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COREST: A FORTRAN COMPUTER PROGRAM TO ANALYZE
PARALINEAR OXIDATION BEHAVIOR AND ITS APPLICATION
TO CHROMIC OXIDE FORMING ALLOYS
by Charles A. Barrett and Alden F. Presler

Lewis Research Center

SUMMARY

A FORTRAN program termed '"COREST'' has been developed for analyzing para-
linear oxidation. It is based on the mass-balance expression AW (net sample weight
change) = W.- W, . The W, (specific weight of the retained oxide) and Wi (specific
weight of the metal consumed) values can be generated independently as a function of
time from a minimal amount of input weight change data, assuming that the type of oxide
which forms is known. The Wm value is critical in corrosion. It is always increas-
ingly greater with time in paralinear oxidation than in parabolic oxidation with the same
parabolic scaling constant.

This technique of paralinear analysis was evaluated and demonstrated for predomi-
nantly Cr203-forming alloys tested for long times above 1100° C. In general, experi-
mental AW-against-time data agree quite closely with values estimated by the COREST
paralinear program, usually within +0.5 mg/cmz. The derived paralinear scaling and
vaporization rate constants and kV values were then used to predict long-time
metal consumption for Cr203/chromite-forming alloys in the 1000° to 1200° C range.
Comparisons with parabolic oxidation data analysis show that the assumption of para-
linear kinetics is more realistic for the alloys examined, particularly for long-time
predictions. The paralinear model includes the parabolic, where the vaporization con-
stant kv approaches zero, as the limiting case. It is suggested that paralinear analysis
be performed first on shorter time data to indicate how long a test should be run to
meaningfully describe the oxidation behavior.

INTRODUCTION

The high-temperature, isothermal oxidation of metals and alloys is generally ana-



lyzed on the basis of oxygen weight gain as a function of time, This process follows par-
abolic kinetics if the oxide scale grows under conditions which are controlled by bulk dif-
fusion, In this case, metal consumption with time can be calculated directly. In many
cases, however, parabolic kinetics are not followed. For many high-chromium (Cr)-
content, heat-resistant iron (Fe), nickel (Ni), or cobalt (Co) alloys, the scale formed is
predominantly Cr203. This oxide can further react with oxygen and volatilize according
to the reaction Cr203(s) + % O, (g) - 2CrO,q (g) (ref. 1). This volatilization process is of
special concern in the high-velocity environments that are encountered by orbital reen-
try vehicles and gas turbine engines. Thus, weight gains due to oxygen pickup and
weight losses due to CrO3 volatilization occur simultaneously. In this situation, the

sum of the weight gain and weight loss processes does not produce a weight change curve
that is parabolic with time. Therefore, metal loss (i.e., corrosion) cannot be directly
estimated. Here, typical weight-change~against-time curves first increase to a maxi-
mum, then show a gradual weight loss, and finally exhibit an almost linear weight loss.
Such behavior belongs to a general class of reactions that are termed ''paralinear. "

The paralinear reaction was defined by Haycock (ref. 2) for a barrier scale layer
being formed by diffusion and simultaneously being depleted at a constant rate by a sec-
ondary process. Haycock derived a general solution for the rate equation, and Wajszel
(ref. 3) solved it specifically for a diffusion-controlled, volatile-scale-formation case.
More recently, beginning with Tedmon (ref. 4), Giggins and Pettit (ref. 5), Lewis
(ref. 6), Stringer (ref. 7), and Ecer and Meiser (ref. 8), the problem of analyzing para-
linear data and deriving the proper constants has been investigated. Because of the
nature of the equations, the experimental data are difficult to interpret and analyze un-
less a convenient computer program is available.

This report presents a computer program that can be used to analyze and extrapo-
late paralinear oxidation data in a convenient, readily usable form. This program,
called COREST, is flexible enough so that it can be used under various conditions of ox-
idation testing and analysis and still estimate corrosion attack. In this report, para-
linear oxidation analysis and the COREST computer program are described in detail.
The COREST program is then applied to the analysis of the long-time oxidation test re-
sults for various Cr203/chromite-forming alloys that were available in the literature or
that were obtained at this laboratory.

Included is a comparison of how well the calculated specific weight change values
match the experimental data points depending on whether short-, middle-, or long-time
input data are used. The comparison is intended to answer the critical questions - how
long should an oxidation test be run to properly interpret oxidation behavior and how can
one make the distinction between parabolic and paralinear kinetics ?

Finally, the derived rate constants are used in the COREST program to estimate the
long-time (100 000 hr) oxidation behavior of Cr203/ chromite-forming alloys in the 1000°



to 1200° C range, with emphasis on metal consumption. These estimates assume that
paralinear Kkinetics still control oxidation at times beyond 10 000 hours. These esti-
mates were made for the most and the least oxidation resistant of the predominantly
Cr203-forming alloys considered for several airflow (i.e., vaporization) conditions.
Long-time oxidation behavior estimates were also made by assuming parabolic kinetics,
and the results were compared with those obtained from the COREST program.

SYMBOLS

A parabolic scaling constant for oxidation in terms of weight of metal consumed
(not the usual weight of oxygen picked up), (mg/ cmz)z/hr (So in terms of the

rate constant kp in the oxidation literature, A = azkp/2.)

a stoichiometric constant; ratio of atomic weights of metal to oxygen in the
oxide (For Cr203, a =(52.00 x 2)/(16.0 x 3) = 2, 1667.)

B specific linear weight loss rate for the metal in the volatile oxide on the sam-
ple per unit of time, mg/cmz/hr

b stoichiometric constant; ratio of molecular weight of oxide to oxygen in the
oxide (For Cr203, b=(52.00x 2+ 16.0 x 3)/(16 x 3) = 3.1667. It can be
shown b=a+1.)

kp conventional parabolic scaling constant in terms of weight of oxygen picked up,
k =28, (mg/cm?)?/hr
P9
a
kV linear weight loss rate due to vaporization of the oxide formed on the sample,
Kk =Px B, mg/cmz/hr
V o a
t time, hr
T time to reach AW in paralinear oxidation, hr
tO time for AW to return to zero in paralinear oxidation (i.e., the zero cross-
over time)
Wm specific weight of metal consumed per unit area due to oxide buildup and scale

vaporization at any time t, mg/ cm?

W specific weight of metal oxide formed and retained on the metal sample to any

time t (termed Wp in ref. 3), mg/cm2

W, jim Llimiting (maximum) value of W,. in paralinear oxidation, mg/cm
b
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AW specific sample weight change at any time t, mg/cm
AW maximum AW reached in paralinear oxidation (termed W in ref. 3)
AWy, ty
data sets of observed AW's and their corresponding times
AWy, ty
Pm aggregate average density of the metal(s) consumed in the total oxidation
process, g/cm
Py density of the oxide formed and retained in oxidation, g/ cm3

PARALINEAR ANALYSIS

For conventional diffusion-controlled parabolic oxidation, the basic equations are

AW = kll)/ztl/2 (1)

W = ak;/ 2,1/2 @)
and

W, = bich/ 21/ (3)

Thus Wi the critical attack parameter in oxidation corrosion, is implicit in equa-
tion (1) assuming, as is almost always the case, that the type of alloy and the composi-
tion of its scale are known. All pertinent corrosion estimates can therefore be derived
by simple weight change measurements.

In paralinear oxidation, two simultaneous processes are occurring: diffusion-
controlled oxide buildup and loss by such linear processes as scale vaporization and/or
isothermal scale spalling. An equation analogous to equation (1) can be written for spe-~
cific sample weight change in the approximate form based on the two simultaneous pro-
cesses,

AW = k;/ 2¢1/2 Kt (4)

(where k1 is a general linear constant), but no analogous expressions can be written



directly for Wm or W, for this paralinear model.
Wajszel, however, in a little noted paper (ref. 3) has started from the basic mass-
balance equation for any oxidation process,

AW =W, - W (5)

and solved the basic differential equations for Wr and W separately. These two
values can then be combined in equation (5) to give the AW for any set of paired solu-
tions for W, and W, atanytime. Therefore, for the basic paralinear model, this
method gives the exact solution as a function of time for AW, Wm’ and Wr‘

The basic equations for Wm, W.., and AW derived by Wajszel can be generalized
by dimensional analyses (ref. 9), as described in appendix A. This approach makes
computer analysis of the paralinear process reasonably straightforward.

The fundamental differences between the two basic oxidation reactions -~ parabolic
and paralinear - are shown in figure 1 in terms of AW, Wm, and W, for hypothetical
alloys with 1dent1ca1 k_'s but with different k 's. For example, a = 2.0 and kp =
0.1 (mg/cm ) /hr for both; but in one case, k = 0.05, while in the other case, k=
0. 00001 mg/cm /hr. The latter k. is approximately 0, or the parabolic case in the
limit. The basic differences are shown on the plot. Not only are the curve shapes
drastically different, but more importantly in terms of the specific weight of metal con-
sumed Wm, in the paralinear case the value at 1000 hours is almost twice that of the
parabolic case. This difference is even more extreme at longer times.

FOUR TYPES OF INPUT DATA FOR PARALINEAR OXIDATION SOLUTIONS

Based on the solution to the equations outlined in appendix A, four cases can be pre-
sented that cover the major types of analyses for paralinear oxidation data. It is as-
sumed that the major type of oxide formed has been identified and that therefore the
stoichiometric constants a and b are known. For the four types of input data de-
scribed here, all paralinear constants of interest can be calculated - including kp’ k -
and crossover times. Values for AW, W and W, can be computed for any desired
time. The weight change values can be converted to estimated thickness changes when
the densities of the metal and scale are known.

The four types of input data are

Type 1 - The input values are the maximum positive specific weight change AW and the
time to reach that value t.

Type 2 - The input values are the parabolic scaling constant k
constant kv'

P and linear vaporization



Type 3 - The input values are either or kV and any one set of weight change and
time point (e.g., AWl,tl).

Type 4 - This is the most general case. Two sets of weight change and time points
(AWl,t1 and AWz,tz) are the necessary input. This case is commonly used
when a specific weight-change-against-time plot is available that extends well
into the negative weight change region. Here the input can include the last data
point along with an estimate of the exact time when the AW equaled zero (i.e.,
the zero crossover point).

FORTRAN PROGRAM (COREST)

The program, shown schematically in figure 2, consists of the following 14 sub-
routines:
(1) MAIN is the executive routine for processing multiple cases and has primary
control of logical flow throughout the complete program.
(2) BLOCK DATA reads initial conditions, parameters, and other data required for
internal use by the program (looping indices, etc.).
(3) BEGIN has charge of initial computations for use by the rest of the program,
reads program descriptors from cards, and does initial printouts.
(4) STOICH calculates the a and B coefficients for the program.
(5) ZERO calculates the dimensionless crossover time and the time ratio value of
the crossover point to the point of maximum net weight.
The following four QUERY routines determine the numerical values of the paralinear
parameters from among several possible types of input data:
(6) QUERY1 - ITYPE = 1; input arguments, AW and t
(7) QUERY2 - ITYPE = 2; input arguments, kp and k.
(8) QUERYS3 - ITYPE = 3; input arguments, kp or kV and any weight-change-~
against-time pair (AW, tl)
(9) QUERY4 - ITYPE = 4; input arguments, two weight-time pairs (AWl,tl;
AW, t2)
(10) OUTPUT calls subroutines for computing the net specific weight curve and con-
trols printout of results.
. (11) SPEVAL calculates certain weights at special times of interest: Wm’ Wm, 0’
Wr’ Wr, lim
(12) PROVAL calculates the times at which the sample reaches required fractions
of the limiting specific scale weight.
(13) CORODE calculates the times at which the sample suffers certain levels of
metal loss by corrosion.



" (14) CURVE, a principal subprogram, computes the corrosion history of the
sample.

The FORTRAN program is listed in appendix B, FORTRAN symbols are defined in
appendix C, and an example for an experimental case based on type 4 input is presented
in appendix D. For this example, the total computer time was 23. 6 seconds on a
UNIVAC 1110.

USING THE PROGRAM

Data input to the program is primarily through the BLOCK DATA subprogram
(fig. 3). After the card ''Input follows, '' come the actual block data input cards for a
given series of runs, The contents of each of these cards are as follows:

Card 1 - DATA ASMALL, BSMALL: The stoichiometric constants a and b for a given
oxide are listed here. The a value is available in table I for most oxides of
interest; b =a + 1.

Card 2 - DATA ITYPE, LL, LLX: The ITYPE values of 1, 2, 3, or 4 specify one of the
four types of paralinear solutions desired. LL denotes the number of time
values (up to 100) for which W,» AW, W, etc., are to be calculated. LLX
specifies the number of time values (to 10) to be calculated to reach certain
preselected values of Wm.

Card 3 - DATA NUMSET: The number of runs to be computed (to 100) is designated.

Card 4 - DATA QP: A series (to 10) of decimal fractions of Wr,lim
which the corresponding times are to be computed.

Card 5 - DATA XXX: A series of values in mg/cm2 are given for which the correspond-
ing times in hours to reach these values are to be computed. The number of
these values listed is equal to the LLX value on card 2. :

Card 6 - DATA HOURS: The individual time values in hours are listed for which the
corresponding AW, Wm, W and thickness changes are to be calculated. The
number of values listed is equal to the LL value on card 2.

Cards T and 8 will depend on the DATA ITYPE of card 1.

are given for

Card 7 (type 1) - DATA WBAR: A sequential series of AW values in mg/cm2 are
given, with the number of values equal to the NUMSET value on card 3.

Card 8 (type 1) - DATA TBAR: A sequential series, to match card 7, of t values in
hours are given, with the number of values equal to the NUMSET value
on card 3.

Card 7 (type 2) - DATA XKP: A sequential series of k b values in (mg/cmz)2 /hr is
given, with the number of values equal to the NUMSET value on card 3.



Card 8 (type 2) - DATA XKV: A sequential series, to match card 7, of as many as
100 kv values in mg/cm2 /hr are given, with the number of values
equal to the NUMSET value on card 3.

Card 7 (type 3) - DATA NUMKP or DATA NUMKYV: Contents are similar to those of
card 7 (type 2) and card 8 (type 2).

Card 8-1 (type 3) - DATA WW: A sequential series of single AW values in mg/cm2

at any time are given, to be used with either l&) or kv in the same
sequence.

Card 8-2 (type 3) - DATA TT: A sequential series of single-time values t in hours

are given which match the corresponding AW values on card 8-1.
These sets of AW,t values are used with the corresponding kp or
kv‘ The number of corresponding data sets is equal to the NUMSET
value on card 3 multiplied by the NUMKP or NUMKYV value on card 7.

Card 7 (type 4) - DATA WW: A series of paired AW values (as many as 100) in
mg/ cm2 at any two times are given, with the number of paired values
equal to the NUMSET value on card 3.

Card 8 (type 4) - DATA TT: A series of paired time values t (as many as 100) in hours
are given for the corresponding AW values on card 7. The number of
paired values is equal to the NUMSET value on card 3. At program
execution, five additional input cards are read.

Card 1A - TRUE or FALSE is punched starting in column 1. FALSE means that the
term ''vaporization'' will be used in the headings. TRUE means that the
term ''spalling'' will be used in the headings.

Card 2A - (Format 6A6, F6. 3): A description of the alloy type(s) for the series of
run(s) printed at the heading of each run is followed by the aggregated aver-
age density of the alloy being consumed, in g/cm3. This density is used to
calculate the effective thickness change of the alloy based on attack from one
side.

Card 3A - (Format 6A6, F'6, 3): A description of the scale type(s) for the series of
run(s) printed at the heading of each run is followed by the estimated density
of the oxide remaining on the alloy, in g/cms, This density is used to cal-
culate the scale thickness of the oxide.

Card 4A - (Format 8A6, 2A6): A description of the data source(s) and the series of
runs is printed at the heading of each run,

Card 5A1 - (Format 2A6, 2A6): A description of the test temperature(s) and test pres-
sure(s) is printed at the heading of each run,

1Cau*cl 6A - Plotting routine called (T) or not called (F) with subroutine supplied by
user at particular installation,
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An example of this input is shown in figure 3 for a type 4 input of two runs., This
means there are two sets of paired AWI, tl and AW2, t2 input values, There are 17
time values ranging from 0. 31 to 236. 11 hours for which the AW, Wi Wopo and thick-
ness change calculations are to be made. The times to reach three different fractional
specific weights (0.5, 0.90, and 0. 95) of the limiting-scale specific weight are re-
quested, as well as the times to reach three values of Wm' The output listing is pre-

sented in appendix D.

