured activation energy

for self diffusion in alpha iron.

At all temperatures and stresses penetration was found to be

directly proportional to deformation. The combination of tempera-

ture, stress and time used to obtain a given amount of total plas-

tic deformation had no effect on the penetration.

A theoretical model was developed based on creep dontrolling

penetration.  The deformation process is responsible for succes-

sively breaking the surface film at the grain boundary tip, thus

exposing bare metal to react with the liquid lithium.

Because the corrosion behavior of stainless steel in liquid

lithium exhibits such a difference in the stressed and the un-

' stressed condition, it is essential to gain a better understanding

of the interactions of stresses on the corrosion mechanisms since

' liquid lithium containers will experience a wide variety of

5         stress conditions.

1            '

i__ _
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EXPERIMENTAL PROCEDURES

The corrosive medium used in this experiment was a high purity

lithium (99.9% pure). Armco electrolytic iron was the material

used in this investigation.  Composition of this iron is shown in

Table III. All of the metal that comes into contact with the

lithium was made from this high purity iron. This was done to

avoid any dissimilar metal effects that might disturb the corro-

sion rate. The iron specimens were heat treated to achieve a

uniform microstructure.

A controlled inert gas atmosphere was used during this inves-

tigation as described in Section I.

The furnace controller used was a Barber-Coleman model 402

on-off controller. Once equilibrium had been established the con-

troller was capable of maintaining a temperature within i2'C.  The

electrical furnace (figure 28) was designed using Lindberg heating

elements, model 3712-SP. This furnace was designed so that it

could carry a load enabling stress corrosion experiments to be

made without having to build an external stressing system.

Two thermocouples were used in this experiment. The control-

ling thermocouple was placed in a protected position just outside

the liner and next to the heating elements. The measuring thermo-

couple was periodically placed between the external crucible wall

and the liner, less than 1 cm from the liquid lithium bath.

The specimens were threaded at both ends. The bottom of the

tensile specimens were screwed into a cylindrical piece that was

inserted into the keyhole arrangement in the bottom holder. This

1

t

t.
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TABLE III

Maximum Impurity Composition (in wt. %) for

the Corrosion Tensile Specimens

Element Maximum Weight %

C.                                 '  .01

Mn .07

P                     .008

S                      .02

Si .02

Al .05

Ti .03

\

e

1
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    allowed for easy insertion and removal of the specimen.
The two types of tensile specimens were machined from the

.625 cm diameter iron rod (figure 29 a) . The tapered specimens were

used so that for one given time and temperature penetration can be

measured as a function of stress.

The specimen was placed in the bottom holder and liquid lith-

ium was added to the desired depth. The furnace was heated up to

the desired temperature. The crucible was then put into the

furnace and the load was applied when the equilibrium .temperature

had been established. At the end of the test the load was removed

and the specimen was allowed to furnace cool.

The load was applied outside of the glove box. A mechanical

pass-through was used to transfer the load through the box with-

out allowing any gas to flow out or in. This seal caused some

friction on the stressing mechanism which was then measured on a

tensile machine. The friction force on the pass-through was

found to be 4.45 newtons which was subtracted from the applied

load before a stress on the specimen was calculated.

Metallography. Penetration was measured optically after pol-

ishing and then etching in 8% H3PO 4 at room temperature for ten

minutes.

RESULTS AND ANALYSIS

All of the stress corrosion tests showed that the lithium

penetration of iron had occurred only along the grain boundaries.

Penetration as a function of stress is shown in figure 29b. The

--        data on each curve is from one tapered specimen. Each data point
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is the average of thirteen measurements. From this figure the

following conclusions can be made: (1) an increase in tensile

stress increases penetration; (2) after an initial transient con-

dition this increase in penetration appears to be linear with the

increase in stress; and (3) penetration increases with an

increase in time.

Figure 30 shows penetration plotted as a function of the
l

square root of time. Previous work on unstressed iron specimens

in lithium indicated that penetration was proportional to time4

(45).

From figure 30 penetration is of the form x = /EE + c where

k and c are constants. The constants k and c are both functions

of stress and temperature. The constant k is the more physically

meaningful of the two for it is a measure of the actual penetra-

tion rate while c deals more with initial transient conditions.

