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EFFECT OF HEAT FLUX ON THE CORROSION OF ALUMINUM BY WATER
PART I. EXPERIMENTAL EQUIPMENT AND
PRELIMINARY TEST RESULTS

J. C. Griess, H. C. Savage, T. H. Mauney, and J. L. English

ABSTRACT

An experiment designed to determine the effect of heat
flux on the corrosion of 1100 aluminum by water under condi-
tions simulating those that will exist in the High-Flux
Isotope Reactor has been carried out. The passage of an
a-c current through the test spec1men hedted the spec1men,
and a flow of water from a bypass line of\a pump loop pro-
vided cooling. Water flowing at 33 fps entered a coolant
channel in the specimen at 155°F and was heated to 192°F on
passing through the specimen. Heat fluxes of O. 50 x 10%® and
1.62-x.10° Btu/hr-ft? on different parts of thé ‘Specimen
were constant during the 10-day test. The formation of
adherent corrosion products on the coolsfif Surfaces.resylted
w&ug_alummm_gempwmm@,aswthe_ test progressed..
During the 10-day test the maximum temperature increase
occurred at the coolant outlet and amounted to 189°F. In
this region an adherent, nearly transparent, ¢orrosion-
product layer about O. OO?,;n. thick formed; the aluminum.
was penetrated to a depth of 0.007 in., 0.005 in. of which
was intergranular in nature.

The results of this test indicate that the temperature
of the aluminum cladding on the fuel elements of the High-
Flux Isotope Reactor will be higher than calculated, assuming
clean aluminum surfaces, and that the extent of corrosion
must be reduced either by the addition of inhibitors to the
water or by the use of an alloy more corrosion resistant
than 1100 aluminum.

INTRODUCTION
The corrosion of aluminum and its alloys in water has been exten-~
sively investigated, and many papers concerning their corrosion resist-
ance appear in the literature.!”™® However, only a few studies have been

reported on -the effect of heat flux on the corrosion of aluminum in
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aqueous systems.®’7 From the existing data it'appears‘that the major
effect of heat flux on the corrosion of aluminum ié to raise the surface
temperature, which causes an increase in corrosion rate. As corrosién
proceeds, the formation of a surface layer of corrosion products of low
thermal conductivity results in an additional. increase in the aluminum
temperature and a further increase in corrosion rate.

Aluminum~-cled fuel eléments have been used successfully for years
in water-cooled research reactors, but in these cases the water tempera-
ture and heat flux are so low that the surface temperature of the aluminum
remains relatively low, end corrosion is not a major problem. At very
high heat fluxes, even with low coclant temperature, the surface tempera-~
ture of the aluminum can become high enough so that corrosion cen be of
major concern. Such high heat fluxes will exist in the High-Flux Isotope
Reactor which is currently being designed at Oak Ridge National Lsboratory.
The High-Flux.Isotope Reactor has as its objective the production of
transplutonium elements. A preliminary design report has been written,8
and the reader is referred to this report for design details. For the
purpose of this report it is sufficient to note that thin fuel plates
with a 0.010-~in. clad of aluminum will be used and that heat fluxes as
high as 1.5 x 10° Btu/hrft® will exist. The fuel will consist of a
uranium-aluminum alloy and/or a dispersion of UsOg in aluminum. The
coolant channels between the plates will be 0.050 in. The water will
enter the reactor core at 120°F and will leave at 190°F at a flow rate
of 40 fps. Considering hot-spot and hot-channel factors, and assuming
no- corrosion products on the aluminum, a maximum surface temperature of

588°FAis calculated. Because of the high power density, each reactor
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fuel loading will laet QpLy 10 days, and as. a result corrosion_rates”J
muchvhigher than could be considered in reseerch or power reactors can
be tolerated.

In a reactor utilizing thinvfuel‘plates with higb‘heat fluxes and
highfveloeity water flowing past them, the mechanical strength of the
plates bee0mes avprebiem, This fact is especially true with aluqinum,
which has low strength even at room temperature and which loses its
strength rapidly as the temperature increases. For example, the yield
strengthvof,lloo aluminum is nominally 5000 psi et room temperature and
only 2000 psi at 500°F. Thus, apart froﬁ corrosion, it is necessary to.
know the tempereture of_the fuei plates for design purposes.

It islthe purpose of this report to describe the equipment used po
conduct experiments on the effect of heat flux on the corrosion of alumi-
num and to present the results of the first test. Obviously no complete
discgssion on the effect of heat transfer on corrosion can be made on
the besis of one test, but the preliminary results appear significant

enough to justify presentation at this time.