APPLICATION OF COREST TO THE OXIDATION BEHAVIOR OF

Cr203 /CHROMITE- FORMING ALLOYS

The basic COREST program has been used previously by NASA authors with type 3
input (with a set of AW,,t; values and an estimated kv) to analyze Cr203/ chromite-
forming alloys tested isothermally at 1150° C for 100 hours (ref. 10). It is inferred in
this reference that under these test conditions the alloys were oxidizing according to the
paralinear model but that AW occurred well beyond the 100-hour limit of the tests con-
ducted. Even though the degree of fit appeared excellent, it was desired to examine test
data where AW had actually been reached and preferably where to, the zero crossover
point, had actually been observed. The literature for classic Cr203/chromite-forming
alloys (i.e., class II formers in ref. 10) showed two such examples (refs. 4 and 6).

For this reason, four supplemental tests were performed on two additional alloys at
this laboratory for times long enough so that at least the zero crossover point was ap-
proached. This testing was conducted basically to determine how well the early (<t),
middle (~t), and later (>t) time parts of the curve establish the rest of the AW-
against-time plot and how their use changes the long-time predictions (>10 000 hr).

The paralinear model, assuming it still holds, is thought to be more realistic than the
parabolic model.

The data from the two literature and four NASA Lewis runs used for input into
COREST are shown in table II. Data on Cr-0.2Y were taken from reference 4, and data
on Ni-20Cr-3Fe-0. 4Si (termed '"Alloy A'') were taken from reference 6. Both alloys
were tested in static air at 1200° C. The tests performed at this laboratory were on
Ni-40Cr and Tophet 30 (Ni-29.6Cr-~1. 4Si) at 1200° C in static air. In addition, duplicate
tests were run on Tophet 30 at 1150° C in static air.

The six experimental AW-against-time plots are shown in figures 4 to 9 with the
observed data points plotted as circular symbols. Also shown on each plot (square sym-
bols) are the COREST-generated AW-against-time plots derived from the type of input



data that gives the lowest error of estimate. 2

Table IN shows the degree of fit based on the minimum error of estimate calculated
between the observed values and each comparable COREST-calculated data point. Also
listed are the various paralinear parameters of interest: kp, kv, A_W’, and t0 and the
predicted t for Wi to reach 71.9 mg/ cm2 (i.e., 100 um of metal consumption).
Finally, the critical Wm values are plotted in figure 10 for times longer than
1000 hours for each of the six alloys. The Wi values plotted for each alloy are those
representing the best degree of {it.

RESULTS AND DISCUSSION

The specific weight change curves for the six experimental runs are plotted in fig-
ures 4 to 9 as a function of time, along with the COREST-calculated AW values. These
runs are summarized in table III, which lists the three time stages of input data from
table II, as well as the various derived paralinear constants and other values of interest
such as selected estimates of certain t and Wr values. The degree of fit between the
derived and actual curves is given as an average error of estimate in mg/cmz. These
cases were derived either from a type 1 calculation, where the curve maximum was
estimated, or from the more general type 4 calculation used both for the pre- and post-
AW cases. The degree of fit is good - usually less than +0.5 mg/cm2 even for the
longer runs.

The degree-of-fit criterion is given in terms of an average error of estimate of the
calculated AW curve compared with the experimental AW curve. It was used to deter-
mine how long, in general, a paralinear test must be run to give meaningful long-time
estimates of Wm. Obviously, from a practical point of view, a shorter (before AW)
100- to 200-hour test is to be preferred. However, as the degree-of-fit criterion indi-
cates, the tests should at least be run to AW - and preferably into the negative slope
region. Using input values before AW does, however, at least result in more pessi-
mistic long-time W, estimates than the AW or post-AW cases. On the other hand,
if parabolic oxidation is assumed, which has usually been the case, the long-time Wm
values are drastically underestimated, as shown in figure 10.

An example of how the assumption of parabolic kinetics can influence the interpreta-
tion of paralinear oxidation data is shown in figure 11. If the Alloy A oxidation test dis-

2 SL/2
Z(Awi, exp Awi, cale)
Number of AW values

= Average error of estimate
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cussed previously had been only 300 hours long rather than the actual 1000 hours, the
resulting data plotied on a (AW)2—against—time ploi:3 would appear to represent two-stage
parabolic oxidation. The derived parabolic constants, if then used to estimate metal
loss, would give a Wm at 1000 hours of about 16.5 mg/cmz. If only the higher first-
stage constant were used, metal loss would be about 20.7 mg/ cm2. However, based on
the full 1000-hour curve with the vaporization of Cr203 leading to paralinear behavior,
the Wm estimate is 32. 61 mg/ cm2, almost twice the original estimate. Extrapolated
to 10 000 hours, this ratio of underestimated loss would be almost 5:1. On the other
hand, if short-time data were used in a type 4 paralinear analysis, a greater Wi value
would actually be estimated at 1000 hours than when the negative slope values were used.
This is the most conservative estimate and probably the safest from a design standpoint
if the Wm values are converted to an effective thickness change. It has the obvious
advantage that a test would not have to be run out to a weight loss situation.

The long-time comparisons for Alloy A using all three of the basic attack vari-
ables - AW, Wy and W, - are shown in figure 12 for both the parabolic and paralinear
(calculated) cases, assuming the same kp This log-log plot graphically shows that as
the scale specific weight approaches about 90 percent of its limiting scale specific
weight of 64.5 mg/cmz, the Wm value rises sharply and the AW drops sharply (to-
ward negative values).

The calculated kp values (based on input values with the best fit) are replotted as
a function of the reciprocal of the absolute temperature in figure 13. The kp values
fall in the range for conventional Cr203—forming alloys, which is discussed in refer-
ence 10. These were also calculated by COREST but based mostly on shorter time
(100 hr) exposure data. The kp results for Tophet 30 fall slightly below the lower limit
for the Cr203/ chromite range. It is believed that the relatively high Si content in
Tophet 30 causes the erratic early paralinear oxidation behavior as well as the lower
consumption rate after AW. Silicon dioxide (SiOz) in the scale apparently behaves like
thorium dioxide (Th02) blockage in TD-NiCr alloys, lowering the effective kp (ref. 10).

The derived paralinear k, values (again based on input values with the best fit) are
plotted in figure 14 against 1/ TK, along with other pertinent kv values derived for the
vaporization of bulk Cr203. This figure shows kV values derived gravimetrically by
Hagel (ref. 11) for sintered Cr203 tested in still air, along with the limits for 1 stand-
ard deviation. The kv value of a sintered Cr203 sample run at this laboratory as a
check falls almost exactly on Hagel's value. This implies that test conditions were com-
parable and that condensation of Cr203 on the balance hanger wire did not significantly
bias the derived results. Also plotted in figure 14 are literature values for vaporization
of Cr203 prepared by sintering or hot pressing both in static and moving air (ref. 12)

3The slope of the (AW)2-against-ﬁme plot is the usual graphical method used to de-
rive parabolic scaling constants.
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and for vaporization of stripped Cr203 scales from an oxidized Ni-50Cr alloy (ref. 8).
Ecer and Meiser (ref. 8) also calculated a minimum vaporization rate in static oxygen
at 1 atmosphere based on gaseous diffusivity. Of interest from a practical point of view
is the maximum possible loss rate of Cr203. Such loss can be determined from the
vapor pressure of Cr03 at the partial pressure of oxygen in 1-atmosphere air by using
the Langmuir equation and vapor pressure data for CrO3 cited by Kohl and Stearns

(ref. 13). Obviously, this is a limiting case with a Cr loss rate some 4 orders of mag-
nitude higher than that observed in static air. The lgr loss rate in a high-velocity
burner rig test on a Cr203—forming alloy should be intermediate between these limiting
values but as yet is undetermined. As the upper limit is approached, the Cr consump-
tion rates would be so high, particularly in the higher temperature regions, that the Cr
would probably be depleted, which would favor NiO and increased chromite spinel forma-
tion. In cyclic oxidation these scales would spall catastrophically (ref. 14), which would
result in accelerated attack.

It can be seen that these calculated kV values can vary widely at a given tempera-~
ture between the upper and lower estimated limits - over 5 orders of magnitude. Most
laboratory tests, whether in still or moving air, appear to be within a factor of 10 in the
lower third of the range. If was thought that, in the static-air tests, the paralinear kv
values were lower than Hagel's bulk values because NiO and/or spinel overlay the Cr203
(ref. 10). However, the scatter may be due to experimental variation. It does appear
that the derived l% values for the three Tophet 30 runs are somewhat lower than those
for the other alloys cited. If these are real differences, the implication in terms of
overall attack (i.e., Wm) is that ‘Tophet 30 is even more oxidation resistant in static air
than the general class of Cr203/ chromite-forming alloys.

It is critical, particularly for a practical test situation, to determine how long a
test exposure should be run before deciding that the oxidation behavior is paralinear
rather than parabolic. For Cr203/ chromite-forming alloys, figure 13 shows that kp
values can range from just over 10'3 to just over 100 (mg/cmz)z/hr, in the temperature
range 1000° to 1200° C. From figure 14 the lower range of kv values in static air is
from about 10™3 mg/cmz/hr at 1000° C to as high as 1.0 mg/cmz/hr at 1200° C. These
ranges of and kv values were combined in a series of COREST calculations to pre-
dict T, the time to reach AW. This is the minimum test time to determine paralinear
behavior. Because the inflection tends to be gradual and AW returns to the origin
(0.0 mg/ cmz) at just over four times the predicted t, running the test to twice the pre-
dicted t seems reasonable to accurately determine the behavior.

This approach is summarized in figure 15, which shows the critical nature of kv
values between 10”3 and 1072 mg/cmz/hr. The series of curves imply that for virtually
all kv values of 10'3 or less the behavior is effectively parabolic for most practical
exposure situations. Above kv values of about 5><10'2 mg/ cm2 the kinetics are
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obviously paralinear for test times of just a few hundred hours. For kV values between
10”3 and 5x1072 mg/ cm2/ hr, figure 15 can be used in conjunction with the end applica-
tion to determine a meaningful test time. Obviously, for tests in a moving-air environ-
ment the kv values shift to the higher values in figure 14, where paralinear behavior is
apparent at much shorter test times.

Figure 16 shows how this paralinear approach might be used to estimate long-time
oxidation damage over a wide range of temperatures. From figure 13, upper and lower
limit values of k_ for predominantly Cr203-forming alloys were estimated at 50~
degree intervals from 1000° to 1200° C. From figure 14, for each of these tempera-
tures three values of kv were estimated, representing the likeliest static-air value,

10 times this value (representing moving air), and the maximum possible kv derived
from the Langmuir equation for free vaporization (ref. 13). These values of k_ and kv
were combined in the six possible combinations as the input values in the COREST pro-
gram to generate AW, Wm’ and Wr as a function of time. A plotting subroutine was
then used to plot Wm as a function of time on a log-log plot at times longer than

10 000 hours. The pertinent data (except for the free-vaporization case) are summar-
ized in table IV. These curves are based on the assumption that paralinear behavior
continues beyond 10 000 hours, which implies continued Cr203/ chromite control. How-
ever, if the base metal oxide becomes rate controlling because of previous Cr depletion,
earlier catastrophic failure is apt to occur from spalling - particularly if thermal
cycling is involved. The paralinear estimate is still more realistic than that derived
from the parabolic model. However, comparable parabolic plots on a log-log scale
would be straight lines with a slope of 0. 5.

At all temperatures, when the Langmuir vaporization rate is the controlling factor,
the overall loss rate is effectively a linear process. In this case the ratio of kv to 1&)
is so great that the scale has a limiting thickness of well under a micrometer. This
ratio is close to 0. 01 with the low-range kp's and equal to 0.25 with the high-range
kp's. When the kv value is increased by a factor of 10, the limiting scale thickness
drops by a factor of 10, and the time to consume a given amount of Cr decreases by a
factor of 100. Thus, the metal consumption rate seems to increase with the square of
the ratio of the vaporization rates. Parabolic scaling constant ratios, on the other hand,
affect metal consumption rates in strictly a linear manner. The times to reach a given
Wm show the striking differences at all temperatures between the paralinear and para-
bolic cases. Ratios are as high as 39:1 for Wm =719 mg/cm2 (~ 1000 pm) for even the
static-air case.

CONCLUDING REMARKS

The oxidation behavior of four predominantly Cr203—forming alloys oxidized for
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long times above 1100° C was analyzed by comparing the observed net-weight-change-
against-time values with their corresponding calculated values, assuming paralinear
behavior. The calculated values were generated by the COREST computer program
based on short-time input before the obvious AW, at the estimated AW, and after the
AW on the downslope of the curve, where paralinear behavior is clearly established.
The agreement between the calculated and observed AW values on the average was

+0.5 mg/cm2 . Based on the degree of fit as might be expected, long-time input data are
preferable. However, even the use of short-time input data, assuming paralinear be-
havior, is more meaningful than assuming parabolic scaling kinetics. The latier method
greatly underestimates the critical Wm values particularly at longer times. Based on
these results, it is suggested that the paralinear assumption be used to analyze any
short-time data since it includes the parabohc case as a limit with k - 0. The k\r is
effectively zero if it is <0. 001 mg/cm /hr provided kp is greater than about

0.01 (mg/cm )2 /hr. In this case the behavior is essentially parabolic and the test can
be terminated.

Based on the range of derived kp and kV values for Cr203/chromite—forming
alloys, a series of curves have been derived for the critical corrosion parameter Wi
at 1000°, 1050°, 1100°, 1150°, and 1200° C for times to 10 000 hours and beyond. The
six curves generated at each temperature represent the highest and lowest kp values,
along with three kv values - the likeliest static-air value, 10 times this value (which
represents moving air), and a maximum kv derived from the Langmuir equation for
free vaporization. The curves reflect the strong effect of vaporization, particularly in
moving air.

The COREST paralinear mass-balance approach is currently being used in analyzing
cyclic oxidation where scale spalling, as well as oxide vaporization, can occur. The
COREST approach appears quite promising for those alloys where the spalling rate ap-
pears fairly uniform over a number of test cycles.

SUMMARY OF RESULTS

A FORTRAN computer program termed COREST has been developed for analyzing
paralinear oxidation based on the mass-balance expression AW (net sample weight
change) = W,.-W_. The W, (specific weight of the retained oxide) and W (specific
weight of the metal consumed) values can be generated independently as a function of
time from a minimal amount of input data with a known scale. The Wm value is
critical in corrosion, and the Wi values in paralinear oxidation are always increas-
ingly greater with time than the corresponding values for parabolic oxidation. The
COREST program also converts Wr and Wi to thickness values with suitable input of
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oxide and metal density values. With a stoichiometric constant calculated from the com-
position of the oxide, the following four types of input data can be completely analyzed
by COREST:

(1) The maximum estimate value of AW and its corresponding time

(2) Any paired values of the parabolic scaling constant kp and linear vaporization

rate constant kv (where kv + 0)

(3) Any value of kp or Kk, along with any one set of AW with its corresponding

time

(4) Any two sets of AW values with their corresponding times
From these four types of input the program calculates and lists

(1) kp and lg,

(2) The maximum positive AW and its corresponding time and W, and W,

(3) The time for AW to return to zero and its corresponding Wi and W,

(4) The limiting value of W,. and its corresponding thickness

(5) The time(s) to reach any requested fraction(s) of the limiting value of W,

(6) The time(s) to reach any requested value(s) of Wi

(7) The AW, Wi Wy, effective metal thickness loss, and oxide thickness for any

requested time(s)

The derived paralinear scaling constants for straightforward chromic oxide
(Cr203 )/chromite-forming alloys generally fall within the range of the previously pub-
lished values of . The derived kv values increase as expected with increasing tem-
perature but are less than the kv values for bulk Cr203 in static air. This difference
is greater in NiCr alloys than in pure Cr presumably because of a thin NiO and/or
chromite spinel layer on the outer surface which probably spalls on cooling.

