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during service, under the conditions of a petrochemical furnace. The different models that describe its

creep behavior are discussed. The tests were carried out under a constant load intending to simulate the
operating conditions of a catalytic reforming furnace. Among the models proposed in the literature, the models
of Degui, Jaske-Simonen, Larson-Miller, Manson-Haferd and Snedden were applied. Another model is proposed
to account for the three stages of creep. The samples of the material have had from 74 to 88 thousand hours of
service and are tested at a constant load until rupturing.

!_ n analysis was conducted on the creep behavior of HK-40 steel. This steel is high heat resistant, aged

Se efectué un andlisis del comportamiento en termofluencia del acero HK-40, resistente a altas temperaturas,
envejecido en servicio, a las condiciones de un horno de petroquimica. Se discuten los distintos modelos que
describen su comportamiento en termofluencia. Las pruebas fueron realizadas a carga constante tratando de
simular las condiciones de operacién de un horno de reforma catalftica. Entre los modelos propuestos por la
literatura, se aplicaron el de Degui, Jaske-Simonen, Larson-Miller, Manson-Haferd y Snedden. Se propone otro
modelo para explicar las tres etapas del fenémeno de la termofluencia. Las muestras del material tiene entre 74
y 88 mil horas de servicio y se ensayan a carga constante, hasta rotura.

Keywords: creep, tensile stress, deformation.
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INTRODUCCION

The main objective of this study was to determine
the model that could predict the behavior of the mate-
rial under creep conditions and during its service life.
Having this model represents clear advantages for
predictive maintenance systems, since it is possible to
carry out changes in the equipment within a planned
and reliable process. A Cr-Ni type steel alloy was cho-
sen, classified as UNS J94224, corresponding to ASTM
A608 HK-40 grade. The specimens selected for the
experimental phase have had 74 thousand and 88
thousand hours of service in reforming furnaces belon-
ging to the Barrancabermeja Refinery, having con-
sumed over 50% of'its design life. The damages due to
creep in this type of furnaces are about 70% of the
total causes of damage; while compared to another type
(pyrolysis for instance) are about 30%. This is why the
material mentioned was chosen for use in these fur-
naces.

Constant load equipment is used in the experimen-
tal methodology, simulating the efforts to which the
material is service and aged is submitted in order to
obtain the variations that occur in the constitutive models
developed for new materials. This will improve the per-
ception of the future behavior of the material in service
or for the rest of its design life. At the material resistance
laboratory of the Instituto Colombiano del Petroleo (ICP),
the experiments have been conducted adding up to over
16 thousand hours, with systematic data compilation,
reading time versus linear displacement.

THEORETICAL SETTING

Creep damage can be defined as the physical discon-
tinuities observed in the grains, phases or grain boun-
daries in material structures operating at high tempe-
ratures.

Materials in general can behave (explained by the
changes, sliding and/or dislocations that take place in
the crystals or their granular structure); they can have
plastic deformations (the structural changes are as-
sumed as soon as they occur); or a viscous deformation
(there is a delay in the deformation and they vary in
time). A dislocation movement, a viscous deformation
and a process of mass transfer (diffusion) occur simul-
taneously in creep. The latter can be explained in accor-
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dance wit the models of Cobe and Nabarro-Hering re-
ported by Courtney (1990).

The basic variables of the creep theory are: stress
( ), deformation (" ), variation of stress in time (d /d),
variation of deformation in time (d /dt), and time (7).
Also, the material properties depend on the temperature
(T). Therefore, in a uniaxial state of deformations, the
constitutive equations for materials submitted to creep
have a general form:

F( d ldtd /dit,T) (1)