TEST EQUIPMENT AND CONDITIONS

The determination of the effect of heat flux on the corrosioh of a
material requires a means of supplying heat to the test material and a |
means of confinuouélyeréMOvinglthe heat. Fer the test described Here,
an electric current was passed fhfough the teet specimen to generete
heat, and a conventional teet loop wasvused te provide a flow of ‘cooling
‘water for heat removal. The alﬁminum test speeimen, which contained aA
coolant channel, was mounted in a bypass line of a pﬁmp loop, and water

flowing through the channel removed the heat. The test equipment was




e
designed so that‘corrosion cduid be studied at heat fluxes of at least
1.5 x 10° Btu/hr-ft2.

The following sections describe the equipment and test conditions.
While these conditions are specific_for the test described here, it
should be noted that the equipment is cépable of operation over wide
ranges of specimen heat fluxééwéﬁa caolaht‘teﬁperature, pressure, and
fléw rates.,

Test Specimén

A photograph of the corrosion test specimen and diagrams of-its
cross=sectional areas are shown'in Fig. 1. The over-all length of the
specimen was 8.5 in.; a l-in. length at each end was used to weld the
specimen to the electrodes, leaving a heated length of 6.5 in. The
dimensions of the rectangular-shaped coolant channel were 0.500 in. by
0.650 in. The 0.0SO-in.'dimension was designed to be the same as that
of_fhe cooling channel bétween fuel plates in the High~Flux Isotope
Reéctor. Due toiimproper fit of the backup plates (described later),
internal pressure expanded the channel gap to 0.058 in. during the test.
The cross~sectional metal area of the 6.5-in.-long heated portion was
designed so that 80% of the total electric-resistance heat would be gen-
erated in the 0.100-in.~thick x 0.300-in.-wide center sections and 20%
in the 0.025-in.=-thick side sections. With these dimensions the ratio
of heat flux across the surface under the 0.100-in.-thick surface to
that under the 0.025-in.-thick surface is 3.3. The heating load was
distributed in this manner to prevent burnout at the extremities of the
fléw channel wheré it was expected that heat-transfer coefficients

might be low,
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Aluminum rod stock of type 1100 aluminum was used to fabricate the
initial specimen. The chemical composition of the aluminum used is

shown in Table 1.

Table 1. Chemical Composition of the

“Aluminum Test Specimens

Element: Cr Cu Fe Mg Ni Si Sn Al

Wt % - <0.05  0.11%  0.50% <0.,01 <0.02 0.1 <0.02 >99

% Chemically determined; others spectrographically determined.

Afterjﬁhéfrod was bored and reamed to dimensions suitable for final shap-
ing, it was amnealed for 1 hr at 650°F. The approximate dimensions of
the fléw channel were obtained by pressing the tube onto a mandrel, and
the finél dimensions were obtained by drawing a sizing die through the
test fiéce. The specimen was then machined to-providefﬁhe 0.025=in,~
thick %ebs on each side. After forming, the specimén was degreased in
acetone. No other cleaning operations were performed. |

The aluminum test specimen was welded into the massive électrodes
as shown in Fig. 2. The large electrodes were necessary.both for the
attacﬁment of the power leads and to make leak-tight connections to
flanges in the loop bypass line. Four stay bolts rigidly supported the
electrodes. After‘the specimen was welded to the electrodes, 12 thermo-
couples were spot-welded to the outer surface of the‘specimen so that
temperatures along theilength could be measured during the test (see

Fig. 6 for thermocouple locations).
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With the thermocouples attached, close-fitting Mycalex (bonded mica -
and glass) pieces, which provided eleétrical and thermal insulation, were
- Pplaced around the specimgn. Stainléss steel backur plates were bolted
around the Mycalex‘so thgt internal pressures és.hiéh as lOOO_psi could
be used with the relativelyrthin aluminum test speqimén. Details of the )
complete test assémbl& éré ;hOWﬁrih.Fié; 3.

Electrical resistancé'of'the 6.5-in.-long heated portion of the
specimen between the electrbdes”wés»l.lb x 10" * ohm (room temperature),

a value which compares fa&orably with the design value of 1.00 x 10™* ohm.
It was calculated that the-résistance,of‘the test pieéé.would increase
sufficiently, at an assumed averaéé_aluminum temperature of 170°C during
operation, to pfoduce the desired hest flux when 10,000 emps of current
were passed through the specimen.

The metal cross-sectional ares of the specimen was 5.20 x 10 % £t2
(1.16 x 107% £t2 for the 0.100-in.-thick center section and 1.04 x 107* £t®
for the 0.025-in.-thick»edges). Corresponding cooling surface aresa for
the 6.5-in.-long heated portion was 0.0496 ft2, of which 0.0271 £t2 was
under the fhick high-heat-flux section and 0.0225 £t2 was under the
edges (low heat flux)..

