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ON THfs KINETICS QF 'J2E ALUMINUM-WATER REACTION DURING 
EXPOSURE IN HIGH-BAT-FLUX TEST LOOPS 

I. A COMPUTER PROGRAM FUR OXIDATION CALCULATIONS'~ 

R. E. Pawel 

ABSTRACT 

The "Griess Correlation," in which the thickness of the 
corrosion product on aluminum alloy surfaces is expresed as a 
function of time and temperature for high-flux-reactor eon- 
ditions, was rewritten in the farm of a simple, general rate 
equation. Based on this equation, a computer program that 
calculates oxide-layer thickness for any given time-temperature 
transient was written. 

INTRODUCTION 

The High Flux Isotope Reactor (HFIR) Project supported a,uminum 

corrosion testing at the Oak Ridge National Laboratory in the early 

1960s. A water loop was constructed in which aluminum specimens were 

exposed under conditions o f  high heat flux [up to -6 MW/m2 

(-2 x lo6 Btu/h.ft*)] and water velocity [up to -15 m/s (-50 ft/s)]. 

The advantages of using pH-5 water with aluminum were examined in 

this loop, and the corrosion behavior of several alloys under con- 

sideration f o r  HFIR fuel plates was investigated.'-4 
Measurements (calculated from temperature changes) of the 

thickness of the oxide film on the aluminum-alloy specimens as func- 

tions of time and temperature at the water-oxide interface were 

included in the collected data. 

there were no observable effects of flow rate from 9 to 15 n/s and of 

Within the scatter of the data, 

'?Research sponsored by the Division of Materials Sciences, U.S. 
Department of Energy under Contract DE-AC05-840R21400 with the Martin 
Marietta Energy Systems, Inc. 
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heat flux from 3 to 6 MW/m2 (other thax? the influence o f  heat flux on the 

specimen temperature). 

to pH-5 with nitric acid led to less oxide formation than that found for 

high-purity water. The three principal alloys tested (1100, 6061, and 

XSOOl) showed substantially the same? corrosion behavior; less-extensive 

tests on several other experimental allays showed similar results. 

On the other hand, it was clear that water brought 

Preliminary data analyses frum short-duration tests indicated that 

in nearly all cases the rate of oxide growth was approximately constant 

during a run at constant heat flux, water temperatu~e, and water velocity, 

although the specimen temperature and average oxide temperature generally 

increased substantially. 

surprising from several standpoints, including the anticipated effect of 

the observed temperature changes i n  the oxide and the possible erosion--- 

dissolution o f  part of the sxidc into the water. On the other hand, the 

temperature of thc oxide at the oxide-water interface was presumed 

constant during an experiment, and the correlation of the oxide growth 

rate with this temperature was a reasonable one. Later experiments, 

carried out for longer times and over a wider range o f  surface tem- 

peratures, jnd icat rd that the oxide growth rate was not constant but 

actually decreased with exposure time. Thus, all of the data were reexam- 

ined and correlated@ on the basis of the empirical equation 

The almost-constant r a t e  of oxidc thickening was 

x = 443 0 0 . 7 7 8  exp(-46OO/K) , 

where 

X = thickness of oxide film, mils (SI units were not i n  use at that 

time) ; 

0 = time, h;  

K = absolute temperature of the oxide at the oxide-water interface, #. 

The GI-iess Correlation [Eq. (l)] is currently used to describe the growth 

of oxide (boehmite) on several aluminum alloys in pH--5 water under the 



previously described conditions. 

water, the first coefficient in Eq. (1) was 1200 rather than 4 4 3 .  

For reaction in high-purity deionized 

Griess et al.' suggested that in order to calculate the oxide 

thickness under conditions where the oxide-water interface temperature 

changed with time, or where a film was present at tb.e start of the 

experiment, a calculation scheme based on "equivalent times" be used in 

conjunction with E q .  (1). While somewhat cumbersome, the technique gave 

acceptable results for several experimental measurements. 

COMPUTERIZING THE GRIESS CORRELATION 

Primarily to take advantage of computerized computations to describe 

oxide growth fo r  any known time-temperature excursion based on the pre- 

vious data set, we chose a slightly different kinetic model and wrote the 

first version of a computer code to accomplish these calculations. 

It is often convenient to express the kinetics of a heterogeneous 

reaction, such as the growth Qf an oxide film on a metal, by a simple, 

general rate equation such as 

dQ,/dt = k / P  , 

where 

Q, = instantaneous thickness of the film, 
t = time, 
k = rate constant, 

n = a number that depends on the particular mechanism of film growth. 