The presence of 1.5 percent silicon in Tophet 30 appears to lead to silicon dioxide
blockage in the Cr20—3 scale. This apparent blockage causes the initial kp to drop until
the time to reach AW, the maximum AW reached in paralinear oxidation, is exceeded
and thus leads to lower than expected metal consumption rates.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, September 30, 1975,
505-01.
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APPENDIX A

ANALYTICAL EQUATIONS AND COMPUTER PROGRAM
Derivation and Solution of the Paralinear Equations

The analysis anticipates a type of metal oxidation experiment from which the basic
data consist of a history of sample weights taken at a progression of discrete times and
a knowledge of the stoichiometric conversion factor from metal to oxide scale. For
those systems that suffer scale loss by vaporization, the mass balance for the sample
states that

I:Total sample} f Weight of J Weight of } Weight of d] (A1)
weight change] |scale produced etal oxidized cale vaporize

Now, for the metal-oxidation reaction,

n
mM + (E) 0, ~ M0, (A2)

the stoichiometric conversion factor a is defined as

m [Atomic weight of:l
= metal, M (A3)
Molecular weight of | _ m Atomic weight of
scale, M mOn metal, M

As an example, a = 2.1667 for chromic oxide (Cr203). The ratio of the weight of scale
formed to the weight of metal oxidized is

[Molecular weight of:l

scale, M O, |

[Atomic weight of]
metal, M

(Ad)

Replacing the scale weight term in the mass-balance equation (A1) by the oxidized metal
weight times the ratio (A4) yields
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[Total sample] | Mm% | weight of ]_ Weight of ]
weight change mM etal oxidized cale vaporized

_ l[ Weight of ]_ Weight of d] (A5)
a [metal oxidized cale vaporize

The time derivative of equation (A5)

aw _1Wm Wy (A6)

dt a adt dt

is the mass-balance rate equation that is the starting point for subsequent analyses of
the metal oxidation history.

By using the parabolic rate term of Haycock (ref. 4) for dWm/dt and a linear
vaporization rate for dWS/dt, Wajszel (ref. 3) was able to integrate equation (A6).
This solution for sample weight as a function of time was termed paralinear by Wajszel
because of its dependency on the parabolic oxidation model and the linear scale vapori-
zation model.

Paralinear oxidation model. - This is an Ohm's law analogy. The flux of oxygen
ions through a unit cross-~sectional area to the scale-metal interface is inversely pro-
portional to the length of the flux path (i.e., scale thickness). The proportionality con-
stant is the paralinear conductance of Haycock.

Since the rate of metal oxidation equals the flux of oxygen ions, Wajszel expresses
this fact within the Ohm's law model as

W =(E>_A_ (A7)

dt a/ W,

where the weight of scale4 per unit area w. is equivalent to the scale thickness, the
proportionality constant A contains the paralinear conductance, and the factor b/a is
the molecular weight ratio of scale weight to metal weight.

Linear scale vaporization model. - The simplest model one can devise for loss of
scale by vaporization postulates a rate that is independent of time for a given set of ex~
perimental conditions. In other words, the total metal loss through scale vaporization
is simply linear in time, or

‘m Wajszel's paper (ref. 3) this is termed Wp.
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W, = Bt (A8)
( m>vaporization loss

where B in the vaporization rate constant and t is elapsed time., Now the scale weight
loss is simply the weight ratio factor b/a times the left side of equation (A8), or

W, = (E) Bt (A9)

Integration of product scale equation. - One form of the mass-balance equation is

[Weight ot] _ _b[ Weight of d]_ Weight of ] (A10)
scale a Lmetal oxidize cale vaporized
or
W, = (E)W - W (A11)
r a m S

The time derivative of equation (All) is

L= -8 (A12)
dt dt dt

dw. b dWm aw
a

Substituting equations (A7) and (A9) into the right side of equation (A12) reproduces
Wajszel's equation (5),

dw
_£=E<H_£-B (A13)

It is seen from equation (A13) that when the derivative vanishes, we have the maximum
(steady state) scale formation, that is,

AT

which will be shown to occur from the integrated form of equation (A13) as time ap-
proaches infinity as a limit.
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Equation (A13) takes the form

_zdz _ 4 (A15)
BZ(A - 2z)
where z = BaWr/b. Making a second change in the variable yields
u=A-2z
z=A-u
dz = -du
Then
A-z A-7 A-z
1 <A-u)(-d“)=;é/ du, 1 u
2 u 2 u 2
B Ja B A B” Ja
A-z
=1 (u ~Aln u)
B2 A
:—1—<-Z—A1nA_Z>
B2 A
=t
This finally is rearranged to Wajszel's equation (8)
aw.
Ay A - Ty (A16)
2 B W Bb
B A-_2T
b

We find the exponential form of equation (A16) to be more useful in the subsequent
analysis:

R-T

R=1-e¢ (A17)
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where

\
o 2BV
bA
and f (A18)
2
T Bt
A

Integration of the metal-oxidation equation. - When the scale product equation (A11)
is written with equation (A9) substituted for the vaporization term, the resulting equation

W, =2 w_ - Bt) (A19)
a

can at once be substituted into the right side of equation (A7) to obtain the important
metal-oxidation equation

- (A20)

The last expression is Wajszel's equation (3a), which, along with equation (A13) (or
Wajszel's (5)), constitutes the analytical basis for the computation program of this re-

port.
The integration of equation (A20) will now be demonstrated. First, make the trans-

formation of the variables

S
M - 2m®
A
; (A21)
T - B
A J

whereupon the new form of the differential equation becomes

av __ 1 (A22)
dT M- T
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Further, let M - T = 1/v. The limits on these variables are

N
for T=O{(M'T)=O

Y = ©
> (A23)

for T — o M-T)=1
v=1

<

The integral of equation (A22) takes the form

v T
1 gy dT (A24)
w2 - 1)
- 00 0

Let the integrand on the left be expanded into the partial fraction

-1 1

VZ(V _ 1) A\'2 v2 v-1
This allows equation (A24) to be immediately integrated
[ -1 v
Llnv-v -In(v-1) =T (A26)
w OO
or
i\
In Y _-= =T (A27)
v-1 v|
And since the bracket on the left vanishes at the lower limit, we then arrive at
m-vY -1l_7 (A28)
v-1 v
or
m—1!  _M-T)=T (A29)
1-M+T
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and finally
In(1-M+T)=-M (A30)

Equation (A30) is one form of the definite integral of equation (A20) in terms of the non-

dimensional variables M and T.
The exponential form of equation (A30) is more useful in the computer program. So

M=1+T - exp (-M) (A31)

which is exactly Wajszel's integral solution (eq. (7)) in terms of M and T. Replacing
the M and T variables in equation (A31) by their definitions (A21) yields

BW. W
Al liexp-—m)+ B ¢ (A32)
B2 A B

which is Wajszel's equation (7).

Estimation of sample weight change. - It is now possible to derive an expression for
calculating the predicted specific sample weight change due to oxidation of the metal. In
the mass-balance equation (A1) the term for the total scale formed minus the term for
scale vaporization is just the product scale weight. Thus, the mass equation may be

written as

[Specific sample] _ [Product scale] [ Weight of d:l A33
weight change |~ weight metal oxidize (433)
or

AW =W, - W, (A34)

The terms on the right are obtained from equations (A16) and (A32), respectively.

When numerical values are given for the system parameters a, A, and B, the
transcendental equations (A16) and (A32) can be solved for W, and W, atany time t.
It is necessary to solve equations (A16) and (A32) iteratively. The calculations to
achieve this are described in the next section.
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Numerical Procedures for the Paralinear Equations

Dimensionless forms of the equations. - The integral solutions of the W and W,
variables have already been obtained in equations (A16) and (A32). The transformed,
nondimensionalized variables introduced in definitions (A18) and (A21) then restated the
solution equations for W, and W, in the nondimensional forms (Al17) and (A31).

The fundamental mass-balance equation (A34) will be transformed in like manner.
Multiply by the ratio of coefficients B/A

BW. BW
B AW - r_ m (A35a)
A A A
BW
B AW _ P.(EE Wr) -_m (A35b)
A a\bA A
which is reduced to
N=2Rr-wm (A36)
a

In this equation the transformed, nondimensionalized specific sample weight change N
is the dependent variable as a function of the scaled independent variable time T.

The phrasing of physical laws in terms of nondimensional variables, as far as pos-
sible, is a rather common practice within disciplines which use modeling techniques to
cope with very complicated problems. Among these other fields are aerodynamics and
hydraulics, hydrology, chemical reactor design, river and harbor studies, and analysis
of smoke dispersion from stacks. The technique is known by a variety of labels: simil-
itude, modeling and scaling, similarity analysis. In its crudest form, it is represented
by the dimensional analysis used by Lord Rayleigh and Osborne Reynolds (ref. 9).

The present study has already demonstrated that a practical advantage of scaling
(nondimensionalizing) arises from the simplification of the form of the model equations.
It will be apparent later in the discussion of the iterative solution of equations (A17) and
(A31) that the computer subprogram requires no transfer of system coefficients or
parameters other than the independent variable T. Also, further insight into the impli-
cations of the basic system models results from working with the simpler forms and
solutions of the scaling analysis. This will now lead to some additional and useful prop-
erties.

Properties and trends of the model. - The mathematical limits of the relations
(A17), (A31), and (A36) are
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R=0 )
for T=0\M=0
N=0
r (A37)
R-1
for T>>1{M~-1+T
——a'l—TJ

Equation (A36) will be examined for an optimum point. But first note that equations (A17)
and (A31) have equivalent forms if

M=R+T (A38)

which is actually a restatement of the mass-balance equation (A10). To search for a
maximum point on the (N, T) curve, the derivative of equation (A36) is set to zero,

dN _bdR _dM _, (A39a)
dT adT dT
Then
b1-R__1 _, (A39D)
a R M-T
and
PL1-R_1_y (A39¢)
a R R

The terms for dR/dT and dM/dT on the right in equation (A39b) are from equations
(A17) and (A31) and use has been made of equation (A38) to obtain (A39c). The special

notation for R, M, and T refers to those values at optimum N.
Equation (A39c) results in

rR-1 (A40)
b
The logarithmic form of equation (A17) shows time at maximum N to be
T=-R-In(1-R)
=In <E> -1 (A41)
a/ b
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From equation (A38),

=1n 9) (A42)

and for the maximum ﬁ, from equation (A36),

sy o
=)

a

Il

1t is of interest to note that the values of ﬁ, M, _Ii, and T depend only on the value of
the stoichiometric coefficient a. These special values for N and T have been given
the notation

(A44)
B=1In <E>- 1
a/ b

From the definitions of T and N in equations (A18) and (A36), respectively, it
can be shown that

- o <-A—Vi’) (A452)

and

B (L) (A45D)
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from which it should be noted that the scaling of N and T is based on AW and {,
respectively, the maximum specific net sample weight change and the time at which it
From the defi-

occurs.
The rate coefficients A and B reflect the values of AW and {.
nitions of N and T (eqs. (A36) and (A18)) and the optimum values N = &, T = 8, there

results

2 |2
g

(A46)

5
H
o+ 'm
R

t
I}
R ™
>
~I|%

~/

This last relation provides a most convenient method for calculating the rate coefficients

from limited experimental data.
Another obvious examination point occurs at the time T, when N =0, which is
designated the '‘crossover point. ' From equation (A36) we have
— =M, (A47)
a
(A48a)

Using equation (A38), this becomes

(A48b)

or
MO = bTO

Either of the forms of equation (A48) substituted into equation (A17) for Ry, or into
(A49)

equation (A31) for M, leads to the equation
"bTO

aTO =1-e
which must be solved by an approximate technique. This also shows that T0 is only a
Table V illustrates the general values of

function of the stoichiometric coefficient.
these dimensionless variables over a range of values of the coefficient a.
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One of the consequences of the paralinear model is obtained from the last column in
table V, which shows that the ratio of crossover time to time at optimum sample weight
change T,/T is about 4.

Table VI summarizes the results of this analytical section on the properties and
trends of the model. Four time values are exhibited: initial time t = 0, time at maxi-
mum specimen weight gain t, time at zero specimen weight gain tO’ and finally very
long times where the variables N, M, R, and dN/dT approach limiting values.

Table VI summarizes the definitions of the much-used paralinear parameters and
their development from basic physical variables (i.e., their correspondence with the
transport coefficients I&) and kv)'

Numerical solutions of the equations. - We have seen that the nature of the para-
linear model is such that the history (or curve) of AW as a function of t is uniquely
predicted from a knowledge of three constants: a, A, and B.

Conversely, two data points (AWl,tl) and (AW2, t2) can, in principle, be used to
calculate the values of A and B that are needed to give the unique curve passing
through those data points. This is, of course, about the only way to obtain estimates of
A and B from the laboratory experiments.

This section outlines those numerical techniques for solving the paralinear equations
that are the algorithms for the FORTRAN program. The complete program procedure
is in the following sequence:

(1) Establish values of the system parameters «, 8, A, B, Ty

(2) Solve the transcendental paralinear equations in dimensionless form by approxi-

mation methods

(3) Use these solutions to obtain a group of results:

(a) The array of AW's for a given array of t values

(b) The special results Wi, 00 Wi Wr’ \%
(c) The times ts at which W, = o - Wr,lim
(d) The times t corresponding to chosen values of W

r,lim

System parameters. - The crossover point TO is obtained from equation (A49) by

using successive substitutions of improved approximations to TO, starting with an ini-
tial value of T0 = 4B8. The convergence was rapid in satisfying the test

T. . - T,
i1 7i | < 9.0001 (A50)

T.
J

The values of A and B are obtained by using one of four data input types: (1) de-
fined values of kp and kg (table VI); (2) given values of (AW,t) (eq. (A46); (3) a given
value of or 1% and one general data pair (AW, t); (4) experimental data pairs
(AWl,tl) and (AWz,tz). The computation using the third type differs depending on
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whether kp or kv is defined.

Example 1 - Define k

p’
2
\
2
From equations (A36) and (A38),
R=a(N+T)
aB
= "N (AW + Bt) (A51)

The terms in (A51) are known except for B, which makes the equation quadratic in B.
Both equations (A51) and (A17) are to be satisfied. Write equation (A17) in its alternate

form

T=In(l1-R)-R (Al172)

or
iB)=T+R+In(1-R) (A17p)

where f(B) = 0 when the correct value of B is obtained to satisfy both equations. The
B-root of equation (A17b) is obtained by using the Newton-Raphson technique

B, -~ — 1 (A52)

where
£(8B;) = _d_f)
dB/.
J
)
B/. J .
=—1 ! (A53)

28



where

=_1.__ (R. + aT.)
dB. B. ! J
i i
aB.
R, =—1 (AW + B.t)
] A ]
B2t
T. =3
1 A

£(B;) = Tj + R; + In (1 - R;)

The initial value of B; is obtained from the definition of T, that is,

B. - AT1
1=V—
t

(A54)

where Ty is arbitrarily taken at R1 = 0.5, that is, half of its maximum value. Con-

vergence of the Newton-Raphson method to the limit test is rapid:

Bj+1 - Bj
B

< 0. 00001

Example 2 - Define kv:

B =

ﬁ '
b

Equations (A51) and (A17b) are again used, but with A as the unknown coefficient.

analogy to example 1,

(A55)

(A46)

By

(A56)
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where f(A) = 0 at convergence.

where

and

Again Newton-Raphson uses

2(a;)
215 Sk Ry
j
£'(4;) = 9f
i
_ar __ B ar

ar __ T
AL
da; j
dar __Bj
dA. A,
j j

R2

-T. + J

] 1-

R
fA)=—o ]
] A

Numerical iteration is handled as in example 1.

(A57)

(A58)

Example 3 - Define two experimental points, (Awl’tl) and (AWz,tz): We start with the
mass-balance equation (A36) and replace R by equation (A38)

30

aN =M - bT

aB Aw =M - bT
A

(A592)

(A59b)



For both pairs, when the weights are nonzero, we have for the two times (’c2 > tl), from
equation (A59b),

Ml - le =M2 - bTZ
AWl AW2

AWI AWI
AW2 AW2

where T = TZ/TI =1:2/t1 and f(Tl) = 0 when the parameters A and B are evaluated
such that T, and Ty = 7Ty give M; and M, values which satisfy equation (A60).

The T, root of equation (A60) is found by using the Wegstein secant modification of
the iteration technique for successive estimates on T1:

AWIMZ )

M,
AW,
- (A61)

AWt
b( 12 >
AW2t1
where M, and M1 are calculated for given 7T; and T., respectively, by using the
Newton-Raphson iterative method to solve equation (A31):

M M M) (A62)
i+l =My L)
where
) = 3E oo (A64)

i i
daM,

The Newton-Raphson method rapidly converges for given values of Tj.
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A safe starting value for Tj in equation (A61) is T, from (A50), and the initial
Mg =bT, in equations (A62) and (A64).

Wegstein's iteration scheme is used to get accelerated convergence in the case of a
function, such as equation (A61), that has at least a continuous first derivative in the
range in which the iteration moves. It refines an initial guess T0 of the root of our
nonlinear equation T = f{(T).

The calculation sequence starts as follows

%y =g = f(xp)

Y1=f@1)

with the succeeding steps resulting in the computational scheme

- N\
X, 4 =X; + S 0 O
i+1 i _
5-17Yi-1
— L @=1,2,...) (A65)
Vie1 = I®5) J

Each step requires one evaluation of £(x).
The iterative procedure is terminated when the following two conditions are satis-
fied:

DEL1 < ¢ and DEL2< 10 - ¢

with

Xe1— %K

when |x1+1| >1
i+l

DELL =

X1~ % when|x | =1
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. - y.
M when |xi+1|> 1

DEL2 = i+1

[Kis1 - Vie2|  When x| =1

and the tolerance factor € is specified in the input.