An assay of uniaxial stress is considered maintaining
the stress or the load (since it is known that in a uniaxial
test, the stress will change in proportion with the creep),
and by determining the creep at each step in time, a
curve of unitary creep can be obtained in function of
Figure 1. Immediately following the application of the
load, an elastic or plastic-elastic deformation occurs,
indicated as, €. From there on, the load is kept constant
and due to the temperature (constant throughout the
assay), and the phenomena within the material, defor-
mation increases. This is the viscous part, indicated as
Ev. This phenomenon is known as creep, where three
stages can be distinguished: (I) a decrease in defor-
mation rate (primary creep). The rate decreases conti-
nuously with time and the deformation, in most mate-
rials, forms a dislocation at the structure level of sub-
grains with a cell size that decreases as deformation in-
creases. (II) At this stage there is a constant transient
deformation (steady state or secondary creep). The
microstructure is invariant indicating that recovery
effects are occurring with the deformation at a constant

8o

Time

Figurel. Typical creep curve, unitary deformation versus
time. I. Primary creep, transient;
II: secondary creep, steady state;
I0: tertiary creep, rupture.
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deformation rate (steady state or secondary creep);
and (I1I) at this stage, there is an increase in the tran-
sient deformation that precedes rupture (tertiary
creep).

The formation, growth and spreading of the sepa-
ration of grain boundaries are the main reason for de-
gradation of mechanical properties, and specifically for
a severe loss in the ductility of metallic materials.

Constitutive equations

Throughout the years, several researchers have tried
to create and develop some type of formulation to en-
tirely or partially explain creep. The difficulty that there
is no unified mathematical law lies in the great quantity
of variables that should be taken into account for each
case. The diversity goes to the extent that it can be af-
firmed that practically every material can have its own
unique mathematical rule and in each material, there
can also be differences depending on factors such as:
microstructure, quantity and quality of metallic and non-
metallic inclusions, thermal treatments, specific operating
conditions, etc.

Most constitutive equations have been developed
empirically for pure materials or assuming that they do
not have type of internal damage. The most important
ones historically are:

g=¢g+ell-e)+ %t )

Where, €,: initial deformation; E_.: creep; : expo-
nent depending on the temperature; 7: time; € : primary
creep; d€/dt: steady state secondary creep.

The equation (2) formulated by Garofalo (Garofalo,
1965), for limited primary and secondary creep for
materials working at temperatures between 0.05 and
0.3 of melting temperature, Tm. Today it is considered
that a material is being submitted to creep when its
operating temperature exceeds 0.4 Tm. This model does
not mention the third stage of rupture, but it is important
being that it covers the basic principles of the creep
phenomenon.

e g0t 3

Where, (: activation energy [kJ/mol]; R: gas
constant = 8.32kJ/kg-mol K; A,: constant. All other
nomenclature is taken as mentioned in the paragraphs
above.

CT&F - Ciencia, Tecnologia y Futuro - Vol. 2 Nom. 1 Dic. 2000

Equation (3) is Arrhenius’ law, applicable for the
second stage or steady state creep. Figure 2 illustrates
the tendency of this law.

__d€ _pon (4)
€=-4>=Bo

Where, n: independent exponent of stress; 5: constant.
All other nomenclature is taken as mentioned in the
paragraphs above.

Equation (4) F. H. Norton’s proposal (Garofalo, 1965)
and refers to the second stage of creep.

General equation for the uniaxial state

The general equation for the uniaxial state is made
up of an elastic term and another one for creep (Creep
in Metals, 1997). The term associated with the latter is
a function of the three important parameters that rule
(stress, temperature, activation energy), leading to a
general equation for creep depending on stress and tem-
perature in the form of:

80 — ﬁ :AOQ—Q/RTU n (5)
dt

which is a combination of the Arrhenius (3) and Nor-
ton (4) equations. The nomenclature is as mentioned in
the paragraphs above.

Equation proposed specifically for HK-40 steel
For the particular case of the HK-40 material- object

Log tr

01 <02 <03

1T
Figure 2. Diagram of the MLM Model.
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of'this study - a constitutive equation has been proposed
in the following terms, (Jaske and Simonen, 1991):

MTP = T{Iog (gloj +B} 1073 )

where, MTP: the model of primary creep, 7: absolute
temperature, B: a constant of the material, which for
this case is 2.0, €, is the deformation from creep at the
end of the first stage.