For example, for n = 0, the rate of oxide growth is independent of the 

oxide thickness and, therefore, is constant at a given temperature. 

Similarly, if n = 1, the rate of growth is inversely proportional to the 

oxide thickness, and integration of the equation leads directly to the 

parabolic rate law. The mechanistic influence on the exponent is clear, 

and in many cases where complex reaction mechanisms dominate, n will not 

be an integer or will change with time as the reaction proceeds. 
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The rate constant k is commonly described by am Arrhenius 

relati onship: 

k = A exp(-Q/RT) , 

A = preexponential term, appropriate units; 

Q = activation energy, J/mol; 

R = gas constant, 8.314 J/rnol*K; 

T = absolute temperature, X. 

Therefore, if a specimen undergoes isothermal oxidation, the thickness Qf 

the reaction product I$, as a function of time, is given by the integration 

of E q .  (2): 

( 4 )  (I = [(n + l)A exp(-Q/RT)t] l/n+l . 

It is clear t ha t  the form of Eq. ( 4 )  is sustantially identical to that of 

Eq. (I), and the appropriate esnstaiits in Eq. ( 4 )  can be evaluated. For 

example, for 4, in micrometers and t. in hours, the constants are n = 8.28535, 
28535/h (1.9612 x l o 3  mils'-28535 / h ) ,  and 

that 

A = 1.2538 x 10' pm' 

Q = 49,157 J / m o l ,  so 

gPrn = 1.2157 (5) 

A convenient way to calculate the oxide thickness for any known time- 

temperature transient i s  to divide the transient into small time inere- 

ments and calculate sequentially the oxide thickness at the end of each 

time increment. Eqilation (2)  can be integrated to give 

whe PI e 

= oxide thickness at beginning of the time increment, 

a 2  = oxide thickness at end of the time increment, 

At = time increment. 
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A computer program was written in BASIC language for use with the PDP-10 
or a personal computer system. 

the program as end points defining a series ~f linear segments. 

increments may be specified according to the kind of transient and the 

sensitivity desired, and the results are tabulated at specified time 

intervals. 

The time-temperature transient is input to 

Time 

Several tests of the program indicate that it is performing correctly 

from a mathematical standpoint. In addition, the calculated changes in 

the specimen temperatures and rate of temperature increases produced by 

the stepwise changes in cooling water temperature discussed by 

Griess et a1 . 
Various inputs and outputs for this program can be easily modified, 

including variations in the kinetic model or changes in the parameters of 

the reaction rate constant, if and when they become necessary. 

of the program and two sample outputs are listed in the Appendix. 

were essentially reproduced using the present procedure I 

One version 
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2REM 
3REM 
4REM 
5REM 
6fiEM 
7h'EM 

9REM 
lOREM 
l l R E M  
12REM 
13REt4 
14REM 
15REM 
16REM 
17REM 
18REM 
1 ?REM 
20f;EM 
21REM 
22REM 
23REM 
24HEM 
25KEM 

a R w  

' r t irs  F : ~ R ~ I C ~ R A H  ACCEPTS LINEAR SEGMENT INPUT FOR TIME-TEMPERATURE 

KINETIC PARA METERS^ i .Rr : t i  IMVING A ~ ~ N O W N  ARRHENII .IS  (OF: a T H w  i 
EXCUf;SI(lt.IS ANU CALCULA'TES THE COIi'HESF'ONTlLt4G LiEHAUIOR OF- TWO 

TEMF'ERA'flJRE DEPENDENCE: 01.: TCIEIfl ISOTHERMAL RATE CONSTANTS 
(PARABOLIC; OR 0TtIEFtWI:SE) + I N P U T  I N F O  AND RUN e 

. . . . . . . . . . . . . . . . . . . . . . . . . .  
AI=F'REEXF'UNENIIAL TERM, NO. 1. **$**INPUT H O U R S / D E G  Cb**** 

A2=F;'IIEEXPONEN'T I A L  TEF<M I NE) * 2.  $X***OUTF'UT MICRONS$**** . 

. . . . . . . . . . . . . . . . . . . . . . . . . .  
R l = A C T I V A T I O N  ENERGY, N O .  1 .  

R2-RC:TIVATION ENf:l<l:iY~ NU. 2 .  