Electrical Power Supply

A water-cooled transformer, with taps for step;wise adjustment
of output, was used to supply approximately 10,000 amps of a-c current
for specimen heating. At 10,000 amps current flow, and for the resist-
ance of the specimen at an estimated average temperature of 170°C,

16.0 kw of heat would be generated in the test specimen; this is equiva-

lent to 55,000 Btu/hr. Resultant heat fluxes across the water-cooled




-INSULATING BUSHINGS

ELECTRODES—\ /MICA INSULATION

STAY BOLT7

__"__.—..IIEHB ELECTRICAL
- Aep - /—INSULATION
FLANGE T H 5 d} o o ::’—‘—‘--‘W
: -:—_——_=-_J SEEEETE gm—— -
— :-—:—:—::I Rt St —=\i—= m
CW%?ELR:NO?JT' :::-_:' O O (P O Ol =====--& SV%C%IE:QN&

TEST SPECIMEN—/ \—BACK.UP PLATES .

Top View
(No Scalel

B

BACKUP

PLATES N\

FLOW CHANNEL

_—TEST SPECIMEN

MYCALEX THERMAL
AND ELECTRICAL
INSULATION

Ej— .

Section at A-A
A (Full Size)

Fig. 3. Sketch of Complete Test Apparatus Assembly.




~10-

heat-transfer surface were calculated to be .approximately 1.6 x 10° Btu/hre
ft2 for the center section and approximately 0.50 x 10° Btu/hr«ft? for the
edges.

Pump4Lobp

The pump loop in which the test}specimen aésembly was installed was f
designed for_operétion at tempérétﬁres to EOO;C'énd éressﬁfes to 1500 psi,
Temperature and pressure of the coolant can be inéividualiy contrblled,
4as can the flow rate of fhe coolantAthrough the‘specimen. The system
bressure was regulated.b& meahs of.a letdown valve and feed pump. Coolant
flow through the test section was controlled by a throttling valve, and
an indicator-recorder'continubusly monitors this flow rate. In this tesﬁ
a 0.1%-gph byﬁass stream from the loop was cooled and passed through a
mixed-bed ion excﬁanger to control the coolant-water purity. The loop
is also eqﬁipped with sampling_stations so that representative samplés
of the water may be removed from the main loop stream and from the dis=-
charge of  the ion-exchange column.

Figure 4 is a schematié diagram of the puﬁp loop, and Fig. 5 is a
photograph of the test assembly as installed in the loop bypass line.

The loop is constructed tﬁroughout of type 347 stainless steel and
has a volume of 5.8 gal.‘ Stainlesé steel surface area exposed to the
circulating water is 15.5 ft2., In this test the total aluminum surface
area exposed to the watef was approximately 0.07 ftZ.

. Operation Procedure and Test éonditions

Aftéf the specimen was installed, the system was filled with dis-

tilled water and hydrostéticaily pressure-tested at 500 psi to verify

leak-tightness. The system pressure was adjusted to 300 psig by means
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of a high-pressure diaphragm feed pump and lgtdqwn véife,:ana the main -
, '_loop circulating pump was.turned.on. Then the flow ratg'ﬁhrbugh the teét
specimen was.adjusted by mgans of‘the‘regulating velve. Water:let déwn
ermitﬁe lbqplﬁa$ cooled and routed to a stainless steel tank, from which
it was returned to the loop by means of the feed pump.- Thié-tank.was~
continuously sparged-with nitrbgen to redﬁce the dissolved oxygen éonteﬁt 
of the water. | |

After thé loop operating temperatufe was reached and after the cdﬁ-;
ductivity and pH of . the watef indiéafed fha£ the water purity was Saﬁis;~'
Zfactory, the power‘$upply to the test specimen was turned on. Becauéé'
of minor adjustménts requifed on the loop and power-supply circuit'ini:

- this initial e#periment, some 2 hr ﬁere requirea before steady-staté‘
. temperatures were:readhéd.in the loop main streaﬁ and in the test>
”¥specimen. ' _

Throughou£ thé coursé of fhe_zho-hr run the inlef and outlet temper-
atures of the coo;ant Watér and the temperatures on the oﬁtsidé‘metéi'
surface of the test'SPecimen were contiﬁuousiy récorded. Samples of the
water were also'regulariyvremoved for examination.

Operéting cbnditions for this initial fest ere summarized in
‘TaBie 2. The test operation was continuous for 10 days (240 hr), Vhich
:4corresp9nds to the expecfed life of each fuel loading of the High-Flux?