Unstressed penetration has been found to be thermally acti-

vated (46,47). This possibility was investigated for the stressed

specimens and the Arrhenius plot (figure 31) shows the result.

This plot provides a linear relationship between ln(k) and 1/T at

lower temperatures. In this lower temperature region k can there-

fore be defined  as  k  =  C exp (-Q/RT) . The break in slope in figure

31 at approximately 650'C suggests some kind of mechanism change

at this point.

An increase in stress increased the rate of penetration.

Figure 32 shows the stress dependence of the rate coefficient k.

The rate coefficient increases as the stress increases. The
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scatter in the data is too great to determine quantitatively how

k depends on stress. From figures 31 and 32 it can be seen that

k is much more dependent on temperature than it is on stress.

The ·constant c is the extrapolation of the penetration-time4
)

lines to zero time. It has been found to be less than zero in

unstressed lithium corrosion studies. This corresponds to there

being a delay time before any penetration occurs.

In this experiment delay times were not always observed. For

many stresses an extrapolation of the penetration-time4 lines

would imply some penetration at zero time. Figure 33 shows the

effect of stress and temperature on the square root of the "appar-

ent delay time."  For all temperatures an increase in stress

decreased the apparent delay time. The effect of stress on the

apparent delay time is greater at lower temperatures. The appar-

ent delay time reaches a maximum value of 645'C.  This is in

contrast to the results in unstressed specimens where the apparent

delay time reaches a minimum, not maximum, at an intermediate

temperature (46,47).

Creep measurements were made from both the tapered and the

untapered specimens. In both cases it was measured as percent

reduction from the original area. For the tapered specimens creep

could only be measured at the point of the smallest diameter before

and after the test.

Only limited creep data was taken so as to verify or refute

Parkins (48) theory that creep controls penetration.  Figure 34

shows creep as a function of stress and temperature. Three point
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0
,creep curves were. done for the two lower temperatures.  At 565 C

the original deformation of the specimen was found to zero.
.

In view of the limited data, all of the creep rates were

measured   as an average   over the entire length·  of   the   test.      To

get an average rate the total deformation was divided by the total

time.  This leads to some error in the measure of the creep rates.

The general shape of the creep curves appear to be the same.

Therefore this error should be consistent throughout all of the

creep rate measurements and should not change creep rates rela-

tive to each other.

Increasing the temperature increased the creep rate. Figure

35 shows an attempt to match the creep rate data to the traditional

formulation, E=c exp(-Q/RT). The data gives a curve with two

distinct regions.  The break in the curve occurs at approximately

6500C.

The two lower temperature creep tests show that the rate of

creep is decreasing with time.

In figure 36 creep as a function of stress for constant times

  at 565'C was plotted.  For any given time an increase in stress

increased the total deformation (which in turn demands that the

rate of creep increases with stress to allow for the more highly 9

stressed specimen to have deformed more in the same time period).

1 The rate of increase of deformation decreased with an increase in

stress.

1

DISCUSSION OF RESULTS
-

An examination of the penetration and creep data reveals many

i similarities. The penetration rate ane creep rate both decrease

j--.
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.

vi'     with time and both increase with stress and temperature. Both

penetration and creep are thermally activated processes.

The lower temperature activation energy for penetration was

measured at 59 kcal/mole and the activation energy for creep was

60 kcal/mole. The fact that these two activation energies are

nearly the same suggests that penetration and creep are controlled

by the same process or that one of them controls the other.  The

break in the Arrhenius plots at the same temperature suggests

again that they reflect the same controlling process.

The apparent negative delay times are a result of two compet-

ing transient processes. For the temperature range used in this

investigation the delay time that would result from the chemical

reactions at the interface would decrease with an increase in tem-

perature (46,47). This delay time would, however, always remain

positive.
t

The other transient condition is that of creep. As stress

I increases so does the deformation level at which steady state

creep begins. An extrapolation of these steady state creep curves

back to zero deformation would intersect the time4 axis at nega-

tive values. The higher the stress the more negative these appar-

ent delay times would be. e

The analysis leading to the Arrhenius plot for penetration

(figure 31) was based on a diffusion model. This was done

because penetration was found to have parabolic time dependence.

The activation energy for self-diffusion in high purity

alpha iron has been measured and found to be 57.3 kcal/mole (49).