Jaske and Simonen (1991), recommend a ratio to
determine the minimum deformation rate (or deforma-
tion of steady creep) as follows :

dé

i =B,0" + B,0"” (7)

n is an independent stress exponent, the other no-
menclature is taken as defined above.

Models to determine rupture time

There is a great variability of models (Vamas mate-
rials databanks, 1997) developed for design purposes
to determine or extrapolate the rupture time of mate-
rials. Only some of them will be described here, for
being considered the most important ones:

Larson-Miller Model, MLM

From equation (35), steady state creep F.R. Larson
and J. Miller in 1952, developed a concept based on
time-temperature joined as: 7(K+/log t) (Vamas mate-
rials databanks, 1997). It says basically that for a given
material, the stress is illustrated against the MLM model.
Once this value is obtained, the rupture time of the equa-
tion previously indicated can be found. This model is
widely accepted and has been included in the API 530
standard of 1996. Taking equation (5) again, the MLM
is developed as follows:

Crexp(-Q/RT)t,. =&t = cte (8)
Where: C5: creep constant for the steady state (se-

cond stage); &;;: secondary creep; ¢r: rupture time

This equation is valid for constant stress. Taking
the logarithm on both sides of the equality we get:

log[Crexp(- Q/RT)t,] = cte 9)

98

by regrouping, this comes to:
T(C+logt,)=Q/2.3R = cte (10)

This is the Larson-Miller Model, is taken to a Log 7
versus 1/T chart. A family of curves, at different stresses,
coincide at one point on the axis of the ordinates (log
tr), finding the value of the constant C (Larson-Miller
constant) Figure 2.

Nevertheless, this model has the inconvenience of
the calculation of constant C, which depends exclusively
on the conditions of the material, but in the literature,
there is a great variety of values for the same materials.
On the other hand, MLM sets up a wide range of possi-
bilities for rupture time, varying from a few hours to
thousands of hours.

Manson-Haferd Model, MMH

This model developed by S.S. Manson and A. M.
Haferd in 1953 (Vamas, 1997), is based on the same
equation (5) but handles the concept of log tr versus T
and arrives at:

logt, -logt,

MMH = cte =
cte T-T,

(1)

A family of curves at different stresses coincide at
the point that determines the values of 7, and log ¢,,.
Figure 3 illustrates this model.

The Degui Model
In 1990 (Vamas,1997) J. Degui proposed the fol-

(Log tr, Ta)

Log tr

Figure 3. Diagram of the MMH Model
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lowing model to determine rupture time:
log0 = a+blogt, (12)

a,b: constants of the Degui model. All other no-
menclature is taken as defined in previous paragraphs.

It is a simple model representing a linear relation
between stress and time, the constants introduce the
variable for temperature. The model is valid for stresses
200 MPa and should be found for each temperature.

MCM Rupture Model (Minimum Condition
Method)

This model (Manson and Ensign, 1971 and Viswa-
nathan, 1989) was developed to avoid the inherent
danger upon selecting a particular model for a specific
material. Up to now it is, according to the authors, the
best model to adjust the data obtained due to its gene-
ral expression, which allows the deduction of the other
models. It has the following form:

log ,[1+ AP(T)]+ P(T) = G(0)
G(0) = ayexp(a, o)l 1-exp(as o)+ asoet,  (13)

This method proposed by S .S. Manson and C.R.
Ensign in 1971, is considered the one for the future for
approximations to rupture time. The difficulty in the
application of this model lies in finding constants (a;,b,¢)
by experimentation and functions (G,P) numerically,
which is to be carried out for the material in this inves-
tigation.

Snedden Model, 1977 (Vamas, 1997)
1, —A*10% (14)

This is the simplest model to find rupture time in
function of applied stress and for a specific temperature.