The calculation of the parameters A and B follows after convergence of equa-
tions (A61) and (A64) to a suitable test, such as was used for equation (A54). The com-
puted values of M; and T, are used in equation (A59) to determine

M, - bT
B_ 11 1 (A66)
A a AW1
and from equation (A18)
2 T
B-_1 (A67)
A tl
Dividing equation (A67) by (A66) gives the sublimation parameter
T, /M, - bT
p-_1(Z1 "1 (A68)
t1 a AW1

and finally the parabolic parameter A is obtained from either equation (A66) or (A67),
for instance,

thl
A1 (A69)
T

For the special case in which one given weight is zero (crossover point), the associ-
ated time is to, which establishes the important t and thus the Bz/A =B/t. The non-
zero weight-against-time pair (AW, t) is used to establish the time T = (3/t)t and the
associated M-value from equation (A64). Finally, from equations (A68) and (A69) the
individual parameters A and B are computed.

Table VIO summarizes the four possible input types used to establish the necessary
system parameters.
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Main program calculation. - With numerical values of the paralinear parameters
a, A, and B, the main results can be calculated by using the relations already estab-

lished.
Net specimen weight curve: Given an array of LL times at which values of net

specimen weight are wanted, specify tl’ t2, . . s ’tLL in hours and calculate

Ty>Tgy. - -, Ty, from equation (A21)
Ml’MZ’ - .My from equation (A31)

Ny, Ng,. - ., Ny from equation (A59a)
AW,,AW,,. . .AW;,  from equation (A59Db)

Wm, l’Wm, 910 - e Wm, I from equation (A21)

Wr, 1 Wr, 9re = v Wr, LL from equation (A18)

) from equation (A70)

Gm,l’am,Z" **?"m, LL

)

8 190,200 - % LL

The last two rows of thicknesses are calculated as

W
(Metal thickness lost) = —— = 5m (AT70)
Pm
where metal density is Pm> and for the thickness of the scale layer at any time
We.
(Scale thickness) = — = 6r (AT1)
Py

where Py is the scale density. These calculations are found in FORTRAN subroutine

CURVE.

Special weight values: Table IX completes the trends and limiting values of table VI.
These calculations are found in the FORTRAN subroutine SPEVAL.

Product scale thickness-against-time values: It is required to determine the exper-
imental times for the model sample to reach certain specified fractions of the equilib-
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rium (limiting) scale thickness. Given the fractions Ry, Ry, Rg <1, calculate Ty,
Ty, and T4 from equation (A16) and ty, ty, and tg from equation (A21). These are
calculated from the FORTRAN subroutine PROVAL.

Metal corrosion-time values: Analogous to the preceding paragraph, estimate the
times required for the sample to suffer corrosion losses of specified values. Thus,

given LLX values (Wm, 1’ Wm, PYRIRIR Wm, LLX)’ calculate My,M,,. . .,M 1~ from
equation (A21), and tistg,. . ., t;1x from equation (A32). This is programmed in

FORTRAN subroutine CORODE.
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APPENDIX B

BASIC COREST FORTRAN PROGRAM

*%%% PROGRAM ANALYSIS OF METAL OXIDATION/SCALE VAPORIZATION BY
MEANS OF PARALINEAR XINEVIC MODEL. REFERENCE -- DJWAJZEL,
JoELECTROCHEM. SOCesVOL 110, NO.64JUNE 1963,P6S.504~507.

THE PROGRAM PROVIDES THE HISTORY OF THE NEV SAMPLE WEIGHT,
ALLOY METAL CORRODED, AND SCALE THICKNESS,

*a2%%x ADDIVIONAL RESULTS PROVIDED FROM THE BASIC SOLUTION ARE --
{1)CROSSOVER TIME FOR NET SPECIMAN WEIGHT CHANGE OF ZERO
(2IMAXIMUM NET SAMPLE WEIGHT AND ITS CORRESPONDING TIME;
§3)VEIGHY OF METAL CORRODED 4P TO CROSSOVER TINME;

(4 IEQUILIBRIUM WEIGHT OF SCALE RETAINED ON THE SAMPLE
AT VERY LARGE TIMES;

(SIELAPSED TIME FOR AN EXPECTED WEIGHT LOSS OF ALLOY;

(6)TIME TO REACH SPECIFIED FRACTIONS OF EQUILIBRIUM
SCALE THICKNESS;

(TIPARALINEAR PARAMETERS ARE DETERMINED FROM THE
EXPERIMENTAL DATA IN THOSE CASES WHERE THEY ARE
NOT GIVEN AS INITIAL INPUT.

#%%% PROBLEM DEFINITION AND DATA DESCRIPTYION CARDS ARE LISTED AS -
CARD 1 - FLAG FOR TYPE OF SCALF LO0SS. TRUE ZSPALLING,
FALSE =—VAPORIZATION.

CARD 2 - ALLOY TYPELALLOY DENSITY

CARD 3 - SCALE TYPE,SCALE DENSITY,

CARD 4 - DATA SOURCE AND RUN DESCRIPTION.

CARD S5 -~ EXPERIMENTAL TEMPERATURE AND PRESSURE.

CARD 6 - FLAG FOR MICROFILM PLOT REQUEST. TRUE = PLOTS

KANTED, FALSE = UNMWANTED.

Bt on OOt MaAnN MO OAnNOOMMN

DIMENSION HOURS(10G),0P{10)XXX810),TPEID),TTT(100)
DIMENSION WWE1TOY,TTCI00),XKPEIU0)XKVLE100)

DIMENSION WMEIDC) ,wREIDOD ¢wT 410U THKLOS U100 ,OXITHKL139)
DIMENSION ALLOYU6) 4SCALEL6) JSOURCE(8) 4RUN(2),TEMP(2),PRESS{2]}

REAL KP,KY
LOGICAL SPALL,SEMILG

COMMON/BLK1/HOURS 0P XXX 4 W W4 TT
COMMONZBLKZ/ASMALL 4BSMALL yDENOX DENMET
COMMONZBLK3/ITYPE ,LTYPE JLL4LLX NUMSET ,NUMKP, NUMKYV
COMMON/P ARAMI ZAUPHA ,BETA/PARAM2/TAUZRO,RATIO
COMMON/CASE1/KP,KV/CASEZ/ACAP,BCAP/CASE3/WBAR, TBAR,TZERO
COMMON/CASEN/XKP XKV
COMMON/VALI/WMBAR, ¥RBAR s WMZERO 4 wRLIM
COMMONZSCALE/TP/RUST/TTTY
COMMON/VOLUPZ4M WR . ¥T , THKLOS ;O X 1 THK
COMMONZINFOZALLOY ,SCALE 3 SOURCE RUN, TEMP,PRESS

<

Ce ARRAYS FOR MICROFILM PLOTTING ROUTINE
DIMENSION XTITLE(R) JYMLEGI9) YPLEGI10)4YTLEG(9)
COMMON/T ITLES/XTITLE (YMLEG,YPLEG4YTLEG
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COMMON/LEGEND/XLEG (203 4 YLEGIZ20D4NX4NY
COMMON/BLKPLYT/KKKC10)
COMMON/F ILM/SEMILE
C
CIS2XX 2B XXX AARB AR A RS R ER R RS R SR SRR R AR BB E R R R EE SRR A BB E REEEEE XS
C %% INIVIALIZE DATA AND STOICHIOMETRIC COEFFICIENTS —--
C
CALL BEGIN
CORBXEBEBREE R AR AR R K SRS B AR RRE RS ER R RSB EEREXRBE B SRR RS SRR SRS B R ERE
C *%x% DESCRIPYION OF DATA TYPE ---
ITYPE=) —-~--— THE DATA SET CONSISTS OF THE CURVE PARA-
METER PAIR WBAR,TBAR .,
YTYPE=2 ——-— THE DATA SET CONTAINS NUMSET PAIRED VALUES
OF YHE PARALINEAR OXIDATION-REACTION PARA-
METER KP, AND THE VAPORIZATION PARAMETER KV,
ITYPE=-3 —-—--~ GIVEN NUMSET PAIRS OF EXPERIMENTAL DATA
POINTS WWiID)sTTIID JNUMKP VALUES OF THE PARA-
LINEAR PARAMETER KP -- (LTYPEZ=1) OR NUMKYV
VALUES OF THE VAPORIZAT ON PARAMETER KV --
SLTYPE=2) .
ITYPE=4§ —-—-— GIVEN NUMSET PAIRS OF EXPERIMENTAL WEIGHTS
WI€1I3,M2¢13 AND THEIR CORRESPONDING TIMES
TIETI),T72¢1) .

(aNaNglaR el NN aRaNaNaNeNalel

CEXRRARNANBR RS AR S A XA RS E SR RE R KRR AR B A EB AR R AR R X SRR AR KRR ARA R B R KA R A NS
C #*»3 CYCLE THROUGH DATA VECTOR ---
DO SO0 I Z14NUMSET
C
C *2%x YESY FOR DATA TYPE -—---
60 YO (604704804901 ,1TYPE
[
60 CONTINUE
CESXXBRREREARRR AR R BB EEB RS AR E SR AR RSB R PSR RB B AP BI DR SRR R R R A R R B H AR R K
C A2 JTYYPEZ]
WBARTKHWIL)
TBARZTIT(I)
WRITE (GO 80 )MBARGTRAR
CALL OQUERYI(WBAR,TBAR)
CALL OutTPUT

60 T0 500
C
C
70 CONTINUE
C
CIRBXBRREBASRR AR XA AXRE R SRR R R R SRR KRR RR B KRR R A AR A R R XK E KRR R RS R RkE
c *x% JTYPE=2
KPZXKPII}
KVZRK¥(I)}
MRITE(G6,82)KP4KYV
CALL QUERYZ(KP.KV)
CALL OuUTPUY
60 %0 500
o
c

8C CONYTINUE
CEERX XXX R RERR IR R RS AR R ERG LSRR EREE R AR F R EABEAFE KSR R R R R SRS R RN Rk %
C **%% JTYPEZZ
C
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C

c
C

c
c

C

LTI EIT IR SR S22 SR R T2 2 2222222222 R R R R Rttt

C

g10

811

820

821

HZZ-uWtI)}
T22-T7¢1)

%% YEST FOR INPUT TYPF OF PARALINEAR PARAMETER *%*x

60 TO tB104,8201,LTYPL

CONTINUE

00 811 JKP=]1,NUMKP
KP-XKPEJKP)
WRITELG,85)IKP,WZZ,727

CALL QUERY3(LTYPE MZZ,T12Z,KP)

CALL ouTPUT
CONTINUE
60 10 S5GC

CONTINUE

DC 821 JKVI1l,NUMKYV
KVIXKVIJIKY)
WRITELEHE6INV,W22,T22

CALL QUERYIULTYPE WZZ,T2Z,KV)

CALL OUTPUT
CONTINUE
60 T0 530

90 CONTINUE
(S22 2222223228232 RS2 22 R 22 2R s R 22t Rt 2 2 R SRRt R R EREE RS EL L)

kkt¥

ITYPEZH

NG 2%]
NGMINI-NG4-1
WIZTWHINGUMIND]
WZ2-WWiNY )
TIZTTINGMINLY
T2ZTT¢NY)
WRITE(O6,4T7IW1,T1
WRITELO,48)H2,T2
CALL CUERY4({W]l,W2,T1,T72)

CALL OUTPUTY

60 10 500

S00 CONTINUE

sx%% FORMAY STATEMERTS FOLLOW *xx%

40 FORMATA/ //7710X% 426HINPUT DATA~-—-

1F12.6477 1)

§2 FORMATU///7/10%X428HINPUT DATA~~-~

1F12.8477 1)

4S5 FORMATU/ /77/7/10X423HINPUT DATA~—~~
IF 12.6,10H ME/ZSC.CM. 10X, THTTI1)
46 FORMAYG///7/710X423HINPUT DATA~-—~
IF 12464130H MG/SQ.CM.10X,THTTIL])
4T FORMAYU/ /7/7/710X526HINPUT DATA~---

1F12.646H HOURS//)

48 FORMATI29X,THWWI2)

sTI0P
END

38

ZoF1246415X, THTT(2)

WMA X

KP =

T sF12.6512X4THTMAX

eFl12.84312X45HKY =

KP —,F12.8,10X,7HaW (1) =,
Z4yF12.6 46H HOURS//7)

KV S F12.8,10X,7HuW 1) =,
Z4F12.646H HOURS//7)

Wutl)

ZeF12.6415XsTHTT 1)

=Z¢Fl2.646H HOURS//)
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(2N zEuNe!

SUBROUTINE BEGIN

**%% SUBPROGRAM READS PROGRAM DESCRIPTORS FROM DATA CARDS AND
WRITES INITIAL HEADINGS ON OUTPUT. **3*

LOGICAL SPALL,SEMILG

DIMENSION ALLOY(E) ¢SCALE(6) 4SOURCEIBIRUNI2),TEMP(21,PRESS(Z]
COMMON/BLKZ/ASMALL BSMALL,DENOX,DENMET

COMMON/B LKI/ITYPEJLTYPEJLL JLLX4NUMSET,NUMKV,NUMKP
COMMON/PARAMIZALPHA ,BETA/PARAM2/TAUZRO,4,RATIO
COMMON/ZINFO/ZALLOY(SCALE s SOURCE JRUN,TEMP,PRESS

COMMON/F JLM/SEMILG

READIS 41 )SPALL
READ{S42JALLOY ,DENMET
READ(S5, 3 )SCALE ,DENOX
READ(5, 48 )SOURCE 4RUN
READI(S,S5S)ITEMP,PRESS
READE5,6 ISEMILG

IF¢SPALLYGO TO 2C
WRITEt6,100}

60 70 30
20 WRITEU6,207)
30 WRITE(G6,30D)ALLOY,SCALE

WRITEL6,4CO)TEMP,PRESS
WRITE1645C0ISCURCE 4RUN
WRITE46,6CIDENMET,DENOX
WRITELG6,TICIASMALL sBSMALL
WRITEt6480D)ITYPE
WRITELE6,90C)

CALL SYOICH

CALL ZERO
WRITE46,9503ALPHA,BETA,RATIOC

1 FORMATILS)

2 FORMATIOAEF6.3)
3 FORMAT(G6AG,F6,3)
4 FORMAY(8A6,2A6)
5 FORMATI2A6,42A6)
6 FORMATILS)

100 FORMATILIHY 35X ,62HPARALINEAR KINETICS STUDY OF CORROSION WITH SCAL
1E VAPORIZATIONZ7)

200 FORMATI1H1,35X,52HPARALINEAR XINETICS STUDY OF CORROSION WITH SPAL
ILINGZZ)

300 FORMATUIHO (35X, 11HALLOY TYPE-45X46A67/35X,11HSCALE TYPE~-,5X,6A61}

Q00 FORMATCIHO 435X JIGHTEMPERATURE = (2A6410Xs11HPRESSURE = ,2A6)

S00 FORMATE1HO (35X 12HDATA SOURCE—- 48A64510HRUN NO. = 42861}

600 FORMATH1HC 420X 18HDENSITIES~ ALLOY = (F6.3421H GM/CU.CMs, SCALE
1Z 4F 643, 10H GM/CU.CM,]

TOO FORMATUI1HTO 420X 439HSTOICHIORETRIC COEFFICIENTS- ASMALL = (FT7.8,12H
1 3 RSMALL = 4F7.4)

800 FORMATEIHD,20X412HDATA TYPE = ,11)

900 FORMATC]IHO¢5X419HDATA SPECIFICATION-//15X,S53HITYPE=1 ---~- THE DATA
1 SET CONSISTS OF THE CURVE PARA-/28X422HMETER PAIR WBAR,TBAR .//
215X 4S8HITYPE=2 --—— THE DATA SET CONTAINS NUMKP VALUES OF THEZ/
328X 83HPARALINEAR DIFFUSION-REACTION PARAMETER KP /28X 82HAND NUMK
&Y VALUES OF THE VAPORIZATION PARA-/28X,10HMETER KV //715X,5Z2HITYPE
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950