This suggests two conclusions. First, the fact that penetration
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and self-diffusion have nearly the same activation energy suggests

that penetration is controlled by self-diffusion of the iron.

Secondly, the fact that the activation energy for diffusion and

creep are essentially the same suggests that the system is in

high temperature creep (50,51) (see figure 34).  Dislocation

climb is generally considered to be the controlling mechanism for

this high temperature creep (50,51).

The measured activation energy for creep of 60 kcal/mole

compares reasonably well with creep activation energies measured

by others.  This indicates that the mechanism fot creep does not

change when the medium does. The creep rate of iron in lithium

is faster than for iron in other mediums. Based on an equation

E = C exp(-Q/RT), Q is independent of the medium but C is not.

Maksimovich (52) and Popovich (53) state that this is because the

lithium removes any film that might exist on the surface of the

grains. This allows the dislocations to escape rather than pile

up at the surface, allowing deformation to occur easier and thus,

faster.

The close correlation between the Arrhenius plots of pene-

tration and creep implies that there may be a direct relationship

between penetration and total deformation.

From these Arrhenius plots of penetration rate and creep rate

the following equations were assumed:

at a constant de
time dt  =  Cl  exp (-Qc/RT) (34)

dx
dt = (2 exp(-Qx/RT) (35)
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1..i
.Since Qc = Qx, then:

de dx
dt 3:E

= exp(-Q/RT) = (36)C                       C
1                          2

dx de            C2
Therefore,  dE = C dE where C = Cl

. (37)

The rate of penetration should be proportional to the rate of

deformation.  Since the total amounts of deformation and peneira-

tion are more easily measured than their rates, both sides of

equation (37) are multiplied by dt and integrated giving:

x=C e+C' (where C' is a constant). (38)

Figure 37 shows this to be true. Total penetration is proportional

to total deformation.

This derivation is based on conditions of constant stress,

time, and temperature. Figure 27 suggests that this equation is

even m6re general than that. Penetration is proportional to

strain for any combination of stress, time, and temperature.

The penetration behavior was shown to be of the form:

X= ,/KE + c. The Arrhenius plot of figure 31 shows that k =

Cl exp(-Q/RT) and figure 32 shows that k is also a function of

I stress. Overall this gives:

x =·Cl exp (-Q/2RT) t4 +C                                    .

1                                                                                                                                                                                                    2

with Cl a function of stress.  Since deformation is proportional

:
to penetration from equation (5) creep can therefore be represented

1         by:

e= (3 exp(-Q/2RT) t4 + (4

where C3 is a function of stress.

l                                                  '

i

b-
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This representation for creep agrees with the experimental

data in figure 34 which shows that the creep rate decreases with

time. This agrees with a parabolic representation for primary

creep as represented by Garafalo (50).  Garafa16 states that

within the temperature range .2 to .7 T/Tm primary creep can be

described by e = e  + tm, where m has been found to vary in dif-

ferent systems from .03 to 1.

PROPOSED MODEL

Any proposed model has got to explain the apparent change in

creep and penetration mechanisms that occur at approximately 650'C

(see figures 31 and 35).

A change in mechanism in unstressed corrosion of high purity

iron in liquid lithium has been found in this same temperature

range (45).  Popovich (45) found that penetration of·iron above

600'C was significantly less than at lower temperatures.  He

stated that the controlling reaction in penetration was:

2 Fe3C + 2 Li + Li2C2 + 6 Fe.

Above 650'C Fe3C is more stable than Li2C2 causing the penetration

i to decrease. Popovich (45) stated that since penetration still

occurs above 650'C some other, slower, but as yet unknown reaction

then controls penetration.

The following is then the proposed model. At lower tempera-
-

tures the reaction describing penetration is the iron carbide-lithium

carbide reaction. As this reaction proceeds a corrosion product

forms between the iron and the lithium. This would tend to slow

; down penetration from the initial faster penetration during the
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·initial transient conditions. Creep accelerates penetration by

breaking the film at the grain boundary tip, exposing bare metal

to the lithium.  As the creep continues to break the surface film

penetration can proceed relatively rapidly.

Self-diffusion of iron, which controls creep, in turn con-

trols penetration. At higher temperatures the iron creeps faster,        -

allowing iron and lithium to come into contact more frequently.