EXPERIMENTAL PROCEDURE

Characterization of the material

Samples are taken of the UNS J94224 type 25Cr-
20Ni alloy, equivalent to an ASTM A-608 Gr. HK-40
from an H-1151 reforming furnace tube of the refinery
with 74 thousand hours of service at an operating tem-
perature of 1113K (840 °C) and a pressure of 3 MPa,
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and an H-4100 pyrolysis furnace tube with 88 thousand
hours of service at 446 kPa and 1233K (960 °C). The
material is an auste-nitic matrix steel casting with a mass
presence of carbides. Melting temperature, Tm, 1503K
(1230 °C), ultimate tensile stress (UTS) of 515 MPa,
elastic stress of 345 MPa and a 17% elongation rate
(6% for the aged material).

Methodology

For the laboratory experimentation phase, we have
the material (described above); two sets of testing equip-
ment at constant load and temperature. The load is
applied on one set of equipment, by means of a multi-
plier. Over 16 thousand experimental hours were con-
ducted, at different temperatures and deformations,
continuously monitoring the values of deformation in
time. The tests were programmed until the specimen
ruptured. The data obtained are illustrated for each sam-
ple. They are analyzed and the generic behavior that
can be used to trace a model is determined.

Results and Analysis

Figure 4 shows a photograph from an optic micros-
cope where the cavities in the intergranular area are
clearly observed in one of the samples tested. The sam-
ple is observed (tested at 1248K (975 °C) and 27 MPa)
after the third stage, once the test tube has reached the
rupture time of approximately 150 hours. The cavities
have an average size from 8.4 m to 14 m. The aligned
cavities are generated toward the grain boundary, as
expected according to the Diffusion models of Nabarro-
Herring and Cobe (Courtney, 1990) for temperatures

Figure 4. Cavities from creep forming at the grain boundaries.
Cr-Ni Alloy. MOP.
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greater than 0.4Tm. The results of the creep test are re-
corded in Table 1 (Latorre, 1998). It was conducted on
36 samples, and the values corresponding to rupture
time, final deformation and the value of minimum creep
are registered.

Figure 5 shows the tendency of the results according
to the Manson-Haferd Model, MMH, chart calculated
based on the data in Table 1 (Latorre, 1998). The data
shows a tendency to obtain parallel lines contrary to
what is supposed according to theory Figure 3, which
however, allows the supposition of the values for T,
and Jog t, required to apply the MMH, according to
equation 11. As can be observed, the curves tend to a
non-convergence, which disqualifies this model, at least
with regard to the material of this research.

Figure 6 shows the tendency of the Larson-Miller
Model, MLM, with a constant C (equation/0) of 15.

In the chart, the value of the constant is indicated with
the symbol (1). It can be observed that the curves show
a tendency to move away from this value, except for
line 27 MPa, which would be right at the value of C if
it were extended toward 1315K (1042 °C). This may be
due to the fact that it is a low average stress and very
close to the actual stresses in the pyrolysis furnace tu-
bing. This almost parallel tendency coincides with what
is observed by LeMay (1991) in his research on an
austenitic material, which led them to redefine a model
to adjust better than the MLM.

Figures 7,8, 9,10 (Latorre and Correa, 1998) show
the differences between the MLM and the experimen-
tal data, in function of the load applied. An increasing
differentiation is observed as the stress applied grows,
but at the same time, it decreases with the increase in
temperature. The values that predict the MLM (minimum)
(API RP-530, 1996) have been included in Table 1.

3.5

Log tr
no
(@)

14-18

0.5 \ ‘
1080 1120 1160

1200 1240 1280
T(K)

Figure 5. Manson-Haferd Model, MHM. Calculation, data and nomenclature
in Table 1. Each curve corresponds to a stress applied on the sample.
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Table 1. Results from rupture time in creep.