" Isotope Reactor.
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Table 2. Sumary of Test Conditions
Flow Rate
Main loop stream « o « « o o o o o o o o & 80 gpm
Test-specimen .cooling’ channel el e e - 2.95 gpm (33 fps)
Letdown and feed « o« e . e ¢ o o ¢ o o o o - 0.26 gpm \ :
Ion-excha.n.ge COlUmIl ‘n ¢ o o o o o ¢ e e o ’ 0013 gpi\
Pressures , . .
Specimen inJ-et ¢ o e o s o s s e e s e .’ X 370"}4'20 pSia*
Pressure drop through specimen « « o o o o 25 psi
Temperatures ‘ :
LOOP L] . ] L] . L] L] . L] L] B ) . .. [ ] . L] L] L] L] N 155°F .
Specimen inlet cooling water « . « « o o . 155-157°F
Specimen outlet cooling water . « « . o . 191-193°F
Average cooling water At . o o o 4 o o .. 37°F
Heat Generation** o '
Specimen total o o 4 o6 o o o o o o e o o 55,000 Btu/hr (16 kw)
(190 x 106 Btu/hr-fts or 2.0 kw/cm®)
In 0.10-in.-thick center section . . . ~ Lk,000 Btu/hr
In 0.025-in.-thick edges « « « « '« « & 3_1_ 000 Btu/hr
Heat Flux
Flow-channel surface under _ : :
0.100~in.~thick section .« « « « o« o « & 1.62 x 10° Btu/hr-ft2
Flow-channel surface at edges
. o 0.50 x 10° Btu/hr.ft®

(OcO25"inu"thick Section) e o & o+ o

¥ The pressure remained constant during the run. An uncertainty in

the accuracy of the pressure gage is

the reason for the range.

¥¥% Total heat generated in the specimen as calculated from measurements
of current flow and voltage drop and that calculated from a heat
balence of the cooling water (flow rate and temperature use)

usually agreed to within +5%.
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RESULTS
Pertinent results were obtained both‘du¥inglthe course of the test
and upon examination of the specimen at the conclusioh of thé test. To
facilitate reporting of the data, the results are divided into two sec-
tions: (1) observations made during the test and (2)~postfun examinétion
of the test”specimen. |

Data Acquired During the Test

Specimen Temperature

Throughout the test the teﬁperatures at several locations on the
outside of the specimen were continuously recordéd. All thermocouples
that functioned'properly indicaﬁed that the temperature of the alﬁminum
increased as the test progressed.. Figure 6 shows fhe location of the
thermocouples on the 6utside surfacé of the séecimen. With the éxception
of thermocouples 3>ana 5, which were located on the thin seétion of the
aluminﬁm, all were étfached along fhe central axis of the specimen in
the region of,highlheat flux. Figures 7,18, and 9 show how the tempera-
ture at the thermocouple locations changed with time. Also shown on
Fig. 9 is the tempefature qf the inlet and outlet water'(thermocouples
1 and 2, respectively); Thermocourles-7 and 14 did not funcfion properly,
and their readings were not recorded. The teﬁpefatures blotfed are
thermocouple readingS‘taken from the multipoint recorder ét approximatély
h-nr intervals. 'The fluétuations in the curves appear to be fglated to
random changes in the electrical power input to the specimen, since the
changés Wére reflecfed in all thermocouples simultaneously. The curves
do not start from time zero because of difficulty at the start in loop

temperature control, and as a result the inlet cooling-wateritemperature
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varied during this peridd. As shown in Figs. 7, 8, and 9, all tempera-
tures after a fairly rapid initial rise continued to increase at a some-
what reduced constant rate for the duration of the test, except those
at thermocoﬁple locations 8 and 11 which appeared to level off at 504
and 561°F, respectively, near the end of the test.

Water Chemistry

Aliquots of the water circulating in the loop were removed periodi-
cally for pH and electrical conductivity determinations. Table 3 shows
the water quality at various times during the run. At the start of the
run the conductivity of the water-increased, but after about a day the
bypass ion exchanger hadldecreased the cohductiﬁity to near its original
" value; as the run progressed'thé cohductivity decreased still further.
Chemical analyses of the water were not made, and the reason for the

increased conductivity ét the start of the run is not known.

Table 3. Water Conditions During

the 10-Day Test

ngﬁi'ggogﬁn Conductivity oH
(hr) (micromhos)
0 1.6 6.3
6.5 4.3 7.0
7'5 306 702
23.8 1.5 T3
25.8 0.91" - 6.5
72.3 1.6 6.3
95.9 1.2 6.2
145.5 0.98 6.2
169.2 0.91 6.2
192.0 0.77 6.6
216.2 0.77 6.5
240.0 1.6 6.3
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Heat Balance