Penetration above 650'C occurs by some other, slower, reac-

tion.  Now this chemical reaction, rather than the creep rate, is

the controlling step in the process. This would explain the

break in the penetration Arrhenius plot.

The creep rate at high temperatures is less than would be

predicted from the lower temperature data. It is suggested that

this can be attributed to a depletion of carbon in the system.

Garafalo (50) and Sherby and Burke (51) show that a decrease in

the carbon content decreases the self-diffusion of iron which in

turn would decrease the creep rate.

The carbon content could be reduced by a combination of two

methods. This first is by reacting directly with the lithium to

form Li2(2.  The reaction 2C + 2 Li + Li2C2 still has a negative

free energy at the temperatures used in this system.

At higher temperatures the carbon could just diffuse out of

the iron. Impurities diffusing out of the system has been used

to explain a penetration decrease at high temperatures in other

  systems (47,52).

From Garofalo's work (50) it can be seen that carbon impuri-

1 ties affect D( but not Q.  Therefore the correct representation

1
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of the creep Arrhenius plot is.probably figure 38. At higher

temperatures the carbon content is decreased, thereby decreasing

the pre-exponential factor D  (and with it the creep rate), but

not changing the activation energy.

One other mechanism by which the pre-exponential factor D0

might,be decreased without affecting the activation energy is by

a change in the character of the corrosion product that forms at

,the surface. A different penetration reaction will probably

change the composition of the corrosion product. The new corro-

sion product might not allow dislocation escape at the surface

as easily as did the lower temperature one. This would increase

resistance to deformation, thus slowing the creep rate without

changing the activation energy for creep.

CONCLUSIONS

The most important conclusions to be drawn from this inves-

tigation are as follows:

1) Penetration of stressed iron by lithium is intergranular
15

and the penetration distance is proportional to time .

2) An increase in stress increases penetration for any given

time. An increase in stress also increases the penetration time.

3) Penetration and creep are thermally activated processes

with the same activation energy for temperatures below 650'C.

They can be described by an equation of the form rate = C exp(-Q/RT).

4) A change in penetratiod and creep mechanism occurs at

i         approximately 650'C, which has been attributed to a shift in
-

1         equilibrium .for the reaction

1

--I ... ...                                                 -----
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2 Fe3C + 2 Li + Li2C2 + 6 Fe.
5) The activation energy for penetration and Qreep was shown

to  be   essentially   the   same   as for self-diffusion of alpha   iron.

6) A linear relationship between total penetration and total

deformation was found independent of the temperature and stress

combination used to get this deformation.

7) A model for penetration of stressed iron by lithium was

proposed. It was based on creep controlling the penetration at

lower temperatures by breaking the surface film at the grain

boundary tip allowing bare metal to be exposed directly to the

lithium.
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SECTION VIII

GRAIN BOUNDARY PENETRATION STUDY ON A HETEROGENEOUS MATERIAL

This investigation was concerned with the nature of penetra-

tion in the heat affected zone of the weldment. The heat affected

zone is very heterogeneous in nature with a spectrum of different

microstructures due to various thermal histories experienced by

the weldment as a function of position. The heat affected zone

has been a concern to intergranular corrosion (weld decay) preveh-

tion in a number of corrosive environments.

The grain boundary penetration by lithium was investigated

for stainless steel 304 weldments. Reproducible weldments (power,

travel speed, etc.) were produced for this investigation. Three

specimens were investigated at different temperatures for a series

of annealing times.  Even though the penetration as a function of

position in the heat affected zone was found substantial, it was

also found to be very erratic and non-reproducible. With such

preliminary results this project was postponed and will be

5         attempted again when penetration behavior is better understood

in homogeneous (constant grain size and thermal history) specimens.

This work did illustrate the extra sensitivity of weldments to

lithium penetration and corrosion.
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SECTION IX

THE GRAIN BOUNDARY GROOVING KINETICS

OF PURE IRON IN LIQUID LITHIUM

A mechanistic determination of the mass transport phenomena

associated with the grooving of a pure iron grain boundary

annealed in nitrogen saturated liquid lithium was determined.