S Sel-'vice Stresfs Temperature Rypture Final . Minimum
ample Time Applied K Time, tr Deformation Creep
Hr, 000 Mpa hours mm/mm hr-1
7S-1 74 27 1198 337.9
75-2 74 27 1223 149
75-4 74 27 1273 37.3
2-21 74 27 1148 2429.0 0.060 0.0000027
14-9 88 27 1173 534.4 0.296 0.000197
7N-5 74 27 1198 347.9
7N-6 74 27 1223 126.9
7N-7 74 27 1248 109.4
7N-8 74 27 1273 40.3
2-28 74 30 1098 7323.8
2-27 74 30 1148 1516.1 0.067 0.00000114
2-26 74 30 1198 237.2 0.109 -0.00156
2-23 74 30 1248 36.8 0.034 0.0001438
2-25 74 30 1273 23.9 0.144 0.0016
2-20 74 35 1123 991.2 0.058 0.00000888
14-11 88 35 1148 350.4 0.328 -0.000026
14-12 88 35 1198 56.6 0.246 0.00241
14-14 88 35 1223 278 0.0136
14-16 88 35 1248 11.8 0.290 0.00734
2-24 74 35 1273 9.0 0.187 0.00009859
2-30 74 38 1173 17.6 0.041 0.0006434
2-29 74 38 1223 30.6 0.042 0.0017435
2-32 74 38 1248 12.5 0.066 0.000542
14-10 88 42 1123 263.7 0.328 0.015928
2-19 74 42 1148 2131 0.149 0.003354
14-17 88 42 1173 45.3 0.242 0.00747
14-18 88 42 1198 20.5 0.301 0.0173
14-15 88 42 1223 10.7 0.341 0.00359
2-22 74 42 1248 14.4 0.132 0.0001247
2-37 74 50 1098 3271 0.070 0.00104142
2-36 74 50 1148 70.2 0.160 0.00521
2-33 74 50 1198 21.8 0.219 0.0114
2-34 74 50 1223 8.4 0.222 0.0176
2-35 74 50 1248 4.8 0.160 0.022
14-18 88 60 1173 7.0 0.384 0.000372
2-31 74 60 1098 168.7 0.180
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Figure 6. Curves for the Larson-Miller Model, MLM. Data and calculations from Table 1.
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Figure 7. Difference between the value from the MLM model and the experimental

data. 27 MPa Stress.
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Figure 8. Difference between the MLM and the experimental data. 35 MPa Stress
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Figure 9. Difference between the MLM and the experimental data. 42 MPa Stress.
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Figure 10. Difference between the MLM and experimental data. 50 MPa Stress.

This model in general has a difference between 40 and
50% regarding rupture time found in the laboratory,
which makes it very conservative for predictive mainte-
nance work.

The values for the Degui model -chosen for being
the one that comes closest to the experimental values
and the differences between each of the results and
the laboratory findings are included in Table 2. Figure 11
shows the tendency for the Degui model (equation 72)
where the curves lead to a series of parallels to deter-
mine slope (b) and independent value (a). These would
be:b=0.182 y a=1.83

This model can be applied at temperatures greater
than 1173K (900 °C), which represents 0.73 Tm (for the
case of HK-40), with the disadvantage that predicts
the same results for the same stress even when different
temperatures are applied. Nevertheless, and limiting
application to high temperatures, the model leads to an

104

average deviation of 35% regarding the laboratory re-
sults (comparing the results shown in Table 1 with the
data from this model registered in Table 2).

In the model proposed by Jasque and Simonen,
constants B; and n; from equation (7), which are func-
tions of temperature, are found experimentally. The va-
lues for these constants vary, depending on tempera-
ture, from 2.8e-18 to 3.3e-7 for B; and, from 11.14 to
2.48 for n; (temperatures between 1033K (760 °C) and
1363K (1090 °C), respectively).

According to Jaske and Simonen (1991), the results
shown in Table 2 for the first phase can be obtained
from equation (6). The idea is that this type of curves
can be used to predict the behavior of the material at
any state of stress and at a specific temperature.

