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RELIABILITY AND DURABILITY STUDY OF A THERMAL RECEIVER UTILIZING
ASI TYPE 316 STAINLESS STEEL IN CONTACT WITH MOLIEN ALUMINUM

John D. Webb and Steven L. Pohlman
Solar Energy Research Institute
1617 Cole Blvd.

Golden, CO 80401

ABSTRACT

Compatibility of ASI Type 316 stainless
steel with molten aluminum was studied to
determine probable lifetimes of unprotected
steel components exposed to the liquid alu-
minum used for heat transfer and storage in
a solar receiver supplied as a part of a
commercial dish/electric solar generator.
Steel samples immersed in molten aluminum
showed rapid growth of hemispherical pits
accompanied by an exponential increase in
weight loss with time. A simple geometric
model for the pitting process was developed
that correlated well with the data collect-
ed on weight loss. Using this model, rate
constants for the dissolution process were
determined at 978, 1033, 1088, 1144, and
1200 K, and an activation energy of
17.5 kcal mole * was calculated.

An expression for the rate constant was de-
veloped enabling use of the pitting model
to predict failure time envelopes for steel
recelver components at a given tempera-
ture. Maximum lifetimes of the steam coil
and wall were predicted to be 94 and
172 hours at 978 K, respectively. Mean
predicted lifetimes and lifetimes predicted
at higher temperature were oshorter. The
model accurately predicted actual lifetimes
of field and laboratory tested components.

.Since failure of the steam coil could lead
to a receiver wall failure and cause un-
controlled and possibly violent release of
molten aluminum, a recommendation was made
that such receivers be operated only at
temperarures well below the melting point
of aluminum.

1. _INTRODUCTION

Point~-focus distributed solar concentrators
normally employ a cavity-type recelver
mounted at the focus of a parabolic reflec-—
tor. The recelver was designed to operate
at temperatures up to 1255 K in order to
deliver hlgh-pressure stcam to a turboelec-—
tric generator.

MASTER

Figure 1 1s a cross-sectional view of a
typical receiver. The steam coil and the
receiver walls ' were constructed of
ASI Type 316 stainless steel. The cavity
is fabricated from Inconel™ 600 alloy. So-
lar radiation focused by the reflector into
this cavity heats the primary heat-transfer
fluid, which, in turn, heats the steam
coil. )

‘Aluminum has been suggested as a good heat~
transfer and storage medium for such solar
receivers because of its high heat of fu- -
sion, high thermal conductivity, relatively
low melting point, and availability. How—
ever, because iron and ferrous alloys are
extremely soluble in molten alumi-
num (1,2,3), the reliability . of such re-
ceivers at temperatures above the melting
point of aluminum was questioned. Work by
Ueda et al. (4) showed that at 973 K, steel
dissolution 18 controlled by convective
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Fig. 1. Cross-sectional diagram of receiver
tested’
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dissolution of iron into the molten alumi-
num, although at higher temperatures mass
transfer or chemical reactions in the FeAl
compound layer may be rate-controlling. If
the chemical dissolution reaction con-
trolled the rate of subsidence of the steel
recelver surfaces, failure could be quite
rapid and, under steam prassure, could pre-
sent a serious safety hazard (5,6).

The goals of this study were to assess the
rate and mechanism of attack of molten alu-
minum on Type 316 stainless steel; to pre-—
dict useful lifetimes for the steel compo-
nents of the receiver under exposure to
molten aluminum through study of the tem—
perature dependence of the attack rate; and
to compare these predictions to data gath-
ered from actual receiver tests.

2. PROCEDURE

The experimental work consisted of evaluat-
ing the resistance of Type 316 steel sam~
ples to molten aluminum as well as simulat-
'ed and actual field testing of receiver-as-
semblies. The steel samples were prepared
as 25-mm square wafers 3 mm thick to simu-
late the receiver walls, or as U-bends,
2,5 cm I.D., of 0.635 cm (0.0) tubing to
simulate the recelver steam coil., The wall
thickness of the tested tubing was
0.124 cm; that of the tubing used in the
- receivers was 0.165 cm. The samples were
weighted and then partially immersed in
molten aluminum contained in aluminum cru-
cibles placed in a muffle furnace. Expo-
sure time and temperature were varied to
yield data for the mechanistic and kinetic
calculations. The samples were cleaned af-
ter testing by alternate immersion in
strong NaOH and dilute HCl solutions, and
reweighed to determine mass loss.

The [Llrsc test saries was conducted to de-
termine the effect of wafer surface polish-
ing on the initial attack rate. For this
series, one side and ocne edge of three pul-
ished and three unpolished wafers were ex-
posed to 30 g of molten aluminum at 1200 K
for 0.50 hour. .

The purpose of Test Series II was to deter-
wine the attack mechanism. - One side and
one edge of six polished wafers were
exposed to 30 g of molten aluminum at 927 X
for 1,16, 2,00, 2.92, and 4.09 hours. An
attempt to remove the last two samples af-
.ter 20 hour exposure was made, but the mass
in these crucibles had solidified at 927 K.