During tne.run the floﬁ rate.of water fhroagh the test piece, the-
inlet water tenperature,iand the outlet water temperature were recorded;
all remained essentialiy<constant'af 2.95 gpm, 155°F, and 192°F,
respcctively. At the start of the test the current through the test
piece was 9800 amp, and the voltage drop over the test section was
1.70 v. Daring the test there was a slight decrease in current and a
corresponding increase in voltage drop, (=Te) fhat the totsl power genera-
tion in the test section remained nearly conetant at 55,000 Btu/hr.ft?
(16 kw). Table U shows fhe.agreement between the measured electrical
input anq the water heat-balance determinations made during the run. The
_total heat generated in the test specimen was very close to the design
value. Considering the errors inherent in the measurements involved,
the agreement between the water and electrical heat balances was excel=-
lent, 1nd1cating that heat loss other than to the water was less than
5% of the total heat 1nput. With the particular geometry and coolant
surface area of the specimen, a heat input of 55,000 B‘tu/hr-f‘t2 corre-
sponded to a heat flux across the surface of the thicker.portion of the
specimen of 1.62 x 106 Btu/hr+ft? and to 0.50 x 10° Btu/hr-ft® across
the remainder of the surface. |

Specimen Examination

Change in Electrical Resistance

At tne‘conclusion of the run the test assembly was removed from the
loop and its electrical resistance was re-measnred. A value of
1.15 x 10 % ohm was obtained, compared with a value of 1.10 x 10" 4 ohm

at the beginning of the test. Whether this is a significant difference
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is not known, but an increase in electrical resistance would be expected

as a result of corrosion.

Table 4. Heat Generated in the Test Specimen as
Calculated from Electrical Input and from

Loop Heat: Balance -

Calculated Heat Input (Btu/hr)

Voltage

Time Current D .. From From

(hr) (amp) . (r§P .. Electrical ‘Heat
: v o Input Balance
L.l 9800° 1.70 56,900 55,400
29.1 9740 1.72 57,200 . - 5k,700
53.6 9620 1.71 56,100 54,200
78.2 9500 1.72 55,800 . 54,800
102.2 9520 1.74 56,500 54,500
126.0 9380 1.72 55,100 56,600
150.7 9520 1.80 58,500 23,300
17k.0 9LLo 1.81 58, 300 - 54,200
198.3 9L60 1.83 . 59,100 54,800
.225.2 9400 1.8 59,000 52,300

239.2 9340 1.82

58,000 54,700

Visual Examination

Aftér‘the electrodes were.cut frém the aluminum test section, the
edges were carefully milled off so that the test section could be opened
for examination of the coolant channel. Figure 10 is a photograph of |
the coolant channel showing theyappeaiance of the surface exposed to
the water. The locations df the thermocouples (éxcept Nos. 3 and 5,
which were located at mid-length on the thin low-heat-flux sectiohs) are
indicated on the photograph. The parallel marks, perpendicular to the
: lehgth of the specimen shown in Fig. 10, are the result of fabrication

and are not related to corrosion.
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- The interior surfaces of both halves of th¢ test section appeared
to be free of pxide except near the'outlet where some obvious attack or
"film-stripping” had occurred. As shown later, thg metallic appearance
was deceptive since this area did, in fact, contain a substantiel oxide
deposit. From the phqtograph it can be seen that the length of the region
showing the obvious attack is grééﬁer on>side A than on side B. Although
a direct comparison of the readings of'the thermocouples on opposite
sides cannot be made because of different thermocouple location, an
examination of Figs. 7, 8, and 9 shows that the temperatures were gener-
21ly higher on side A (containing thermocouples 11, 6, and 12), indicating
a higher heat flux on that-side; Side.A was slightly larger in cross
section than side B (see Table 5) and as a reSulf‘had a higher power
generation. g | |

The remainder‘of'the.surfaCé appearédvessénfially uhaffectea except
~ for some localizéd'pifﬁing,‘at least a pgrt of which was attributable to
the fabrication.pfodédﬁré;v“sﬁéli particles‘of an iron-containing alloy
seemed to have been emﬁedded‘iﬁ the surface during the forming operation;
during the test thesé particlesvcérroaed and left pits, in the bottoms
of which was a red deposit that was probably iron oxide.

Under microscopic examination it was apparent that all surfaces had
heen roughened and contained some tightly adherent, nearly transparent,
glassy oxide; the aress neéi the outlet (notter end that had a "film-
stripped" appearance) that had suffered the heaviest corrosion damage
contained a noﬁﬁniforﬁ; white oxide on top of a tightly adherent oxide.
Figure 11 is an enlarged photograﬁh of the surface near the outlét,

showing the irregular nature of the deposit at this location. Figure 12
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shows a similar enlargement of the surface directly under thermocouple k,
vhich was located nmid-way between ‘inlet and outlet. For coﬁparison,
Fig. 13 is a photograph of the surface of an unexposed test piece fabri-
cated in exactly ﬁhe same manner as the one tested. The surface appear-
- ance showm in‘Figf 12 was typical of all the surfaces éxcept that part
near the outlet. Tﬁé degreé of rbughening increased from inlet to outlet

as shown later (see Table 5).