ARRkIENIt lS TEMPERATLIRE DEF'ENLIENCES k.C)fii * * T W l ) $ *  K I N E T I C  
PARAMETERS ARE INF'IJT I N  LlNES 26 -- 29 I N  FORM !SHOWN THERE, 

. . . . . . . . 
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Ce ad0 F O R  t i l =  T(N2)  d. 23 TO T(N2+1) STEP 23 
551 CLOCK MECHANISM 

56 lREM 
570 Z9=F(N21 t R(N2)XCltZ3 - Z3*R(N2)/2 
571 ’ THERMQHETER MECHANISM 
580REM Z9 IS AVG TEMP O F  EACH INCREMENT 
981REH 

60OKl=AltEXP(-C41/(8,314*Z8)) 
610 K2=A2LEXP(-a2/(8.314$28)) 

560KEH ti1 IS TIME Ar END OF EACH INCREMENT 

590 Z8=Z9+273*15 

620 X 1 = ~ X l n ~ N P f l ~ t ~ N B t l ~ ~ ~ l X Z 3 ~ ~ ~ l / ~ N 9 t l ~ ~  
630 X2=(X2n(N9+l)t(N9+1)*~~tZ~)”(l/~N9+l)) 
640 IF C2<>Z4/23 THEN 680 
65OREM NUMERATOR IN 712 IS TIME INTERVAL FOR PRINT-QUTe 
651REM 
660FRINT USING 5009 Hl?Z9tZ3XR(U2)/29XlrX2 
670 C2=0 
680 Cl=Cltl 
690 C2=C2+1 
700 NEXT H1 
710 NEXT N2 
720 IF C2=1 THEN 740 
730PRINT USING 5 0 0 ~  HlrZ9+Z31R(N2)/2rX19X2 
740 ENll 

READY 



JCFRT6 13:55 36-Jlll..--87 

FEAh TEMP. = 185 DEG. C. 
T I M E  INC, FOR I N r E G R A T I O N  0.25 HKS* 
EXCURSION aIWIDEIl I N T O  1 SEGMENTS. 

N 0,28535 l/(l+N) = 0.778 
HATE CONST 1. = 125380 *EXF(-  49157 / A T )  CF'M=51 
RATE CONST 2 ,  = 451330 XEXF'(-  49157 / A T )  CPH=5.4-73 

RATE CONSTANT U N I T S  = t(HlCRBNS)^( 1.23535 ) l / C W O U R J  

TIEaE 
I4KS. 
***k***** 

0.06 
50 + 00 
100.00 
158.00 
200 00 
250.00 
300 QQ 
350.00 

TEMF 
D E G *  C 
*****t*%* 
165 0 
167.9 
170.7 
173.6 
176.4 
179.3 
182.1 
185. o 

% * K I N E T I C  F'AKAMETER INVEGRAlIDNS** 
S P E C I F I E D  W T E  CONSTANTS 

t*MXCRONS** 
RATE CONST 1. RATE CONST '2. 

t**tt****lt**** ********t*****S 
0.000 0.000 

18 + 248 6.737 
11.958 32 390 
16.971 45.970 
21 e981 59.541 
27.079 73.351 . 

32.321 87 550 
102 245 37 + 746 

T I M E :  1.11 SECS, 

R E A D Y  
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PEAK TEMP, = 175 IIEG. C. 
T I M E  I N C .  FOR INTEGRATION = 0.25 HRS. 
EXCURSION [IIVIDEEI INTO 1 SEGMENTS. 

N = 0.28535 lJ(1tN) = 0.77R 
RATE CONST 1, = 125380 XEXP(-  49157 IRT) EPH=57 
RATE CQNST 2. = 451330 FEXF'(- 49157 IRT) EPH25.4-71 

Fi'ATE CONSTANT UNITS = C(MXCRONS)^( 1,28535 )J/L-Ma3URl 

TIME 
HRS ********* 

0.00 
50.00' 
100.00 
150.00 
200.00 

300 6 00 
350 * 00 

250 b 00 

TEMP 
DEGI c ********* 
175.0 
175 0 
175.0 
175.0 
175.0 
175.0 
175 0 
175 + 0 

**KINETIC PARAMETER XNTEGRATHONS*# 
SPECIFIED RATE CONSTANTS 

**MICRONS** 
RATE CQNST 1, RATE CONST 2 .  *************** *********t***** 

0 6 000 
8 228 

0 000 
22 t 287 

14,109 38+217 
19,341 52.390 
24 + 192 65.531 
28 6 779 77.954 

37 394) 101 e279 
33 164 a9 ~ 3 3  

T I M E :  1.12 SECS. 

READY 
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