C
cl."‘

1
Csexx
C
C *%»
C
Cs%x%2
[ o

100

40

53 —-—— GIYEN NUMSET PAIRS OF EXPERIMENTAL DATA/28X,44HPOINTS wWhitl
6)sTVLID s NUMKP VALUES OF THE PARA-/2BX41HLINEAR PARAMETER KP -- (L
TTYPE=1) (OR NUMKVY/2BX,42HVALUES OF THE VAPORIZATION PARAMETER KV -~
8/728X¢11IMHILTYPE=2) /715X SSHITYPE=Y4 ---— GIVEN NUMSET PAIRS OF EXP
SERIMENTAL WEIGHTS/28X,81HW1¢TI) u201} AND THEIR CORRESPONDINC TIMES
1728X413HTLIDT241) 777)

FORMATCIOXyBHALPHR = (F1l0e9412X,7THBETA = (F10.9413X,38HCROSSOVER 7T
IIMEZTIME (AT MAX. HEIGHT) = F8.6,7/7)

RETURN

END

SUBROUTINE OUTPUT

DIMENSION HOURSC10D),0P1 10 XXXC1T3,TPI1O),TTT(100)
DIMENSION WWUISD),TTUIGO) XKPE1G0) (XKVI10D]

DIMENSION WMEIO0)WRCICOI4WTEI0U), THKLOSULICO) 4OXTTHXLIOD]
DIMENSION ALLOY(6),SCALE(E6)SOURCE(8) RUNI2},TEMPIZ2I,PRESSIL2)

REAL KP KV
LOGICAL SPALLGSEMILG

COMMON/BLK1ZHOURS yQP ¢ XXX o Wl o TT
COMMON/BLKZ/ASHMALL BSMALL ,DENOX,DENMET
COMMON/BLK3/ITYPE 4L TYPE LL 4LLX  NUMSE T 4NUMKP 4 NUMKY
COMMON/P ARAM1 /ALPHA ,BETA/PARAM2/TAUZRO,RATYIO
COMMONZCASE1/KP KV/CASE2/ACAP ,BCAP/CASE3/WBAR,TRAR,T2ZERO
COMMON/CASEU/XKP 4 XKV
COMMON/VALI/WMBAR,WREAR MMZERO 4uRLIM
COMMON/SCALE/TP/RUSTZTTT
COMMON/VOLUP /WMy WR ¢ T o THKLOS s OXITHK
COMMONZINFOZALLOY, SCALE , SOURCE RUN,TEMP,PRESS

MEO COMMON FOR MICROFILM PLOYTING ROUTINE
DIMENSION XTITLELY) ,VYMLEGE9) ,YPLEG(10),YTLEG(9)
COMMONZV ITLES/XTITLE YMLEG,YPLEG, YTLEG
COMMON/BLKPLT /KKK 10D
COMMON/F ILM/SENMILG

(22t 2222 R 22 22222 R 222222 R 222 22 R a2 22 2Rttt 2 R T ]

PRINTGUY FOR BULK OF COMPUTED RESULTS *#*=»

ERREREXR R ARRR R A SRR AR R AR BRI RN RE AR ARG R RS R AR R AR A SRR E R S K

CALL SPEVAL
WRITE(G6412)ACAPBCAPKP4KV,TZEFRO
WRITE{6,13)WBAR,WRLIM
WRITE(6414)TBAR ,WMZERO
WRITE{6515)WMBAR,WRBAR
WRITEtE,416)

CALL PROVAL

WRITE(E417) (OPIK)ZTPIRD K=1,3)
WRITEt6,18)

CALL CORODE



c

MRITECG641934XXXETTD)FTTLIID LTI, XD

MRITE(6,21)

CALL CURVE

WRITEC(E4233CHOURS(TII) JuMtIJIURITJI NTEIIJI,THKLOS (IS,
1 OXITHKRIJ) TJ=1,LL)

CeeREQUESY FOR MICROFILM SEMILOG6 PLOTS

C

C

IFUSEMILGICALL PLOTIO(LL)

12 FORWATUZ /10N 8HA = oFlOe7+6Xe0HB = sF1lUoTobX4S5HKP = 4F10.7,5X%,
ISHKY T (F106745X41THCROSSOVER TIME = ,F10.296H HOURS///)

13 FORMATUIOX, 2IHMAXTIMUM NET WEIGHT = 4F10e5417H MG/SQ.CMey 23X ,24HLI
IMITING SCALE MEIGHT = (Fl0.5,11H M6/S50.CH.7//)

18 FORMATEIOX,Z9HTIME AT MAXIMUM NET WEIGEGHY = (FiCe2,7H HOURS,14X,38
1IHALLOY CORRODED UP TO CROSSOVER TIME = (F1l0.4,10H MG/SOG.CM.///)

15 FORMATC1UOX437HALLOY CONSUMED(AT MAX., NET WEIGHT) = (F10.4,1CH MG/S
I0eCMog3X y35HSCALE WEIGHTIAT MAXJNET WEIGHT) = (FlO.4,10H MG/SO.CM,
25717}

16 FORMATUINOX 20HFRACTION OF LIMITING 18X, 12HELAPSED TIME/84X 12HSCAL
1E WEIGHTY (21X, THUHOURS)/Z/)

17 FORMATUINBX F6.5,022X4F10e2471?

18 FORMATE/7/7/7/82X 4 1SHALLOY CORROSION,16X,12HELAPSED TIME/43X411HIME/S
10.,CMo2 421X 7TH(HOURS /7]

19 FORMATIASXFTe2424X4F10e2,7)

2) FORMAYU//77713X412HELAPSED TIME 45Xy I4UHCORROSION LOSS36X312HSCALE WE
TI6HV ,SX 4, 19HNET SPECIMAN WEIGHT JuX 4 14HCORROSION LOSS.8X,15HSCALE TH
2ICKNESS/ 16Xy THUHOURS ) 49X 4 11HIMG/S0eCH) 7TX,11H(ME/S0.CMa ) 17X,
311HIMG/SQeCMe ) 46X 13HIMILLIMETERS) 46X 13HIMILLIKETERS)YZ/)

23 FORMATUIOX oF 10029 7XgF 120t g TXoF 128 39X F12:U4g1t8X,FBa6310X4F8a6,7)

RETURN
END

SUBROUTINE PLOTIOCLINK)
ees PLOV OXIODATION-CORROSION DATA, CURVES OF ALLOY WEIGHT LOSS,
ese SCALE PRODUCT, AND NET WEIGHT 0SS VS, TIME,.

DIMENSION CHART(12),CHAR1¢6),CHAR2(8]}
DIMENSION XVYITLENH) ,YMLEGES) ,YPLEGI10),YTLEG(O]}
DIMENSION ALLOY16) SCALE(6),SOURCELB) JRUNIZI,TEMPE2),PRESS(2)

COMMON/BLK 1/HOURSC1ND ) 40P E1IC 4 XXX €10}, WW E100),T7T€100}
COMMON/VOLUP/MMUILID0 I WRIL00IMTUI0DQ)THKLOSE1003,OXITHK(1C0)

COMMON/ZINFO/ALLOY,SCALE  SOURCE JRUN,TEMP,PRESS
COMMON/TITLES/XVITLE,YMLEG.YPLEG,YTLEG
COMMON/LEGEND/XLEGE 20 4 YLEGUIZ20 ) 4NX(NY
COMMON/BLEPLT/ZKKK (10}

eee LOAD LEGEND ARRAYS FROM COMMON BLOCK INPUY
Do 10 1=1,.8
CHAR2 (1) =SOURCE(I)
J=1¢6
K=-Ie2
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L=I#4
1IFtI.6T7,2) 60 YO S
CHARICIIZ=TEMPII)
CHARIIKI-PRESSLtI
CHARI(L)IZ-RUNII)

5 JFt1.67Y.6) 60 T0 10
CHARTIII-ALLOYLI?
CHARTY{JUIT-SCALEL])

10 CONYINUE
C
CeoeOVERWRITE KKK(6) BY SUBROUTINE CALLING ARGUMENT
KKK 163 L INK
o
CoeoABSCISSA TITLE ARRRAY
DO 20 IX=1l,4
XLEGECIXI-XTITLELIX)
20 CONTINUE
NXZ19
C
CeoeSEMILOE PLOT OF ALLOY CORROSION HISTORY
DO 30 IM=1,9
YLEGC IMIYMLEGEIM)
30 CONTINUE
NY=52
CALL LRTLEGECHART,T72)
CALL LRLEGNICHAR]1 ¢36404leg7esl0l
CALL LRLEGNICHARZ 4484 lqgle9sbeSsilel
CALL LCGXYUIHOURS MM Z,KKK])
C
CeeSEMILOG PLOT OF PRODUCTY SCALE HISTORY
00 40 IP-1,41C
YLEGC IPI-YPLEGLIP)
40 CONTINUE
Nyz-¢n
CALL LRTILEGICHART 72}
CALL LRLEGNICHARY ¢3690s1leas7egiel
CALL LRLEGNI(CHARZ yUB84 sl esbeSygusel
CALL LOGXY{HOURS WR,2,KKK)
C
CeoeSEMILOG PLOT OF NEY SAMPLE WEIGHT HISTORY
D0 50 1¥T=1,9
YLEGEIT)I-YTLEGEIT)
S0 CONTINUE
NYZSD
CALL LRTLEGECHART,72)
CALL LRLEGNICHAR] :36¢CgleagTegCel
CALL LRLEGNICHARZ 4884 slegbeSyie)
CALL LOGXY{HOURS MT,2.KKK)
RETURN
END

SUBROUYINE STOICH
COMMON/BLKZ/ASMALL (BSMALL 4DENOX ,DENMET
COMMON/PARAMI FALPHA (BETA
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SASEXREBERER R SRR E R R ER SRR R R R SRR RS SRR R R SRR R R R R KRR SR SRR R

*%3 FUNCTYIONS OF THE STOICHIOMETRIC COEFFICIENT ASHMALL »*»xx
ALPHA - DIMENSIONLESS MAXIMUM NET SAMPLE WEIGHT
BETA — DIMENSIONLESS TIME AT HNET SAMPLE WEIGHT ALPHA

L2222 222222t R 2222222 s 2222 R e 2t 2R )

AN s N NNl o N oW el

U=BSMALL/Z ASMALL
XL=-ALOGLU)
ALPHAZU-1.-XL
BETASTXL~€1./BSHMALL)
RETURN

END

SUBROUVINE ZERO

COMMON/BLKZ/ASMALL BSMALL ,DENOX,DFRMET
COMMON/P ARAMY JALPHA,BETA/PARAMZ2/TAUZROLRATIO

SEXSRAREREERR SRR B AR R RS RRE R R R AR E RS SR RE SRR R R R R AR R RR AR kR F
s*% FYNCTIIONS OF THE STOICHIOMETERIC COEFFICIENT ASMAL; *3*%
TAUZR0O - PREDICTED ODIMENSIONLESS TIMELFROM PARALINEAR
THEORY) AT CROSSGVYER POINT FOR SAMPLE WEIGHT
RATIO — CROSSOVER TIME 7O TIME AT MAXIMUM SAMPLE WEIGHT

SEERBNRERRkEF hdoh kB Rk Rk kR kR ok Rk ok kb KRRk kR R ok ok ok ok ok ok ok ok ok ok Rk

[eNa Mg RaNaNaNeNeNa NNyl

1 FORMATIIHO 20X 81HERROR ALERT MESSAGE FROM SUBROUTINE ZERC /1H
125X 46 THX*THE NUMBER OF ITERATIONS EXCEED 100 AND EXITS WITH THESE
2VALUES*% /)

2 FORMATEIH ,30X,16HTAUZROSASMALL T 4FG.5/71H (30X4,37THTHE TRIAL ITERA
1TION VALUE **TEST#*% = ,F%.57/})

C

C

C *xINITIALIZE FOR FIRST ITERATION *x
UZBSMALL ZASMALL
FIRST=1./BSMALL
PJ=SORTLIFIRST)

c *% IVERATE ON NEXT ESTIMATE =%

D0 S5 I-1,100
DELTAZ1.-PJ
PUJZPJISTALOGIDELTAI*USPJII/ L] . /DELTA-U)
ZFFHIPJAJI-PJI/PJIJ
VEST-ABSHUZFF)
IFETESTY.LT..00001) 60 70 105
PI=PJJ

55 CON FINUE
WRITEL6,1)
WRITEL64,2)IPUJZTEST



105 TAUZRO-PJIJZASHMALL
RATIO-TAUZRO/BETA
RETURN

END

SUBROUTINE OCUERY1tW,T)
REAL XP KV
COMMON/BLKI/ITYPEJLTYPE JLLJLLXsNUMSET NUMKP ,NUNKY
COMMON/BLK2/ASMALL ¢ BSMALL,DENOX ,DENMET
COMMON/PARAM] ZALPHABETA/PARAM2/TAUZROLRATIO
COMMONZCASEL/KPKV/CASEZ/ACAP+BCAP/CASEI/WBAR,TBAR,L,TZERD
C
CIRXXRBRAEREEERIRER R RRER R RN RREFE SRR AR AR KRR AR R R ARRRRR AR AR B R AR N AR X R
C
C #%% SUBROUTINE DETERMINES NUMERICAL VALUES OF THE PARALINEAR PARAME TERS
c FROM ONE OF SEVERAL POSSIBLE TYPES OF INPUT DATA *x*
o
C *%x INPUT ARGUMENTS ---~- WBAR,TBAR FOR ITYPE = 1 =*x»x
c
CEXEPRRXAXBREE SRR R ARRR SRR RS R AR ARE SRR S E R AR AR AR SRR TR SRR AR TR KK
c

40 WBARCHW
TBARZ=TY

BCAP-WBAR*BETAZ¢TBARXALPHA)
ACAP-BCAP*WBAR/ALPHA
AAZACAP/BCAP

RP- 2. %ACAP/ZASHALL*%?
KVZBCAP*BSMALL/ASHMALL
YZEROZRAVTIO*TBAR

RETURN
c
END
SUBROUTINE OUERY2(P,V)
REAL KP4 KV
COMMON/ZCASEY/KPLKV/CASEZ2/ACAP,BCAP/CASE3/WBAR,TBAR,TZERD
COMMON/PARAMYI/ZALPHA ,BETA/PARAMZ/TAUZROLRATIO
COMMONIBLKZ/ASMALL  BSMALL,DENOX,DENMETY
COMMON/BIKI/ITYPE JLTYYPE JLLSLLX s NUMSET ¢y NUMKP s NUMKY
C
CEXRERE AR RESE RRAE SRR SR F KRR R R R R R R YR SRR R A RIS R AR R R E R bk d
C
C **% SUBROUTINE DETERMINES NUMERICAL VALUES OF THE PARALINEAR PARAMETERS
c FROM ONE OF SEVERAL POSSIBLE TYPES OF INPUT DATA »»
c
C *2% INPUTY ARGUMENTS —=~- KP AND KV FOR ITYPE = 2 =**»
o
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CIEE2RE2XXR SR ARRR NS XNIB RS SR XSS ESR R EBH AR B R RSB AR RS AR RS R R SR ERRR
o
60 KP=P
Kvy-y

ACAP-KP#ASHALL#%2/2,
BCAP=KV*ASMALL /BSHALL
AA=ACAP/BCAP
MBARSAAXALPHA
TBAR=AA*BETA/BCAP
TZERO=RATIOSTBAR
RETVLURN

ERD

SUBROUTINE QUERY3(W,T,X]}

REAL KP4 KY

COMMON/BLKZ2/ASHMALL 4BSMALL ,DENOX,DENMET
COMMON/BLKI/ITYPEZLTYPEGLL LLX NUMSET NUMKP,NUMKY
COMMON/PARAMIZALPHA ,BETA/PARAMZ/TAUZROLRATIO
COMMON/CASELI/KPKV/CASE2/ACAPBCAP/CASE3I/HNBAR,TBAR,L,TZERO

S RNERERARBRE R SRR SR EREEE R R R R SRR AR A SRR AR RSB AR R R BB SRR R Rk

*%% SUBROUTINE DEVERMINES NUMERICAL VALUES OF THE PARALINEAR PARAMETERS
FROM ONE OF SEVERAL POSSIBLE TYPES OF INPUT DATA =*x%

*%% INPUT ARGUMENTS ---- ONE WEIGHT-TIME DATA PAIR PLUS EITHER P
OR KV FOR ITYPE = 3 #*x

SEEXXRNRRRR AR IR BRREEREEEREE RSN R R SRR R R AR E R B RS R RSk SRR RSk R R

AN anNoON

1 FORMAT(1HO,20X+83HERROR ALERT MESSAGE FROM SUBROUTINE QUERY3 /1H
125X 4 67TH*#THE NUMBER OF ITERATIONS EXCEED 10D AND EXITS WITH THESE
2VALUES** /)

2 FORMATUIH (30X,25HTHE PARAMETER #*BCAP%x% = (EB8.48/1H ,30X,37HTHE TR
1IAL ITVERATION VALUE *2TEST®% = ,F9.5//7/})

3 FORMATELIH 30X 427THTHE ABSCISSA TERM *3TK3s = EB8.,8/1H +30X¢37HTHE
1TRIAL 1VERATION VALUE *sTEST*% = ,F9.5/77)

C
4 MMlzwW
5 171V
IFILIYPE .EQ. 2) 60 70 110G
C
o *% COEFFICIENY KP GIVEN *=»
KP=X
ACAP-KPRASMALL*22/2,
C
AAZACAP/ZASMALL
BMAXZ(—WWI*SORTINWINR244 . *TT1/ASMALL)ID/2.3TT1
C
C *% FIRSVT GUESS OF BCAP VALUE =*»
6 B1=-BMAX
o
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1C

16

17

00 8 J=141900
TISTT1*B1*¥2/ACAP
P-RETRNQ(T1)-T1
PP-l1.,-P)1*2.,2T1/71P2B1)
F-TT1#B1l%%2+WN1*Bl-AAXP
DFZ2.%TT1*Bl+WUH1-AAXPP
B2=B1-F/DF
TEST-ABRSE(E2-Bl1)/B2)
IFCTEST.LT..0C013 E0 TO 9
B81=82

CONTINUE

WRITEtELL)

WRITELGE,2)B2,TESTYT

BCAPS-B?