Table 5. Thickness of Each Side of the Test
Piece and Surface Roughness at the

End of the Test

Distance from . ‘Surface
' Thickness (in.)
Outlet Side & Gide B loueimess¥
(in.) (pin.)
0  0.0990  0.0990 ND¥**
1/2 © 0.1015  0.0970 )
34 | 0.1020  0.0975 50'60_
11/6 - 0.1025 _ 30
2 0.1030 0.0970
21/2° 0.1032 0.0965
3 0.1035 = 0.0970 40
T 0.1039  0.0967
4 5/8 0.1038 0.0970 ~ ND¥**
6 ' 0.1025  0.0970 %0
61/2 0.1005  0.1000

* Root-mean=-square values over the length
indicated.

*% Not determined.
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Specimen Thickness and Surface Roughness

The thickness of each half of the specimen was measured at several
points glong the length, and surface roughness determinations were made
at several locatiéns. All measurements were made on the specimen in the
"as-removed" -condition. The surface roughness measurements were made
with a diamond $£yius'profilometer, calibrated to read roughness in root-
mean-square microinches. =~ Table 5 shows the results. Comparison of
columm 2 with column B'in Table 5 shows that side A was about 5% thicker
than side B, and since the power generation is directly proportional to
the cross section, the heat flux was approximately 5% greater on side A.
Thus the corrected heat fluxes during the test were 1.66 x 10° Btu/hr-ft?
on side A and 1.58 x 10® Btu/hr-ft® on side B, assuming no conduction
of heat to the thin, lower-temperature side sections. This fact probably
explains why side A was hotter and corroded to a gfeater extent than
side B.

Determination of Oxide Thickness

Half of the spécimen, side B, was cut into six pieces, each about
1 in. long, as shown in Fig. 1ll. After carefully removing burrs and
using steel wool to remove metal deposits at sites where thermocouples
had been attached, the thickness was determined with a micrometer at the
locations indicated on the sketch and each piece was weighed. The oxide
was then electrolytically removed® and the measurements were repeated.
Table 6 shows the tﬁickness of oxide as determined by each method. To
calculate the average oxide thickness from weight-éhange data, thelden-‘
sity of the aluminum oxide was assumed® to be 4 g/ecm®. The film thick-

nesses determined by the. two methods are not in close agreement. Some
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difference in thickness values would be éxpected between the tyo methods
because of the nonuniform nature of the surface deposit; however, the
magnitude of the difference was greater than expected. Although the
absolute‘vaers‘of film thickness as determined by the two methods dis-

agree, both methods show that oxide thickness increased from inlet to

exit.
Table 6. Thickness of Aluminum Oxide
on Side B of Test Specimen
Sneci Thickness of Aluminum Oxide (mils)
_Dpecimen By Micrometer Measurement By Weight Change
Designation g ' S £

Edge 1 Center Edge 2 Average for Specimen

1 2.0 3.0 1.5 0.70
2 1.5, 2.0 2.5 0.79
3 . 3.0 2.0 1.5 0.71
Lo 045 2.0 1.0 0.5k
5 1.5 1.5 1.0 0.51
6 1.0 1.5 0.5 0.34

A small amount of the cofrosion-producﬁsoxide was carefully scraped
from an unused portion‘of'the specimen and subjeéted to x-ray diffraction
examinatidﬁ. 0n1yva-A1203~H20, boehmite, was detected.l Since this is
the same oxide obse?ved on aluminum surfaces coiroded by high-temperature
water, the heat flux did not alter the composition of the corrosion
product. |

Metallographic Examination

The second half of the test section, side A, ﬁas sectioned at l-in.
intervals along its length, starting at 0.5 in. from the outlet end.

These sections were mounted in Bakelite, polished, and etched for
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metallbgraphic examination. Fighre 15 shows the type of attack observed

at a distance of 0.5 in. from thé outlet in the regioh of maximum attack
(see Fig. 10 for orientation). Intergranular attack to a depth of 0.005 in.
is clearly evident in the photomicrograph. Figure 16 shows the thtomicro-
graph of a similar section 1.5 in. from the outlet in the region where

the heavy attack had just started. In this region the depth of inter-
granular attack was only about 0.001 in.; slight surface roughening is

also apparent. At both lqcations_intergranular attack was found only in
the center region'df-thg specimen where the heat flux was highest; the

edge éurfaces ﬁﬁere tﬁé héat flux was_lower were compietely free of
localized attaékfflihé §tﬂef four sectionsléhowedfno‘evidence ofliﬁter-i
granular attabk{ regardlé§$,6f héat flux,.ana the surface roughneSé of

the metal was similar to thatlshown in Fig, 12, Thus only in tﬂe region
where "film-stripping" had occurred was there evidence of intergranular
attack.

In thevphotomicrographs shown in Figs. 15 and 16, the oxide on the
surface is not discernible because of the technique used in printing the
photomicrograph. However, the oxide on all surfaces is évident in
Fig. 17, which shows_cross-sectionél views at six different locations
along the length of the test piece on side A. The irregular oxide
thickﬁess 5nd fhe cracks and imperfections in.the_oxide‘are cleafly
visible. The general surface coﬁdition of the zluminum can also be.
seen.