The Snedden model (equation /4) represents a se-
ries of quasi-parallel lines when the logarithm of rupture
time versus stress is drawn. Slope (b) and the value of
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Table 2. Calculations from the Degui Model and Primary Creep, MTPR

Sample Temp °C Fi?ﬁal?ﬂ(;:?nart;on Degturf hMrodel MTP
2-21 875 0.060 3.69916564
2-27 875 0.067 86.875 3.64414222
2-26 925 0.109 86.875 3.54960744
2-23 975 0.034 86.875 4.32923459
2-25 1000 0.144 86.875 3.61783079
2-20 850 0.058 37.244 3.63937906
2-24 1000 0.187 37.244 3.47335486
2-30 900 0.041 23.704 3.97620403
2-29 950 0.042 23.704 413027263
2-32 975 0.066 23.704 3.96968624
2-19 875 0.149 13.677 3.2469466
2-22 975 0.132 13.677 3.59395565
2-37 825 0.070 5.2474 3.46455559
2-36 875 0.160 5.2474 3.21008964
2-33 925 0.219 5.2474 3.18654688
2-34 950 0.222 5.2474 3.24580836
2-35 975 0.160 52474 3.48967764
2-31 825 0.180 1.9270 3.0141225

14-11 875 0.328 37.244 3.40607452
14-12 925 0.246 37.244 3.89615852
14-16 975 0.290 37.244 3.9575045

14-10 850 0.328 13.677 3.52698463
14-17 900 0.242 13.677 3.76962257
14-13 925 0.301 13.677 3.76538707
14-15 950 0.341 13.677 3.77486859
14-18 900 0.384 1.9270 3.54558355

independent variable (A) can be determined from Fi-
gure 12. A value of b=-0.0645 is obtained by applying
the experimental results obtained Table 2 and A will be
defined for each temperature. Nevertheless, as illus-
trated in the diagram Figure 12, the curves are not all
that parallel, the behavior of the material is not very
homogenous, which makes it difficult to apply this model
predictively. This is very similar to what has been occur-
ring with the other models.

CT&F - Ciencia, Tecnologia y Futuro - Vol. 2 N¢m. 1 Dic. 2000

General model proposed for the three stages of
creep.

Based on the information found in the literature, the
following model is proposed for application on the
models and experimental data already described, to
predict the general behavior of the material in creep
conditions, in accordance with the principle of super-
position:
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Figure 11. Degui Model to determine rupture time.
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Figure 12. Tendency according to the Snedden Model, equation 14.
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=&t EteErteéy (15)
_ 0o

“=F

g; :C]O'qtp

ey =Cyo"exp “RT

e = CGzexp(Cyt)

E is the module of elasticity; ¢, p, m are constants;
Cy, Cy y C3 are the creep constants for the first, se-
cond and third stages respectively. s: applied stress.
The other variables have already been defined in pre-
vious paragraphs.

The first term of equality (equation /J5) is the elastic
deformation, already defined in previous paragraphs and
indicated in Figure 1 as gg; this refers to the instant in
which the sample is loaded to conduct the test of uniaxial
stress on creep. Continuing with Figure 1, the three
stages of visco-deformation can be observed. During
the first stage, the curve acquires a decrease to a power
(g, p) which will be &;. Then comes a steady state, that
complies with Arrhenius’ law and this will be &7 (simi-
lar to equation (35)). Finally, there is an acceleration in
deformation up until the rupture, &7, which has an
exponential form.

The activation energy, Q, can be found (if there is
no known bibliographical data) by experimental means
and simple calculation. To do this, tests are conducted
at a uniaxial load, at a minimum stress and different tem-
peratures; later, the data found are introduced into the
following relation:

O=F——" (16)

The graphic representation of this equation for the
specimens chosen can be observed in Figure 13. The
activation energy includes the damages and defects that
the material might have. For the material worked up to
74 thousand hours, the activation energy will have a
value of 450 kJ-mol-!, while for the material with 88
thousand hours of work, it will be 390kJ-mol-! with a
loss equivalent to 14% at a difference of 14 thousand
hours. The damages and defects (dislocations, for in-
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stance) that occur inside the material during its servicing
time are included in the change of activation. Figure 14
shows the curves for different stresses and for each
aging time, applying Arrhenius’ law used to find the
third term in equation (735).
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Figure 13. Energy of Activation, Q, varied in agreement
with service time and different temperatures.
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Figure 14. Tendency of the Arrhenius equation
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[lustrating the different values for each equation
and those found experimentally (for effects of com-
parison, the results from sample 2-21, Table 1 are used
here), the tendency of the curve can be observed in
Figure 15, by using the following variables: 7= 1148K
(875 °C), 0= 27 MPa of applied stress, C; = 0.5, Cy
=1,C3=005C4=0.0041,m=5,n=1,p=0.3,
g =1,R=28314J-mol! K, Q=450 KJ-mol-1.