K¥-BSMALL*BCAP/ASMaLL
WBARZACAP*ALPHA/BCAP
TEBAR-WBARSBETA/Z(BCAPHALPHA)
YZERO-TAUZRO*TBAR/BETA
RETVURN

ssCOEFFICIENT KV GIVEN *x
Kv=X
BCAP-KVSASMALL/BSHMALL

** IVYERATION USING MODIFIED SECANT METHOD =*»
CONSTYZBSMALL+ASMALL*WW1/(TT1%BCAP])
TR-14/7tCONST-1.)

YRZEXPE-CONST*TR)
TL=1./7CONSY

00 16 1-1,100
ELZCONSTSTL
YLZEXP¢-EL)

*#% CALCULATE CHORD SLOPE =*x
CSTEYR-YLI/Z(TR-TL)

*% ESTIMATE MEAN ABSCISSA VALUE =»»
THZ(14-YLeCS*TLIZICONST*CS-1.)
TEST-ABStTM-TL)
IFITEST.LT.. 0001) GO TO 17
TLZTH

CONTINUE

WRITEL6,1)

WRITE(643)TM,TEST

ACAP-TT1#BCAP*32/TM
KPZ2.%ACAP/ASMALL®>?2
WBARZACAP*ALPHA/BCAP
TBAR-WBARSBETA/Z(BCAP®ALPHA)
TZERO-TAUZRO*TBAR/BETA

RE TURN

END



SUBROUTINE OUERY&IWILN2,T1,72)

REAL KP, KV

COMMON/BLK2/ASMALL 4 BSMALL s DENO X4 DENMET
COMMON/BULK3/1TYPE JLTYPE JLL 4LLX yNUMSE T o NUMKP { NUMK Y
COMMON/P ARAM1/ALPHA ,BETA/PARAM2/TAUZRO,RATIO
COMMONZCASEI/ZKP KV/CASE2/ACAP BCAP/CASE3/UBAR, TBAR,TZEROQ

o
[t 22222 E L R 22 R It 2 2R 22 2 RS EE RS RSS2SR RS R AR SRS SR 2L 3 )
c
C *¥x SUBROUTINE DETERMINES NUMERICAL VALUES OF THE PARALINEAR PARAMETERS
L o FROM ONE OF SEVERAL POSSIBLE TYPES OF INPUT DATA *»
C
C ss% INPUT ARGUMENYS ---- TWO PAIRS OF EXPERIMENTAL VMEIGHT-TIME DATA
C FOR ITYPE = § »»
C
CEXXRRRREEXER L IR RB AR ARBRREREB SRR B RS R SRR AR R R SRR RS RS E Sk kB E
o
1 FORMATIIHO,20X83HERROR ALERT MESSAGE FROM SUBROUVINE QUERYY4 /1H
125X, 67H® *THE NUMBER OF ITERATIONS EXCEED 200 AND EXITS WITH THESE
ZYALUES*® /)
2 FORPMATIIH (30X,27THTHE ABSCISSA TERM %2X2%% = (FB.8/1H 430X437THTHE
ITRIAL ITERAYION VALUE *xTEST** = ,F9.5//7/)
3 FORMATIIHO,20X 4#3HERROR ALERT MESSAGE FROM SUBROUTINE GQUERYS4 /1H ,
125X+ 69H*3DIVISOR IN ITERATION STEP IS ZERO. ERROR RETURN WITH THES
ZE VALUES #%/) ’
4 FORMATIIHO,20X,43HERROR ALERT MESSAGE FROM SUBROUTINE OQUERYH /1H ,
125X 4 60H*SPARAMETFER C3 IS TOO SMALL. CHOOSE ODIFFERENT WEIGHT PAIRS®
2%/}
C
WWl=-Wl
KW2-HW2
C
W1ABSTABSIKY]
WZABS-ABSIN2]
C
C *% VYEST FIRST WEIGHY FOR CROSSOVER VALUE =*3»
IFtNIABS .LT..0001060 TO 1061
C
o *% JTEST SECOND WEIGHT FOR CROSSOVER VALUE s*x%x
IFUW2ABS «LT..0001160 TO 1002
60 70 BO
C
C #% FIRST WMEIGHT AS CROSSOVER VALUE =*x
1001 TZEROC-T1
TBAR-BETA=*TZERO/TAUZRO
TAUZ-BETA*T2/TBAR
S EMZ-RETRNQITAUZ)
6 ENZZCEM2-BSMALL*TAU2)/ASHMALL
MBARTALPHA®WZ2/EN2
60 T0 112
C
C #% SECOND WEIGHTY AS CROSSOVER VALUE =»»
1002 TZERO=TZ2

TEAR-BETA*TZERO/Z/TAUZRO
TAUITBETA®T1/TBAR

T EMI-RETRNQtTAUL]}

8 ENI1ZCEMI-BSMALL*TAUL)/ZASMALL
WBARZALPHAXW1/EN1
60 T0 112
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C
[ o *% ROUVINE FOR BOTH WEIGHT DATA NONZERO *»*
C
80 IENDZ=200 aMAX NUMBER OF ITERATIONS
EPST1.E-7 STOLERANCE BETWEEN ITERATES
IER-D SERROR CODE 4 4NO ERROR,,
TT1:=T1
IT2=12
TRAT=TT2/7171
Cl-ul/u2

CZ-TRAT*C1
C3=-BSHMALL#*(C2-1,.]}

IFtABSIC3I}.67..,0001360 TO 90 STEST ON CHOICE OF DATA
WRITELG,4) AERROR MESSAGE
RETURN
C
C
CoeoPREPARE ITERATION ON WEGSTEIN SECANTY METHOD.
C
90 XSTART-TAUZRO SINITIAL GUESS FOR ROOT VALUE
X2=XSTART
XO=X2/7TRAY
EMI-RETRNOIXO)
EMZ-RETRNC{X21}
XZ4CI1*EM2-EM1)/C3 SIMPLICIT RELATION X=F¢X)
A=x-x0
B=-A
Xoz=x
X2=XC*TRAY
EMITRETRNOEXD)
EM2=RETRNO (X2}
FEST=X-¢CISEMZ-EM1)/C3
C
c
CeoSTARY I1VERATION LOOP
DO 1C6 IZ1,1END
IFC(TESTI 101,111,301
c
Ce+EQUATION IS NOY SATISFIED BY X
101 B-B/TEST-1.
IFIBI102 4,114,102
c
CeoJTERATION 15 POSSIBLE
102 A-asB 8SECANT CORRECTION TERM
X=X+A
B=TgST
X0=x
XZ2=XOcTRAT
EMI-RETRNOEXO}
EM2-RETRNOEX2)
TEST=X-(C1+EMZ2-EM13/C3
c
CeeTEST ON SATISFACTORY ACCURACY
TOL-EPS
D=ABSEX)
IFtD-1.1104,304,103
1g3 TOL=TOL=*D
104 IFEABSIA)I-TOL)I1ICS5,105,106 SFIRST TOLERANCE TEST
105 IFUEABSETESTI-1C.*TOLI111,111,106 @SECOND TOLERANCE TVEST
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106 CONVINUE
Ce+END OF ITERATION LOOP

C

111

112

114

oA ON

o0

END

WRITE(6,1)

MRITEI6423X2, TEST

IERZ] S@ERROR CODE +4NO CONVERGENCE AFTJER
RETURN SIEND ITERATIONS. ERROR RETURN,,

*#% CALCULATE WBAR AND TBAR FIRST *x
TBAR=BETA*TT2/X2
ENZ2Z(EM2-BSMALLSX2) JASMALL
WBARTALPHA®KNZ/EN2

BCAP-WBARSBETAZ(TBARSALPHA)
ACAP-UBARSBCAP/ALPHA
KP-2.,%ACAP/ASMALL®*%2
KV-BSMALL*BCAP/ASMALL
TZERO-TAUZROSTBAR/BLTA

RE TURN

IERZ=2 @ERROR CODE ,,DIVISOR VALUE Z2ERO,,
WRITE(6,43)

WRITELG642DX2,TVEST

RETURN

SUBROUTINE SPEVAL
COMMON/BEIKZ/ASMALL BSMALL,DENOX,DENMET/PARAM2/TAUZRO,RATIO
COMMON/CASEZ/ACAPBCAP/VALI/WMBARWRBARyWMZERO JWRL IM

SEEXXEERANBEXE AXRE R REREEERREEE AR SRR G R AR A SRR SRR R R ARG AR R SRR R SRS

*%% CALCULATES PHYSICAL WEIGHTS AT SPECIAL TIMES OF INTERESTY --

1.ALLOY CORRODED AT MAXIMUM NEY SPECIMAN MEIGHT, AND WHEN NET
GAIN IS ZEROITHATY IS,THE ZERO CROSSOVER TVIME)

Z2JLIMITING SCALE WEIGHTYT AT INFINITE TIME, AND AT MAXIMUM NET
WEIGHT,

SERREXERE R AL LR R SR RER SR I B AR SRR SRR SRR 4B R XS BABE R RN XA SRR SRS AR E A& K

*%x INIVIALIZE RATIOS OF SYSTEM PARAMETERS ==
U= BSMALL/ASMALL

ARZ

END

ACAP/BCAP

**RETURN DIMENSIONALIPHYSICAL) WEIGHTS AT SPECIAL CONDITIONS
WMZERO= BSMALL*AAXTAUZRO

WMB ARZ AASALOGIU)

WRBAR= AAZASMALL

HRLIMT USAA

RETURN
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SUBROUTINE CORODE

DIMENSION HOURS(1IOC),CPU10)4TPUL10D 4 XXX(100)TTTL1I00)
DIMENSION WWE100),TT¢100)
COMMON/BILXI/HOURS QP4 XXX 3 s TY/SCALE/TP
COMMON/BIKI/ITYPEJLTYPEJLL JLLX NUMSET(NUNKP NUMKY
COMMON/PARAMLIZALPHA BETA/CASEI/NBARGTBARGTZ2ERO/RUSTZTTY

C
CE¥IRERRREB AR TR BRRXRXRRE AR ERE SR EREEFRESE R AR A DS R EARRR R RN AR SRR SRR R AN RN
C
C #**% SUBROUTINE COMPUTES ELAPSED TIME TTT WHEN XXX MILLIGRAMS PER
C SQUARE CENTIMETER OF ALLOY HAVE BEEN CONSUMED DUE YO
C CORROSION %33
C
[ ¥ 2222222222 RIS L2 22 2R 22222 RS R Rt R a2 Rt s iR 22 s Lt
c
C
c *% BEGIN LOOP THROUGH INPUT SEQUENCE OF WEIGHT LOSSES =**
DO 5 IZ1le4LLX
C
C =% TRANSFORM REAL WEIGHT T0 DIMENSIONLESS VARIABLE
[ WMXXXy THEN DETERMINE CORRESPONDING DIMENSIONLESS
C TIBE TAUXXX, AND TRANSFORM IT BACK TO REAL
C TIME TTT **
WMXXX-ALPHA®XXX4IJZ7UWBAR
TAUXXX-RETRNTLWMXXX]
TITCII-TAUXXX*TBAR/BETA
5 CONTINUE
RETURN
C
END
SUBROGUTINE CURVE
DIMENSION HOURSUI1OC140PC10) TP LI 4 XXXUI0D),TTTUIODYNHM(100)
DIMENSION WWE100)TTCI100),WTCI00YWRE10C), THKLOSE10T) ,OXITHX(13TC)
COMMON/BLKI/HOURS (0P (XXX ¢WW o TT/SCALE/TP/RUST/TIT
COMMON/BLKZ2/ASHALL (BSMALL JDENOX ,DENMET
COMMON/BINI/ZITYPE JLTYPEZLLLLLX NUMSET NUMKPJNUMKY
COMMONZVOLUP /UM HR quT 4 THKLOS s OXITHK/CASE2/ACAP BCAP
c

CIEBRXXRERERRE ARRE B R XSRS SRR ERRE SRR R R R R R Rk R SR R Rk &
C

C *%% THE PRINCIPAL SUBPROGRAM WHICH COMPUTES THE NET-WEIGHT, TIME

C PAIRS OF DATA WHICH APPROXIMATES THE EXPERIMENTAL

C CURVE ACCORDING T0O THE PARALINEAR THEORY. AT EACH

c SPECIFIED VIME THE PROGRAM CALCULATES

C 1 NET SPECIMAN WEIGHT

C 2e METAL WEIGHT CONSUMED

C 3. WEIGHT OF SCALE FORMED

C 4. LOSS IN METAL THICKNESS

C 5¢ THICKNESS OF SCALE LAYER

C
c
[ o
ol

SEXEXRERR SRR AR AR A RERE SRR KRR EERESERS AR SRR TR R KRR R R R Rk R e R BNk
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[ o *% INITIALIZE THE PARALINEAR COEFFICIENTS *x%
AAZACAP/BCAP

C
C #% SOLVE DIMENSIONLESS OM-EQUATION AT LL TIMES
b0 500 J=1,LL

TAUZHOURS{JY*BCAP/ZAA
OM= RETRNQYLTAU}

C

c =% THREE VECTORS STORE PHYSICAL WEIGHTS OF ALLOY CORRODED,

C SCALE FORMED, AND NET SPECIMAN WEIGHT =%
WMEJIZOMEAA
WRESIZAAXBSMALLEIOM-TAUI/ZASHALL
¥TUJIZWREJI-WHI D]

[ o

C *% TWO VECTORS STORE PHYSICAL DEPTHS OF ALLOY CORROSION

C AND SCALE FORMED »=*
THELOSEJIZ01*WMIJI/ZDENMET
OXITHK(JI=.01*%WREJI/DENOX

C

$00 CONTINUE
RETURN
C
END
FUNCTION RETRNQETAU)
C

CES2XRB gt NN R AE R AR RELRRB AR BR SR AR R EE RSB RREE B SRR AR R R Rk DR BB R E
C
C *%% SUBPROGRAM RETURNS VALUE OF DIMENSIONLESS ALLOY-CORROSION VARIABLE
C gM AT TIME TAU =%
C
COAEXRRRRBXXRR R BERR R AR ERE SRR RE SRR B EX SRS RS SRR SR AR AR R AR R AR AR KSR R
[+
1 FORMATI1HO20X,43HERROR ALERT MLSSAGE FROM SUBROUTINE RETRNO /Z1H
12SX+67TH**THE NUMBER OF ITERATIONS EXCEED 10D AND EXITS WITH THESE
2YALUES®%x /Y
2 FORMATE1IH o30X,34HTHE ALLOY CORROSION TERM s%x0M*% = F9,5/71H 30X,
137THYHE TRIAL ITERATION VALUE *»TEST** = ,F9,5//7)

C

CooWEST FOR SMALL VALUES OF DIMENSIONLESS TIME..
X=TAU
IFe4X.6T7T..01360 7O 1C

C

CoeoVHIS SECTION USES THE NEWYON-RAPHSON METHOD FOR ROOT SOLUVION OF A
Coe o TRUNCATVED POWER SERIES APPROXIMATION OF THE EXPONENTIAL AT VERY SHMALL
CeolFINBESeee