On each of the six sections cut from side A, the diide thickness on
the surface was measured across tﬁe fﬁll 0.500-in. width of the specimen

in the following manner: Starting at one edge of the specimen, the
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microscope was'adjusted 80 phat.thé,diametersof the field of vision was ' -
1 mm; In this field the ﬁinimumAaﬁd méximum oxide thicknesses were
measured. The specimen was then moved so that the same measurements

were made in the next l-mm field and so on across the piece. Since the
width of the speéimeh was approximate;y 12 mm, 12 minimum and maximum
thicknesses were determined on each 6f the six cross sections. The

results are shown in Fig. 18, where fhe average maximum and average

minimum thicknesses are plotted against the distance from the outlet.

At each region ekamined,Athere.wefe no significant differences in oxide
thicknesses across the specimen,_although the heat flux on the edges was

1 0.50 x 10° Btu/hreft2, wﬁeréss‘that'in'the center was 1.66 x 105 Btu/hr«ft=.
Tnus at each location,thé fhickpéss of -oxide ﬁas independent of the heat

flux. This observation is in disagreement with the data reported in

..‘

_* Table 6, which shows theaokids*depdsit to.be thicker on the surface sub- )
jected to the higher héat flug;' It;is apparent from Fig. 17 that in -
most'cases'the area.éoversd’bY'the thickér.oxide is much greater thani
_that covered by the thin oxide so that an average oxide thickness would
not be an averaée'of tﬁe minimum and maximum values in Fig. 18 but would
' be much closer to the maximum curve, ~

| Because of the manner-of faﬁrication of the test section, weight-
loss daﬁa or absolute changes in thickness of aluminum could not be
: obtaiﬁed. Therefore a determination of the amount of aluminum oxidized
. per unit area could not be mads. From unreported isothermal data obtgined o
. by the authors,\it was estimated that the extent of uniforﬁ corrosion .
‘under the conditions of test would be 1 to 2 mils. From the above photo-

graphs it is apparent that intérgranular penetration amounted to a
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meximum of 5 mils. If 2 mils of general attack is added to the localized
attack, "7 mils is obtained as the best estimate of the maximum total pene-

tration of the aluminum during the 1l0O-day test.

DISCUSSION

The equlpment used in this experiment functloned well., ‘Temperatures
were ea51ly malntalned w1th1n +l to +2 F of the desired value, and varia-
tions in flow rates and pressure were negligible. As already shown, the
heat input to the test specimen was constant tithin about tE% during the
10-day test. The versatility designed into the system and the dsmonstrated
reliability indicate that the eguipment will be most useful in investi-_
gstlng the éffect of heat flux on the corrosion of aluminum or other
metals over wide ranges of variables.

The results of this first test indicate that the use of llOO aluminum
as cladding for fuel elements or for heat-transfer surfaces in general
caﬁ, undervcertain circumstances, lead to aluminum temperatures higher
than might norm@ll& be expected. Certainly the formation of an insulating
layer of corrosion products on the aluminum surface, as was observed in
this test, ﬁould produce an effective barrier to heat transfer and lsad
~ to increéséd aluminum temperatures. But how well the corrosion-product
layer would adhere and to what thickness it would grow was, and still is,
difficult to predicti In this particular test aluminum oxide increased
to a maximuﬁ thickness of about 0.002 in; It was interesting to ﬁote
that at the hotter end of the test spec1men the adherent oxide film may
have reached a llmltlng thickness since some rather loose ox1de was

present on top of the adherent oxide, and in this region there was
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at least an indication that the aluminum temperature was approaching sa.
steady-state.value.,

In view of the temperature of the aluminum and the‘”film—stripped”
appearance of both sides near the exit, a guestion might be raised as to
whether or not boiling contributed to the "stripping."” The highest
temperatures recorded on the outside of the sPeclmen were 561°F on
side A (themocouple 11) and 50L4°F on side B (thermocouple 8). ‘The cal-
culated temperature drop through the aluminum was 51°F for side B and
57°F for side A, the difference being due to slightly different thick-
nesses and heat fluxes on the two sides. Thus, if water could penetrate
the oiide through cracks or pores, it would come in contactbwith aluminum
at 56&5F on side A and 453°F on side E. The_saturation pressures corre-
sponding to these temperatures are 705 psia and 436 psra, respectively.
Since.the pressure at the exit of the test specimen was constant hetween
BHE and 395 psia (uncertainty in accuracy of pressure gage), it is pos—
sible that boiling could have occurred if water penetrated to the
‘alumlnum - alumlnum ox1de interface during the latter stages of the
test and that boiling might have influenced the stripping. Future |
experiments will be conducted to see if "film-stripping"” is related to
boiling. o | |