Test Series 111 was performed to determine
the temperature dependence of the attack
rate. Pairs of polished wafers were ex—-
posed to 30 g of molten aluminum at 978,
1033, 1088, 1144, and 1200 K for
5.50 hours.

A fourth test series was performed to de-
termine the effect of surface geometry on
the attack mechanism. The curved portions
of two tubing bends, as described above,
were immersed in 100 g of molten aluminum
at 978 X for  20.50 and  29.00 hours,
respectively.

A limited failure analysis of actual hard-
ware also was performed. To assess the ex-
tent of aluminum damage to a recelver
field-tested on the point focus solar con-
centrator, 1 g samples were taken from two

locations in a 2.7 kg solidified aluminum’

melt that leaked from the receiver during
testing. The leak occurred at a weld fail-
ure in the receiver wall at the end of the
second of two 3-hour test periods during
which the temperature was maintained at
978 K. These samples were analyzed for
iron content by means of atomic absorption

spectrophotometry. A sample of cut
aluminum similar to that wused in the
experimental series was also analyzed to

provide a baseline.

As a parallel test, a direct assessment of
dissolution damage was made through a visu-
al 1inspection of a receiver

subassembly

tested between 6 and 12 hours at 1088 K. .

This hardware was tested in a diffusion

furnace.

3, DISCUSSION OF EXPERIMENTAL RESULTS AND
CORRELATION WITH MODEL ATTACK MECHANISM

Inspection of the steel test samples re-
vealed that they were rapidly attacked by
the molten aluminum. The extent of the
damage was not evident until crystalline
grey deposits observed at the iron-aluminum
interface were washed off the cooled sam-~
ples. The rapid dissolution of the depos-
its in the caustic wash, accompanied by
rapid evolution of hydrogen gas, 1indicated
that the deposits wevre high in aluminum and’
probably were similar to the iron-aluminum
interfacial alloys described by Ueda
et al. (6).

After removal of the alloy layer from the
Test Series I coupons, small pits were ob-
served on all exposed surfaces. No signif-

" icant difference in initial weight loss be-

tween the polished and unpolished coupons
was noted. All square coupons used ln sub-
sequént tests were polished.

In Test Series I1I, coupons were exposed to
molten aluminum at 1200 K for wup to
4 hours. Pitting was observed on all sam~
ples tested in this series. The pits were
barely noticeable near the edges of the
sample exposed for 1.16 hours. At
4,09 hours, the pits had nearly penetrated
the 3-mm thick sample, In this test se-
ries, only one side and vue edge ware ex-
posed to the aluminum.



Close {inspection of the attacked samples
revealed that the pits were roughly hemi-
spherical, especially during the early
stages of attack, and that virtually no at-
tack occurred between pits. These observa-
tions 1indicate the presence of discrete
initiation sites for attack on the steel
surface.

Results of Test Series III indicate that
the ‘rate of attack was strongly dependent
on temperature. Evidently, the resistance
of the interfaclal boundary layer to diffu-~
sion was negligible, and the rate of steel
dissolution was controlled only by tempera-
ture and by the area available for
attack (7). The dissolution model devel=~
oped by Webb et al. (8), correlating the
growth of n spherical pits to total sample
weight loss, therefore, was applicable to
the data collected.

wT1/3 a n1/3 Kzt . (1)

Data on weight loss for the Series II wa-
fers dissolved at constant temperature in
molten aluminum were fit to the above equa-
tion by per ing a linear r ression. A
value for nfffﬁk of 0.278 g 38 was de-
termined from this set of data. This re-
sult was used to generate the sample weight
loss curve that appears as Fig. 2. The
exactness of fit 1s a strong indication of
the validity of the pitting model when ap-
plied to predict initial attack rates.

To obtain an exact value for Kz, values for
n were obtained by a visual count of initi-
ation sites on the various types of sample
surfaces. A summary of these results is
given in Table 1.

B Wr=n(K,T)3
n=93
s 12| K,=0.0815
g G" Hr
g
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Time at 1200°K, Hr

Flz. 2. Tit of pitting rate model to steel
coupon weight loss data {(correlation coeffi-
cient of linearized data =« 0.99)
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Table 1. INITIATION SITE DENSITY FOR .
. VARIOUS SURFACE TYPES

_Steel Surface Type Site Density, n en 2
Polished, flat - 10.5
Outer surface, close " 24,0
return tubing bend
Machine-cut edge . 36.0

These results, and the weight-loss data
gathered from Test Series 11 and III, were

" used in Eq. 1 to determine K, at 978, 1033,

1088, 1144, and 1200 K. Figure 3 18 an
Arrhenius plot of the ordered pairs' (1/T,
ln Ky), where T 1is temperature in Kelvin.
From the intercept and slope of this line,
the’ valuef fot the pre—exponential factor
A, 82.2 g /3 1nd the activation energy
E, 17.5 kcal mole , In the Arrhenius ex-
pression for the rate constant K, were ob-
tatned. The value of 17.5 kcal mole™! is

.consistent with other values reported (7)

for chemically controlled reactions at a
solid/liquid metal interface, *

A general expression for K, -can thus be
written:

Ky = 82.2 exp~17,500/RT (g1/3 p-1) (2)

Much of the scatter in the points plotted
in Fig. 3 can probably be attributed to the
fairly large vartiations in the number of
attack sites (n) on the individual test
samples. However, the correlation coeffi-
cient for the fit s quite high, a strong
indication that the assumption of linearity
is correct. Solutions for Eq. 2 at the
test temperatures are presented in Table 2.