C
CeoFIRST GBUESS AT ROOT POSITION
PHI=2,
B0 3 LLR=1,100
PHI X=PHI*X
FUNCZ1e=0 o5-SORTEPHIX)/Z/6¢PHIX/28,)*PHT
C

Co o NERMTON-RAPHSON
DFUNCT— 5+ ,25%SORTIPHRIXI-PHIX/)2,.
DELPHI=~FUNC/DFUNC
TES TZABSHDELPHI/PHI)
IFCTEST.LT..000001360 7O §
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PHIZPHI+DELPHI
3 CONTVINUE
WRITELE, 1)
Y2=SCRTC(PHIX)
WRIVELIG, 2)Y2,TEST
S RETRNO-SQRTIPHIX)

RETURN
#% FTHIS SECTION USES NEWTON-RAPHSON TO SOLVE COMPLEYE PARALINEAR

EQUATION FOR DIMENSINLESS CORROSION WEIGHT ..

neoan

2 SET UPPER BOUND ON THE DEPENDENT VARIABLE
10 C-1l.+TAUL

*% INITIALIZE FOR FIRST ITERATION #%
Yi= C

(s N gl

[ o *% BEGIN NEWTONS METHOD»x
8o 13 J=1,100
PHI= Y1+EXP(-Y1)-C
TEST = ABS{IPHI)
IFCTESTL.LT.. 300813 60 Y0 1%
11 OPHIZ- l.-EXPUL-Y])
12 Y2 = Y1 - PHI/OPHI
¥i=- yY2
13 CON TINUE
MRITELG41)
WRITELG6423 V2,TEST

14 RETRNQZ Y1
RE VURN

END

FUNCTION RETRNTIX)
C
CIRXXERETFAREE XXX B R A AR LS XBEXERBSE XXX R R R R R R AR BRASER TR AR R B R RS RN
C
C »%xx SUBPROGRAM EXPLICITLY COMPUTES DIMENSTONLESS TIME FROM THE
C OM EQUATION #*»3%
C
CEEXERAREXXF XX IRIRIRXAR S SRR RE R RRR R R RRN BAE R RSN BRI R RN B R R R E SRR ¥
c
REVTRNT - X-1.)4EXPEI-X]}
RETURN
END
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ACAP
ALPHA
ASMALL
BCAP
BETA
BSMALL
DENMET
DENOX
KP

KV
NUMKP
NUMKYV
NUMSET
OXITHK
RATIO
TAU
TAUZRO
TBAR
THKLOS
WBAR
WRLIM
WRMAX
XKP
XKV

APPENDIX C

KEY FORTRAN SYMBOLS FOR COREST

parabolic scaling constant, A, in terms of W,

dimensionless maximum net specific sample weight

stoichiometric constant, a

linear-vaporization constant, B, in terms of Wm
dimensionless time at net specific sample weight ALPHA
stoichiometric constant, b

density of the metal consumed, P

density of the retained oxide, Py

parabolic scaling constant, kp

linear vaporization constant, k,

number of kp—values in input array XKP

number of kv-values in input array XKV

number of cases in a COREST run

computed oxide thickness, mm

ratio of crossover time to T, to/f

dimensionless time, B2t/A

computed dimensionless crossover time

time to reach maximum specific sample weight change, t, hr
computed metal loss, mm

maximum specific sample weight change, AW
limiting retained specific scale weight
corresponding retained specific scale weight at AW
input array of kp-values for data types 1, 2, and 3
input array of kv-values for data types 1, 2, and 3
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APPENDIX D

TYPICAL OUTPUT LISTING FOR COREST

BLCCK DATA

Ce«OATA AND ARRAYS FOR PLOTTING SUBROUTINE PLOTIOELL]

c
C

DIMENSION XTITLECS] JYMLEGISI,YPLEGI10),YTLEGLD)
COFMON/TITLES/XTITLE ,YHLEG,YPLEG,YTLEG

COFMON/BLKPLT/KKK (10}

DATA KKK/3,-141403041,4%0/

DATA XTITLE/I9HEXPOSURE TIMELHOURS/

DATA YMLEG/SZHWEIGHT OF CORRODED ALLOY.,ML6MS PER SQUARE CENTIMETER
| ¥4

DATA YPLEG/6UHWEIGHT OF AUHERING PRODUCT SCALE.MLGMS PER SQUARE CE

INTIMETER/
DATA YTLEG/SOHNEY SAMPLE WEIGHT GAINMLGMS PER SQUARE CENTIMETER/

Ce«ARRAYS AND DATA FOR PROBLEM SOLUTION

54

DIPENSION HOURSEI00F,0P#10)+XXX(101,TTTE1001}
DIPENSION WW(1003,TTCI00) XKPt100) ,XKV{100]

COPMON/BLKI/HOURS QP o XXX i g FT/RUST/TTT
COFMON/BLK2/ASMALL +BSMALL sDENOX sDENMET
COFMON/BLK3/ITYPE JLTYPE JLL s ELXgNUMSET 4 NUMKV s NUMKP
COFMON/CASEU/XKP XKV

INFUT FOLLOMWS

DATA ASMALL +BSMALL/2:.166743.1667/

DATA TTYPESLL LEX/H43743/

OAJA NUMSET/2/

DATA QP/ 5495954 720.0/

DATA XXX/71.93359:54719.0,730.0/

DATA HOURS/e313¢693¢8693¢1151:464,3.,06455.83,20.83,23.61,30,56,
¥ 55.56386¢114116:6731366e¢674190.844222.22,4236.11483%100.7

DATA WW/2,5033¢29e3.2833.13,96*0.0/

DATR TT/730e563860114221422,4236,11,962100./

ENC
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PARALINEAR KINETICS STUDY OF CORROSION WITH SCALE VAPORIZATION

ALLOY TYPE- CHROMIUNM OXIDE FORMERS 2 SETS
SCALE TYPE- CR203 T0 CRO3

TEMPERATURE = 1200 C PRESSURE = 1 ATH.

DATA SOURCE- CR-<2Y TEOMON (REF.%} BEFORE & AFTER WBAR RUN NO., =

DENSITIES— ALLOY = 7.190 G6M/CUCMey SCALE = 5.210 GH/CU.CH.
STOICHIOMETRIC COEFFICIENTS- ASMALL = 2.1667 4 BSMALL = 3.1667
DATA TYPE = &

DAYTA SPECIFICATION-

ITYPE=]1 -~~~ THE OATA SET CONSISTS OF THE CURVE PARA-
METER PAIR MBARLTBAR .

ITYPE=2 -~~~ THE OATA SET CONTAINS NUMKP VALUES OF THE
PARALINEAR DIFFUSION-REACTION PARAMETER KP,
AND NUMKY VALUES OF THE VAPORIZATION PARA-
METER KV

ITYPE=3 -~-- GIVEN NUMSET PAIRS OF EXPERIMENTAL DATR
POINTS WHIL} TTLIY,NUNKP VALUES OF THE PARA-
LINEAR PARAMETER KP ~-- (LTYPEZ1} OR NUMKY
VALUES OF THE VAPORIZATION PARAMETER KV --
SLTYPE=2) .

TITYPE=N ---- GIVEN NUMSET PAIRS OF EXPERIMENTAL WEIGHIS
W1§I3,2413 AND THEIR CORRESPONDING TIMES
T1413,T2012

ALPHA = 082046554 BETA = 063698616 CROSSOVER TIKE/TIME(AT MAX, WEIGHT) = 8.D34745
INPUT DATA---- W1} = 2.500000 TT¢1t = 30.560000 HOURS
WWez2r = 3.2950000 TT423 = 86.110000 HOURS
A= «8367918 B = «0201046 Kp = «3564921 KV = «0293835 CROSSOVER TIME = 532.07 HOURS



96

FAXIHUR NET MEIGHY = 341893 MG/SQ.CH, LY MITING SCALE WEIGHY = 60.83168 MG6/SQ.CH./

TIME AT MAXIMUM KET WEIGHT = 131.87 HOURS ALLOY CORRODED UP T0 CROSSOVER TIME = 33,8786 MG/SQ.CH.

ALLCY CONSUMEDEAT MAX. NET WEIGHTI = 15,7989 MG/SQ.CH. SCALE WEIGHT(AT MAX.NET MEIGHTI = 19.2098 ME/SQ.CH.

FRACTION OF LIMITING ELAPSED TINME
SCALE WEIGHT (HOURS)
«50000 399.87
«90000 2903.72
«95000 §235.21
ALLOY CORROSION ELAPSED TIME
tHG/SQ.CH.) tHOURS)
T1.90 1873.99
359,50 15811457
7319.00 33692.67
ELAPSED TIME CORROSION LOSS SCALE BE]1IGHT NET SPECIMAN WEIGHT CORROSION LOSS SCALE THICKNESS
{HOURS } IME/SQeCHe) I1ME/50.CH, ) IN6/5Q.CH. ) IMILLIMETERS? IMILLIMETERS)
«31 «722% 1.0867 «3243 001005 «002009
«69 1.0792 1,557 «+&778 «001501 «002989
«86 1.2055 1.7366 «5311 «001677 «003333
1.11 1.370% 1.9703 «5999 «001906 «003782
1.64 1.6678 2.3893 «7215 002320 «004586
3.06 2.2837 3.2478 «964] .003176 «00623%
5483 3,1632 8.4518 1.288¢ «00%8399 «008585

20.83 6.0873 8.2263 2.1790 «0088]11 «015789
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23.61

30.56
55456
86.11
136467
166467
194444
222,22

236.11

INPUT DATA-=-- LR Y

Uue2l

A= +9907335 B =

HAXIHUH NET MEIGHT =

TIME AT HAXIMUM KET HEIGHY O

ALLOY CONSUMEDEAT HAXa NEY HEIGHT) =

6.4483 8.7306
T.3628 9.8624
10.0308 13.0278
12.6107 15.9007
14.8011 18.2040
17.8971 21.2598
1944419 2247016
20.8963 25.0110
2145949 2446238
3.240000 TN
3.130000 77421
«022424% kP = «4220747

3.62891 HG/SQ.CH.

125.50 HOURS

1647661 HG6/SQ.CH,

FRACTION OF LIHITING
SCALE HMEIGHT
«50000
950000

«95000

2.2823 «008968 «016757
2.5000 «010240 «018930
2.9970 «013951 «02500%
3.2900 «017539 030519
344030 «020586 «0349491
3.3627 .62Q892 «040806
3.2597 «027040 «043573
31147 «029063 0456086
3.0290 «030035 «087263

= 2234219999 HOURS

= 236.110001 HOURS

KV = «0327739 CROSSOVER TFIHE = 506+36 HOURS

LY MITING SCALE MEIGHT = 68.57212 HG/5GeCHa/

ALLOY CORRODED UP YO CROSSOVER VIHE B 359575 HG/SQ«CHe

SCALE WEIGHTOAT MAX.NET WEIEHT) O , 2043910 HE6/SQ.CH.

ELAPSED TIHE
tHOURS}

380.54

2763.42

4030.56




o
=]

ELAPSED TIME
(HOURS

31

«69

«86

1.11

164

3016

5.83

20.83

2361

30456

565456

86e11

116467

16667

198,44

22222

236411

ALLOY CORROSION

tHG/SGeCMAl

72490

359.50

11%.00
CORROSECN LOSS SCALE WEIGHT

FHE/S0LCML) ENG/SOLCH, B

« 7861 1.1387
1.1785% 1.6939
1.3119 1.889}
1.4918 2.1833
1.8150 2.5989
2.4855 3.5323
3.4429 4§ .8409
G584 £.9403
TO20% S <4875
8.0169 10.7158
10,925% 18,1469
13.73%0 17,2579
16.1290 19.7493
19.5088 23,0503
21,1960 28,6061
22.7849 26.0178
23.5482 2646782

ELAPSED TIME
tHOURS
1623414
14062.02
30093.12

HET SPECIMAN WEIGHT
§HB/SUCMW L

«3526

<5194

5773

«6519

« 7839
1.0468
1. 3980
243561
256068
246985
342218
3.5168
36203
3.5415
3.a101
3.2329

3.1300

CORROSJON LOSS
(MILLIMETERS)
«001092
«003633
001825
002078
«O02828
+O03457
<HOKTRY
009157
009768
«032150
«0153195
«019109
«022%433
027133
«029480
«N31690

«032751

SCALE THICKNESS

IMILLIMETERS)
~O02)86
«003251
«O03626
«00411%
{4988
«00E780
«009292
«017160
018210
«020567
«D271583
«03312%
037906
«ORN2K2
«ON7229
089938
«051206
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TABLE 1. - STOICHIOMETRIC FACTOR®
[a = (M X + Myy)/0z; b=a+ 1.]

{a) One-metal oxides (b) Two-metal oxides
{i.e., spinels)

Oxide a Oxide a

Thog 7.2512 COCr204
Co 3.6831 NiCr204
NiO 3.6694 FeC‘rgO4
FeO 3. 4906 MnCrL,O 4
MnOQ 3.4338 AICr304
FeSO 4 |2.6180 C(;A1204
FegO:3 2.8271 NiA1204

Cr203 2.1667 FeA1204
Mo()3 1.9988 MnA 150 4
Aizog 1.1242 CrAlBO 4
Cr()g 1.0833
SiO2 . 87178

R - R O 53
H o .
da WLy

»

1o o

=§ =3
O =
y—

.

bk ek ek gk RS
md ]

.
H
o
[=2]

AFor example, for Cry0;, a = 52.00%2)+ 8 _ 5 ypa7
= 63

and for NiCr,0,, a = (58.71 = ;()ST '452 06x2) _ 2.5423

TABLE II. - INPUT DATA FOR PREDOMINANTLY Crgng FORMING ALLOYS FOR

PARALINEAR OXIDATION ANALYSIS {(COREST)

[Scale, Cr203; stoichiometric constants: a = 2.166%, b = 3, 1667; density of Cr, Py = 7.18 gfcmgg
density of Cry0y, £, = 5.21 gf’cmz.}

Alloy

Test conditions Before AW At ~AW After AW

Time,
hr

Temper-| Number| Test points - input to COREST: time, t, hr; specific sample

of data weight change, AW, mg,./"cm""'; time to reach
points mum AW in paralinear oxidation, AW, mgf’cmg

Alloy A®
(ref. 6)

31 ty = 100, AWy = 3.21 T =204 t; =780, AW, =2.08
ts =200, AW, = 3.59 AW =3.63 ty = 1280, AW, =-0.20

Cr-0.2Y
{ref, 4}

t; = 30.56, AW, =2.50] T=166.70 |t; - 222.22, AW, = 3.24
ty = 86.11, AW,y = 3.28] AW =3.48 |t, =236.11, AW, =3.13

Ni-40Cr

t; =100, AW, =2.859 | T =250 ty =400, AW, = 2.920
= 200, AW, = 3.204 | AW =3.240 ty =900, AW, = 0.669

ty

Tophet 30°
2-37

t, =100, AW, =1.955 | =225 ty = 1200, AW, = 0.875
ty =196, AW, =2.249 | AW =2.207|t, = 2050, AW, = -1.061

Tophet 30°
2-35

t; = 40, AW, = 1.670 1 =110 ty =700, AW, =1.737
ty = 80, AW, = 1.871 AW = 1.957|t, = 2300, AW, = 0.330

Tophet 30b
2-42

1850

1y = 98, AW, = 2.012 t = 420 ty =990, AW, =2.017
tog = 1380, AW, =2.188 AW =2.382 ty = 1800, AW,y = 1,259

4Ni-20Cr-3Fe-0. 45i.
byi-29. 6Cr-1. 4851,
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TABLE IIl. - DERIVED PARALINEAR ESTIMATES FROM COREST OUTPUT FOR SIX

Cr203-F0RM1NG ALLOYS FOR THREE TIME STAGES OF INPUT

(a) Before AW

Agstimated error is averaged over whole curve.