Only in the ”fllm-strlpped” region did the aluminum show ev1dence
of 1ntergranular attack. The presence of thls type of attack was un-~
expected, since the highest possible temperature of the alumlnum in
contact with water was 50h°F (at thermocouple ll) Several unreported
isothermal tests conducted st 500°F during whlch 1100 alumlnum was

exposed to water at flow rates of 20 to 65 fps for lO-day perlods
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indicated no intérgranulériéttéck. Why the aluminum suffered intergranu-

lar attack in this test where the time in contact with 500°F water was' :
only 2 to 3 days and whether this attack was attributable to an effect ,{
of heat flux cannot be answered at this time.

If it is assumed that the amount of oxide on the surface of the
aluminum at\the start of the.teét was insignificant, it is-poésible to
calculate & tempersture for any point on the test specimen., These calcu=-
lations were carried out for each of the thermocouple locations, and the
calculated temperatures are compared with the observed temperatures in
Teble T« The water film coefficient at each location was calculated by
means of the Sieder-Tate equation, and the temperature drop through the
metal was calculated considering uniform heat generaﬁion throughout the
metal and heat removal from oﬁe side.

The agreement between calculated and observed temperatures is good,
except at thermocouple locations 3 and 5 which were in the area of low .-
heat flux (thin edges). Apparently the reason the temperatures at these
~ locations were substantially higher than calculated was because of the
conduction of heat from the adjoining high-temperature region. Thus the
heat flux on the thin cross section may have been éomewhat higher than
calculated and that on the 0.100-in.-thick section, somewhat lower.

In the present test the specimen had been used during calibration
of the loop and electrical system prior to the beginning of the test
durinnghich time some corrosion products undoubtedly formed on the
aluminum. This fact coulq have caused the measured temperatures to be
higher than those calculated on the assumption that the aluminum surface o

was free of oxide.
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Table 7. Comparison of Calculated-and Observed
Temperatures on the Outside of the Aluminum
Test Spec1men at the Beginning

“of the Test
Thermbcbu 1e Calculafed* Observed
Numberp o Temperature Temperature
.' e R (°F) - | (OE)
R o
12 . ..o 3500 0 338
13 - . 345 . 336
w0 . 345 o 340
L - - .. 349 -34S
6 354 - 360
9 354 347
b o 3%6 0 *
8 355 | 368
3 213 257
5 213 266

* The calculated temperatures take into
- account the slight. variation in wall
thickness and consequently heat flux
between the two sides.

*¥% Not measured.

The therﬁal~cohduétivity.of the oxide film may be calculated from-
the measﬁred dxidé ﬁhiékneés’and the #emperature increase during fhe_teSt.
Table 8 shows the'thermai cdhduc£ivity.values obtained at the three
thermocouple locatlons on side A, u51ng both the minimum and maximum
oxide thlcknesses determlned metallographlcally (Flg. 18) and the temper-
ature rise observed durlng the lO—day test (Fig. 7). Using the minimum
oxide thickngss of Fig.'ls, values renging between 0.5 and 1.0 Btu/hr.ft2.
°F/ft are obfainedj using'the maximum'oxide thickness, values between
1.4 and 2.4 are obtained. The feliability of these values may be subject

to question; but the values are of the order of maegnitude expected.
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Teble 8. Thermal Conductivity of the Corrosion-Product
Oxide Celculated from Temperéture.Difference Across

the Oxide and Measured Oxide Thicknesses -

Measured : .. . ‘Thermal Conductivity
Theﬁﬁgggiple Temperature (°F) '(fg) ﬁ:;di (ﬁilsi* (Btu/hr.ft2.°F/ft)
Tnitial Final A ne Max. Min.
11 3718 567 189 1.9 0.7 1.k 0.5
6 360 L9 109 1.8 1.0 2.3 1.3
12 _ 338 . 388 50 0.9 O.k 2.4 1.0
¥ Taken from the upper curve in Fig. 18;
*% Taken from the lower curve in Fig. 18.
Although the results of only one teétvare.always subject to question, .,
the data obtained under conditions simulating those proposed for the fuel .

region of the High-Flux Isotope‘Reactorlindicate that the corrosion of

1100 aluminum is severe and that undesirably high temperatures can be

expected in the fuel elements unless some means can be found to reduce

the quantity of oxide formed'én the heat-transfer surface. Since the

quantity of oxide formed is proportional to the corrosion of aluminum,

inhibiting the corrosion of aluminum should result in a decrease invmetal .
temperature. TFuture tests wili be concerned with determining the effec-

tiveness of inhibitors compatible with the rest of the High~Flux Isotope

Reaétor system and with a detérmination'OT the corrosion resistance of £

other aluminum alloys. ' : o .
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