The confidence 1limits for K; presented
above can be used to estimate the failure
eavelope for various steel receiver compo-

" nents. A conservative assumption that

failure occurs as a result of unidirection-
al attack when pit depth r equals component
thickness x was made. The equation giving
the depth of a single pit (7) is:

r= Kzt[J/(pr)]i/3 (3)

where .0 1s the density of the solute “in.
gn cm™?. Substituting x for F in Eq. 3,
and solving for t, which is now the esti-
mated time to fallure of a steel component
immersed in molten aluminum, gives the fol-
lowing result:

t = x{[3/(2mp) ]1/3 gy }! (%)

Solutions of this equation using the values
for in Table 2 above are presented in
Table 3. These solutions represent the es-
timated failure envelope of each receiver
component tested. Actual failure times



found in Test Series IV and in tests of ac-
tual receiver modules are presented for
comparison. Correlation between actual and
predicted failure times was generally

good. In the receiver modules tested, pit-

ting attack occurred only on the. steel
surfaces. The Iaconel™ 600 surfaces
exposed to molten aluminum showed uniform
attack., _Analysis of the aluminum leaked
from the receiver tested on the point-focus

reflector showed amounts of iron consistent

with model predictions based on the time
duration and temperature for which the test
was conducted and the area and type of the
internal steel surfaces of the recelver.

~§
30} 9 K=Ae -B/RT
-35¢ a
¥" )
= o o
40}
45 °
A=82.2 G" Hr
sol E=17.5 kcal/Mole .

0.80 0.85 0.90 0.95 1.00 1.05

I/T ( °K), x 100

Fig. 3. Arrhenius plot showing dependence of
the pitting rate constant K, on temperature
(correlation coefficient = 0.89)

4. CONCLUSIONS

From the results presented above, 1t was
concluded that aluminum—filled steel re-
celvers are not safe to operate above the
melting point of the aluminum heat-transfer

- medium. At tempaeratures slightly above the '
melting point of aluminum, dissolution is -

predicted to cause the receiver to fail.
within 100 operating hours. Mean tiwe to
failure will be much less. The calculated
activation enewigy is moderately high
(17.5 kcal mole™ '), and therefore each 55 K
increase in operating temperature over the
range 978-1200 K reduces predicted compo-
nent lifetimes by about 40%. The accuracy
of the model in predicting actual faillure
events reinforces these conclusions.

Since the growth of individual pits pro-
ceeds regardless of the number of attack
sites present, it 1s considered unlikely by
the authors that any coating will be found
which would givé complete protection over
the wide variations in temperature encoun-
tered during receiver operation. There~
fore, it is recommended that this type of
recelver be operated only at Llewperaturco
helow the melting point of aluminum.
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Table 2. DISSOLUTION -RATE CONSTANTS PREDICTED BY REGRESSION ANALYSIS
AS A FUNCTION OF TEMPERATURE, WITH 954 CONFIDENCE LIMITS

Temperature Pref}gtegle Upper Confidence Lower Confidence
‘ (x) &3l Linit of K, Linit of K,
978 (1300°F) 1.00 x 1072 2.31 x 1072 4,47 x 1073
1033 (1400°F) 1.61 x 1072 3.47 x 1072 7.45 x 1073
1088 (1500°F) 2,47 x 1072 5.23 x 1072 1.18 x 1072
1144 (1600°F) 3.69 x 1072 : 7.81 x 1072 - 1.74 x 1072
1200 (1700°F) 5.28 x 1072 : 1.13 x 107! 2.47 x 1072

Table 3. FAILURE ENVELOPES FOR THREE STEEL RECEIVER CO“?OEENT'TYﬁﬁs'?EEEICTED AT THE 95% CONFIDENCE LEVEL

Failure Time (h)

Tubing?® Tubing? . Recelver Wall®
Temperature (K) . : Max. MNin. Mean Actual Max. Min. Mean Actual Max. Min. Mean Actual
978 (1300°F) 71 4 32 29 94 18 42 ) o 172 33 77 6d
1033 (1400°F) 43 9 20 57 12 26 103 22 48
1088 {(1500°F) 27 6 13 36 8 17 12 65 15 31
1144 (1600°F) 18 4 9 24 5 11 44 10 21
1200 (1700°F) 13 3 6 17 4 8 31 7 15

3As used in lab testing (Test Series IV); wall thickness = 0.124 cm
As used in the recelver; wall thickness = 0.165 cm

©Wall thickness = 0.3 cm

Failure appeared to be primarily stress-related.
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