Alloy Fit, a Parabolic Linear Limiting value 0;1 — Time to reach-
+mg/ cm? scaling |vaporization| specific weight of AW, mg /cm2 W, mg /cmz
constant, | constant, metal oxide (p2m)
kp ]ﬁ, formed and re-
tained, in para- 0 71.9 (100)
linear oxidation, [~ -
W . Time, t, hr
) ) r,lim

Alloy A 1.191 ]0.2344 0.01833 64.13 899.11 2913.91
(ref. 6)

Cr-0.2Y .156 . 3565 . 02938 60. 83 532. 09 1874. 00
(ref. 4)

Ni-40Cr .345 . 1850 . 01620 57.26 908. 56 3516. 48

Tophet 30 1.841 . 08013 . 00984 40. 85 10617. 46 6848.28
2-37

Tophet 30| 15.635 . 1579 . 02368 33.44 362.90 3086. 67
2-35

Tophet 30 3.682 .1028 01322 38.99 758. 16 5199. 20

| 2-42 o
(b) At AW

Alloy A 0.297 0.17917 0. 01397 64.48 1186.21 3 810.58
(ref. 6)

Cr-0.2Y .206 . 2929 . 02369 61.99 672,59 2 299.64
(ref. 4)

Ni-40Cr .243 . 1693 . 01471 57.72 1008. 69 3 856.57

Tophet 30 2.639 . 09453 . 01158 40.92 907. 82 5 810. 11
2-37

Tophet 30 | 12. 426 . 1404 . 02019 34. 86 443. 82 3 563.35
2-35

Tophet 30 | _.621 | .05446 | .00644 [  a2.43 1694.50 | 10 289.80

(c) After AW

Alloy A 0. 469 0.1339 0.01179 56.95 124.11 4 845.06
(ref. 6)

Cr-0.2Y .184 . 4434 . 03397 65. 45 495. 17 1 553. 64
(ref. 4)

Ni-40Cr .270 . 1578 . 01418 55. 83 1012.19 4 074.22

Tophet 30 .352 . 03507 . 00529 33.21 1612.24 13 839.10
2-37

Tophet 30 . 460 . 01935 . 00313 31.03 2549. 98 24 018.00
2-35

Tophet 30 . 360 . 02698 . 00359 37.68 2697.92 19 421.54
2-42
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TABLE IV. - DERIVED PARALINEAR VALUES FOR PREDOMINANTLY Cr203- FORMING ALLOYS WITH GIVEN PARABOLIC SCALING

AND LINEAR VAPORIZATION CONSTANTS COMPARED WITH PARABOLIC OXIDATION ('kv =0)

Tempera~ Parabolic Linear Metal consumed, Wm, mg/cm2 Limiting { Specific sample{ Time to reach { Time to cross| Specific weight
ture, scaling con- | vaporization (Thickness change, pm) specific | weight change | maximum AW Zero axis of Cr consumed
%¢ stant, constant, a weight | (maximum pos-} in paralinear |(where AW =0 Wi at cross-

. K, 1.9 (1°°)| 359.5 (5°°)| 719 (1000} of Cr,0,| itive value), oxidation aW,| meg/cm?), | overtime tg,
(mg/em®)2/hr | mg/em?/hr | Time to reach specific weight of | O% 3110 AW, 9 t tos mg fem?
Cr consumed per unit area due | Surface, mg/cm b hr
to oxide buildup and scale Wr, Hm’
vaporization W_,, mg/cm2
t, hr
1000 Low, 0.002 0. 00098 96 788 525 702| 1 061 845 10.23 0.57 665 2 684 5.70
. 0098 10 618 53 510 107 124 1.02 .06 6. 65 26. 84 .57
] 550 592 | 13 764 810| 55 059 241
High, 0.05 . 00098 19 294 308 580 815 542} 255.82 14.36 16 628 67 088 142.45
. 0098 8 155 51 004 104 618| 25.58 1.44 166.28 670. 88 14.25
0 22 024 550 589 2 202 370
1050 Low, 0.0053 0.0021 44 016 244 174 494 375 12.65 0.71 384 1549 7.05
.021 4 944 24 960 49 980 1.27 N 3.84 15. 49 .70
0 207 771 5 194 268} 20 777 072
High, 0.130 . 0021 7 590 129 593 357 600| 310.39 17,42 9 415 37 987 172. 84
.021 3 576 23 542 48562| 31.04 1.74 94.15 379.87 | 17.28
0 8 471 211 766 847 065 ’
1100 Low, 0.0122 0. 0042 21 555 121 632 246 733 14.56 0.82 221 . 891 \ 8.11
. 042 2 467 12 475 24 985 1.46 .08 2.21 ! 8.91 | .81
0 90 261 2 256 526] 9 026 105 !
High, 0.300 . 0042 3 336 59 492 169 463 358.14 20.11 5 432 21 916 199. 43
. 042 1 695 11 657 24 167] 35.81 2.01 54.32 219.16 t 19.94
[4] 3671 91 765 367 061 ! ‘
1150 Low, 0.029 0.0082 10 658 61 913 125 989 17.73 1.00 138 ! 559 ! 9.87
. 082 1 260 6 386 12 794 1.77 .10 1.38 5.59 .99
0 37972 949 267| 3 797 189
High, 0.700 . 0082 1 452 27 172 80 435§ 428.02 24.03 3 325 13 415 238.35
. 082 804 5 886 12 293 42, 80 2.40 33.25 134.15 23.83
0 1 573 39 328 157 312
1200 Low, 0.056 0.0145 5 918 34 900 71 136] 19.36 1.09 85 343 10.78
. 145 711 3 610 7234 1.94 11 .85 3.43 1.08
0 19 664 491 600| 1 966 401
High, 1.35 . 0145 758 14 488 43 667 466,82 26.21 2 051 8274 259.95
.145 437 3 302 6 925 46.68 2.62 20.51 82.74 26.00
0

20xide is Cr203; kv values represent static and moving air (10 times static air values).




TABLE V. - DIMENSIONLESS TIMES AT CROSSOVER

AND AT MAXIMUM WEIGHT CHANGE

Stoichiometric Maximum-{ Time at { Crossover TO/T

constant, specific aximu time,
a sample sample T0
weight weight

change, |change,
ﬁ = T =8

1.0 0.3069 0.1931 0. 7969 4.126
1.5 . 1558 .1108 . 4506 4. 066
2.0 . 09453 . 07213 . 2915 4.041
2.5 . 06353 . 05076 . 2044 4.028
3.0 . 04565 .03768 . 1515 4.021
3.5 . 03440 . 02909 . 1168 4.016
4.0 . 02686 . 02314 . 09288 | 4.013

TABLE VI. - SUMMARY OF LIMITING VALUES AND

TRENDS OF THE PARALINEAR EQUATIONS

Variable Limiting value at-
Time| Time Time Time
zero| t=1 t=tg, t>>1
t 0 t ty >>1
AW AW 0 <0
Wi \Km >0 >0
W, W, >0 (b/a)(A/B)
T B To<a’l | >>1
N @ 0 (1/a) - T
M B+ (1/b) bTq 1+T
R Y 1/b aTO 1
dN/dT | o |yt -bya -1
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TABLE VII. - DEFINITION OF PARALINEAR PARAMETERS

AND THEIR CORRESPONDENCE WITH

TRANSPORT COEFFICIENTS

Variable Definition Correspondence
with transport
coefficients

] al-m@pp) | -

B In(/a) -bt | e

A B/t AW/a)? a%k /2

B (B/t)(aW/a) ak /b

B/A a/AW ZkV/abkp
BZ/A B/t 2k3 /bzkp
W, lim (b/2)(A/B) p2ic /2K,

TABLE IX. - SUMMARY OF WEIGHT VALUES AT SPECIAL TIMES

TABLE VIII. - METHODS FOR CALCULATING

SYSTEM PARAMETERS A AND B

Input Data given Algorithm citation
data
type
AW; t Table VII
kp; kV Table VII
3 kp; AW/t Equation (A52)
ko AW/t Equation (A57)
4 AW, ty; AW2,t2 Equations (A68) and (A69)

Weight

Maximum time,
t=t and T =8

Crossover time,
t = tO and T = T0

Limiting time,
t>>1and T>> 1

T € B

3

In (b/a)
2 1n (b/a)
b

a-Z

bA/Ba’

bT0
bAtO/B

a.T0
bATo/B

1+T
A(l1 + T)/B

1
bA/ab




e

Weight change, mglcm2

O Specific sample weight change
A Specific weight of metal consumed
due to oxide buildup and scale AW=W. -W
vaporization r-=m
O Specific weight of metal oxide formed
and retained on metal sample

Open sygnbols denote parabolic oxidation, k, = 0. 00001 =0
mglcm</hr

Sotid symbols denpte paralinear oxidation,
ky = @& 05 mg/cm“/hr

- pil/2gL
= bkt /212

- izl
m = akg 12412

A
AL <2
ALD AW = k't

AL )
-I-Ilssaggguiii —— Limit,
0000°

[ J
0..
.0
[ J
.0
= o
I | | I |
200 400 600 800 1000
Time, t, hr

Figure 1. - Comparison of parabolic and paralinear kinetics for hypothetical
alloys with the same parabolic scaling constant (k, = 0.10 (mglcmz)zlhr)
but different vaporization constants. Stoichiometric constants, a = 2.0
and b=3.0.

9.0 mg/cm2
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BLOCK
DATA
(input)

PROVAL

CORODE

DUBHE

—®

—= MAIN

On

MAIN
printout

|

|

DATA

Headings
and
initial
printout

Figure 2. - Flow diagram of COREST, a computer program to analyze paralinear

oxidation.



Paralinear input - Cr-0.2Y (ref. 4) e
'é ‘z “walt LT 7
T LT L A
.. .BLOCK DATA e e e e e e - ...
c . oL oo - L. _ v oo .
DIMENSION HOURS(100),QP(10),%xX(10), TTT(10{0)} _
- DIMENSION WW(100),TT(100),XKP(100),XKV(100) e e .
c R . . . R R, oL
_. COMMON /BLK 1 /HOUR S , QP , XXX, WW, TT ] — bl
! '‘COMMON./BLK 2 /ASMALL , B SMALL , DENOX , DENMET Lo i
{ COMMON/BLK 3 /1TYPE,LTYPE ,LL , LLX,NUMSET , NUMKV , NUMKP ) D
' 'COMMON /CASE 4/XKP , XKV e P o
c | /INPUT FOLLOWS e o
C L -~ ' - . o . Input data
| IDATA ASMALL, BSMALL/Z 1667 3. 16'67/ R — . 1
| .  .iDATA ITYPE,LL,LLX/4,17,3/ . Ve L2
! DATA NUMSET/2/ .o ., . . 3
: DATA QP/.5,.90,.95/ . ... . e C. 4
. DATA, XXX /71.'9,359.5,719.0/ | - e L B .
{""_  DATA HOURS/. 31,,69,.8&,1 11,1.64,3.06,5.83,20,83,23.61,30,586, 6-1
’ * 55.56,86.11,116,67,194.44,223.22,2386,11/ . _ . ___ __ _ - 6-2
DATA WW/2.50,3.29,3.24,3.13/ e T
DATA TT/30.56,86.11,221,22,236.11/ _ o _ .8
C I A e e - - R P, - - - .
.END . . _ . _ = .
N .. . o ol ..
FALSE I_ . . _ __ .. o .. e - - 1A
| CHROMI UM OX1DE FORMERS . _ o 7.19 24
CR203 TO CRO3 5.21 ; SA
- !lcr-.2yY TEDMON (REF. 4) BHFORE & AFTER WMAX | oufput listing 4A
Lz_ooIJgM 1 ATM. . ___ e SA

Figure 3. - Typical input data for COREST. Type 4 data; various sets of AWyt and sz,tz
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Specific sample weight change, AW, mg/cm2

+4.0

AW O Observed
l O Calculated
+3.5 |— qjg QEB
d] (@]
]
+3.0 —-—9]
o (@)
[m]
(@] [}
O
+2.5 —C-)D O
(@]
2 o
+2.0 T o
O o]
3
+1.5G— g
18]
+1.0(L 8
18]
+.5
i
Uo
o¢
l:‘O
s I R N R R
0 200 400 600 800 1000 1200 1400

Time, t, hr

Figure 4. - Specific sample weight change AW observed and
calculated by paralinear analysis (COREST) for Cro03-forming
Alloy A (Ni-20Cr-3Fe-0.4S%; ref. 6) at 1200° C. Maximum_
specific sample weight change in paralinear oxidation, AW,

3,62 mg/cm? time to reach AW, T, 294 hr; error estimate,

0. 297 mglcm?



Specific sample weight change, AW, mg/«:m2

sz,tz
+3.5 — o)
+3.0 — = 0
AWq, t
1 10
+2.5 - (‘L
O
@
]
+2.0 |-
a5 2 O Observed
0 Calculated
M
+1.0 5
g
+.5gl—
L 1 1 l I
0 50 100 150 200 250
Time, t, hr

Figure 5. - Specific sample weight change AW observed and cal-
culated by paralinear analysis (COREST) for Cr,03-forming alloy
Cr-0.2Y (ref. 4)at 12000 C. AW, = 2.50 mg/cm?, AW, = 3,29
mg/cmz; t; = 30.56 hr; ty = 86.11 hr; error estimate, 0.156

mglem*.
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Specific sample weight change, AW, mgIcm2

+3.5

+3.0

+2.5

+2.0

+1.5

+1.0

O Observed
O Calculated

I | | [ 1 1 ] | | 1

0 100 200 300 400 500 600 700 &0 900 1000 1100

' Time, t, hr
Figure 6. - Specific sample weight change AW observed and calculated by paralinear analysis
(COREST) for Cr203-formirE alloy Ni-40Cr at 1200° C. Maxinlurg specific sample weight change
in paralinear oxidation, AW, 3.24 mqlcmz; time to reach AW, t, 250 hr; error estimate, 0.243
mglcm?; type 1 input.



Sample specific weight change, AW, mglcm2

+2.0 —

+
=
ut

+1.0

+
A4

(=]

q

o wl

=

+2.5

+2.0

+L.5

+1.0

+.5

=)

Specific sample weight change, AW, mglcm2

(o) O Observed
o 0 Calculated

0 200

Figure 8. - Specific sample weight change AW observed and calculated by paralinear analysis (COREST) for Cry03-forming

alloy Tophet

0. 460 mg/cm*,

DL__l

1 [ | | I | | I | I |
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Time, t, hr

Figure 7. - Specific sample weight change AW observed and calcu'ated by paralinear analysis
(COREST) for Cr,04-forming alloy Tophet 30 (2-37) at 12000 C. AW, = 0. 875 mg/cm; AW, =
-1.061 mglcmz; ty = 1200 hr; t, = 2050 hr; error estimate, 0.352 mg/cmz.

AW,

O Observed

DDB@a@ O Calculated

DGB%DUD
00088@5@86

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Time, t, hr

P (2-35)at 1150° C. AWy = 1.737 mglem?; AW, = 0,330 mglcm?; t) = 700 hr; t, = 200 hr; error estimate,

2600 2800
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+2.5— % AW
& O 1

~ D
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z +LOMHD
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w
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0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time, t, hr
Figure 9. - Specific sample weight change AW observed and caiculated by paralinear arkaly-
sis (COREST) for Cry03-forming alloy Tophet 30 (2-42) at 1150° C. AWy = 2,017 mg/em*;

103

Specific weight of metal consumed, Wi, mglcm2

72

AW, =1.259 mglcm?; t) = 990 hr; t, = 1850 hr; error estimate, 0.360 mglcm?.

bt
(=)
W

—
o
n

B A Alloy A
i O Cr0.2Y;at1150°¢
| O Ni-40Cr <§P

W Tophet 30 at 1150° C 3

O Tophet 30 at 1200° ¢ o)
- O
- & AAQB
- oO AA
- L &

o A Eﬁpz-y

~ AA o 235
| A g JZ—L!Z

\_ Parabolic (Wm - akll;lztm;
K12 - 0. 1459(mglcm? )

2yr S5yr 10yr

Ll
10°

NN
1?
Time, t, hr

Figure 10. - COREST-calculated specific weight of metal consumed W, for
predominantly Cr203-forming alloys above 1100° C, assuming paralinear
oxidation. Stoichiometric constant, a, 2.1667.
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Figure 11. - Comparison of corrosion estimates (specific weight of metal consumed W, at 1000 hr) if Cry03-forming Alloy A (ref. 6) were
analyzed from 300-hour data, assuming parabolic rates. W, - akélztuz; a = 2.1667 for Cry0s.
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Figure 12. - Comparison of COREST-calculated paralinear and parabolic oxidation results for Cry0af
chromite-forming Alloy A at 1200° ¢, for same parabolic scaling constant kp. Based on input data from
reference 6.
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Figure 13. - Parabolic scaling constants calculated by COREST, using paralinear
analysis of literature and this study data, as function of reciprocal of absolute
temperature.
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Figure 14. - COREST-calculated vaporization rate constants for Cr,03 as function
of reciprocal of absolute temperature, assuming paralinear oxidation of Cry03-
forming alioys.
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Figure 15. - Time to reach maximum sample specific weight change in paralinear oxidation for various
vaporization rate constants as function of typical parabolic scaling constants for Cr203/chromite-forming
alloys. {In order to detect obvious paralinear behavior, run test to twice t time for an apparent vapori-
zation rate constant. )
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Figure 16. - COREST-calculated specific weight of metal (Cr) consumed in parolinear oxidation for Cr 3ichromite-
forming alloys for high and low parabolic scaling constant limits (from fig. 13) with three levels of finéar vapor-
izatlon scaling constant representing static air, moving air, and free vaporization, respectively.
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