As can be seen, the theoretic curves (applying this
model) and what has been found in the laboratory come
very close, with a margin of error between 20 and 30%;
this allows the prediction of the behavior of the materials
at creep conditions. A disadvantage of this model is the
amount of constants that must be found experimentally,
which in the best of cases must be assumed. Therefore,
the research continues to adjust the model, to reliably
predict the useful life of the material in service.

CONCLUSIONS

The different models to predict rupture time have
been discussed in order to determine the most appro-
priate one for the HK-40 material aged under service.

The Degui Model can be applied for high tempera-
tures (T > 0.73Tm). This model has an average
difference of 35% regarding that found in experi-
mental tests.

The Larson-Miller model, varies from 40% to 50%
in the prediction of rupture time, greater than that
found in laboratory tests.

As far as tendency in rupture time, the Larson-Miller
Model has a parallel tendency which indicates a non-
convergence as expected for this model.

Deformation %
I~
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* T
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PO rYx 2 =
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0 ‘ ‘ ‘
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Figure 15. Experimental curve versus theoretic curve according fo the
general model, eq. 15
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MODELS TO PREDICT CREEP BEHAVIOR OF HK-40 STEEL.

The application of the Manson-Haferd Model tends
not to converge, which disqualifies it to predict rup-
ture time.

The Snedden Model presents a deviation in parallel
behavior resulting in an increasing error regarding
the prediction of rupture time.

The model proposed comes close to the experimental
data. The margin of error is between 20 and 30%.

ACKNOWLEDGMENTS

The authors would like to acknowledge Javier
Mateus from the Material Laboratory (ICP), for his
constant support and collaboration during testing.

REFERENCES

APIRP- 530, 1996. “Calculation of heater-tube thickness in
Petroleum Refineries .

ASTM A-608, 1991. “Standard Specification for Centrifugal
Cast Iron-Chromium-Nickel High Alloy tubing for
pressure application at high temperature”.

Courtney, T. H., 1990. “Mechanical Behavior of materials”.
Creep in Structures., 1997, http://pmlab.esm.psu.edu/

CT&F - Ciencia, Tecnologia y Futuro - Vol. 2 Nom. 1 Dic. 2000

class/215wll_2.htm. Creep in Metals, 1997. http://
www.eng.wayne.edu/MSE130/creep.htm

Garofalo, F., 1965. “Fundamentals of creep and creep-
rupture in metals”.

Iso Technical Report 7468, 1981. “Summary of average stress
rupture properties of wrought steels for boilers and
pressure vessels”.

Jaske C. E., Simonen, F. A., 1991. “Creep-Rupture properties
for use in the life assessment of fired heater tubes ”.

Latorre, G., 1998. “Fenomenologia de la Termofluencia en
materiales metalicos sometidos a altas temperaturas .
Ecopetrol - Universidad Industrial de Santander.

Latorre, G., Correa, R., 1998. “Creep behavior of 25Cr-20Ni
steel with more than 70 thousand hours of service”. In
print.

LeMAY, IAN., 1991. “Principles of mechanical metallurgy”.
University of Saskatchewan. Canada.

Manson, S.S., Ensign,C.R., 1971. “A specialized model for
analysis of creep-rupture data by the minimum commit-
ment, station-function approach”. London.

Vamas Materials Databanks. 1997. http://yukige.nrim.go.jp/.

Viswanathan, R., 1989. “Damage Mechanisms and life
assessment of high-temperature components”, ASM
International.

109