The thermal grooving investigation was confined to the tempera-

ture range of 600 to 800'C.  The corrosion or mass transport mech-

anism was obtained using·Mullin's (54) analysis and found to be

volume diffusion. The apparent activation energy and the volume

diffusion coefficients could not be associated with those of iron

self-diffusion, however, the magnitude of the activation energy           '

and the magnitude of the diffusion coefficients were consistent

for th6se reported for liquid metal systems  (55) .

EXPERIMENTAL PROCEDURE

Pure iron specimens were annealed in a reducing atmosphere

prior to the corrosion test to grow alpha-iron grains large enough

for interference microscopy measurements. Following the heat
.

treatment a specimen was ground flat and polished. By grinding

and polishing the specimen flat the equilibrium condition for the

2         grain boundary was perturbed. The experimental conditions for

 

this investigation were the same as those stated in Section I.

1         Approximately four hours prior to the start of a test the furnace

 
was turned on and allowed to reach an equilibrium condition at

I
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the test temperature. The sample was then suspended in the central

region of the liquid lithium for a predetermined period of time.

At the end of. this time interval the specimen was removed from the

lithium and placed on a large copper plate.  This procedure was

adopted to eliminate any cool-down effects. The specimen was then

cleaned of any lithium on the surface by submersion into water at

room temperature and then examined. Following the initial time

interval certain grain boundaries were marked so that after each

interval of time the same grain boundary would be examined. The

examination was conducted by using an interference microscope with

a 35mm Leitz camera attachment so that the grain boundaries of

interest could be photographed. After the film was developed and

groove widths measured the sample was again submerged in the lith-

ium. The above procedure was repeated until sufficient data had

been obtained for each temperature of interest.

DISCUSSION AND RESULTS

Mullin's analysis (54) of grain boundary grooving kinetics

relates the groove width (figure 39) as function of timel/n where
'

n indicates the principle mechanism for grain boundary grooving.

Mullin's adalysis (54) suggests three possible values of n; these

are 4, 3, or 2. The principle mechanism for each of these values

is interfacial diffusion, volume diffusion, or evaporation conden-

sation. A plot of log width versus log time (figure 40) was con-

structed and the principle mechanism was determined to be volume

diffusion. For volume diffusion the relationship between groove

1/3width and time is w = 5.0(C't) , where w is the groove width,

.

L_
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t is time of exposure to the corrosive median, and C' = Dvn 2YC /kT.

The rate coefficient was found by plotting width versus timel/3
(figure 41) and from the rate coefficients the diffusion coeffi-

cients were calculated.. An Arrhenius plot (figure 42) was made

to determine the activation energy. The activation energy was

found to be approximately 18 Kcal/mole which indicates the mass

transport is through the lithium and not through the iron because

the activation energy for self-diffusion of iron in iron has been

reported to be 57.3 Kcal/mole (49). Two possible paths were then

considered; mass transport through the liquid or mass transport

through a corrosion product. The low value for the apparent

activation energy and high values for the diffusion coefficients

suggest diffusion of the iron through the liquid lithium as

the controlling mechanism.

The solid iron-liquid lithium interfacial energy was deter-

mined by measuring the groove angle and using a reported (56)
2

iron grain boundary energy of 780 erg/cm . This interfacial

energy was found to be approximately 400 erg/cm2.

CONCLUSIONS

1) The principle mechanism for grain boundary grooving of

pure iron in nitrogen saturated liquid lithium is iron diffusion

in the liquid lithium.

2) The apparent activation energy for grain boundary grooving

of pure iron in liquid lithiud is 18 Kcal/mole.

3) The corrosion product is proposed to be of the nature of

Fe-N-Li.

L                                                                                                                     FA
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4) The iron-liquid lithium interfacial energy was found to

be approximately 400 ergs/cm2.

 11.11
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EFFORT

Each principal investigator has spent, considering both the

summer and academic year levels of effort, approximately 20% of

his time on the liquid lithium corrosion project. Six graduate

students are or have been working 50% of their time on the pro-

ject. During this contract year four students will have received

M. S. degrees based on this work.  The project has supported 34

graduate research assistants and 24 graduate assistants are receiv-

ing their support from the Colorado School of Mines as teaching

assistantships. This level of effort will continue during the

remainder of the current term·of the contract.
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