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In this study, the deformation-mechanism-based true-stress (DMTS) creep model is modified to
include oxidation influence on the long-term creep performance of modified 9Cr-1Mo steels. An
area-deduction method is introduced to evaluate oxide scale formation on the creep coupons,
which is incorporated into the DMTS model formulated based on intragranular dislocation
glide (IDG), intragranular dislocation climb (IDC), and grain boundary sliding (GBS)
mechanisms, in modifying the true stress. Thus, the modified DMTS model can not only
describe the creep curve, but also predict the long-term creep life and failure mode, which is
shown to be in good agreement with the creep data generated in the authors’ laboratory as well
as by the National Institute for Materials Science (NIMS) of Japan for long-term (>104 hours)
creep life prediction on Grade 91 steels. In particular, the predictability of the model is
demonstrated in comparison with the Larson–Miller parameter method. In addition, the
modified DMTS model provides quantitative information of mechanism partitioning, insinu-
ating the failure mode via intragranular/intergranular deformation. Therefore, it has advantages
over the empirical models in providing physical insights of creep failure, which can be useful to
material design for performance optimization.
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I. INTRODUCTION

CREEP phenomena have been studied for more than
100 years, ever since Andrade first observed time-de-
pendent flow of metals under constant load in 1910.[1]

Most of the steady-state creep mechanisms were classi-
fied into deformation-mechanism maps by Frost and
Ashby.[2] Langdon,[3] Lüthy et al.,[4] and Wu and Koul[5]

also recognized grain boundary sliding as an important
deformation mechanism inducing transient creep behav-
ior. However, with regard to creep lifetime prediction,
the existing models are mostly data-extrapolation meth-
ods such as the Larson–Miller parameter method,[6] the
Monkman–Grant relation,[7] and the Wilshire equa-
tion,[8] which were established via short-term creep tests.
Prediction of long-term creep life remains to be a
challenging task faced by the power-generation
industry.[9]

Among the factors influencing materials’ creep per-
formance, oxidation is an important degradation mech-
anism. Inevitably, metal oxidation will occur under
high-temperature creep test conditions in air, which will
definitely have an impact on materials’ creep behavior.
However, studies to quantify the oxidation effects on
creep rate and creep life have been rarely reported, since
vacuum creep tests are almost cost-prohibitive for
long-term experiments such that oxidation-free creep
data are unavailable for most materials. Most creep data
are generated in air with coupon-borne influence of
oxidation, and thus empirical creep life prediction
methods based on such short-term creep data are
questionable, because the extrapolation for prediction
of long-term creep performance using these methods
does not consider the influence of oxidation as a
time-dependent factor. This problem has long been
encountered in engineering. For example, long-term
creep rupture data generated by the National Institute
for Materials Science (NIMS) show that there is a life
breakdown phenomenon for Grade 91 steels, especially
at high temperatures.[10–12] The in-service experience
reviewed by the Electric Power Research Institute
(EPRI) of USA demonstrates that ‘‘cracking in
creep-strength enhanced ferritic (CSEF) steel compo-
nents has occurred relatively early in life. In many cases,
the occurrence of damage has been linked to less than
optimal control of steel making, processing, and com-
ponent fabrication.’’[13] Apparently, the current creep
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life prediction methodology has missed some life-limit-
ing factors for long-term creep—oxidation is one of
them.

The continuum damage mechanics approach consid-
ered the oxidation effect in a single power-law formu-
lation of creep rate.[14,15] As demonstrated in the
previous studies on modified 9Cr1Mo steels and
Waspalloy,[16,17] the creep behavior over a wide range
of stress (~ 0.1-0.9 UTS) can be depicted by the
deformation-mechanism-based true-stress (DMTS)
creep model constituted based on intragranular dislo-
cation glide (IDG), intragranular dislocation climb
(IDC), and grain boundary sliding (GBS) mechanisms,
each exhibiting a distinct power-law behavior. Natu-
rally, oxidation will affect the relative contributions of
all the involved deformation mechanisms during long-
term exposure to high temperature, as it reduces the
cross-section area of the parent material.

In this study, first, an area-deduction method is
introduced to evaluate the area loss due to oxidation,
which is then incorporated into the DMTS creep model
to correct for the true stress in material coupons during
creep. Then, the oxidation-modified DMTS model is
formulated to describe the creep curve and predict the
failure mode and lifetime based on the mechanism
partitioning involving IDG, IDC, GBS, as well as
oxidation. Finally, the oxidation-modified DMTS
model is achieved which can predict the long-term creep
life of modified Grade 91 steels, showing good agree-
ment with the NIMS data,[18] consistently across the
Grade 91 steel products such as tubes, plate, and
forging.

II. EXPERIMENTAL PROCEDURE
AND MODELING

A. Materials and Experiments

Creep tests were conducted on an ASME
SA182-01-specified F91 material. The composition, heat
treatment, mechanical properties, coupon geometry
with a gauge length of 0.791 inch and a diameter of
0.158 inch, and creep test details are reported in the
previous research.[16] The tests were performed at 733 K,
823 K, 873 K, and 923 K (500 �C, 550 �C, 600 �C and
650 �C) under various stress levels from 80 to 320 MPa.
After the creep tests, ruptured specimens were cut, both
longitudinally and horizontally, at locations close to the
ruptured surface but away from the necking zone. The
sectioned specimens were polished following standard
metallographic procedures, and then subjected to
microstructural analysis using an Olympus GX71 opti-
cal microscope and Philips XL3053 scanning electron
microscope (SEM) in the secondary electron (SE)
imaging and backscattered electron (BSE) modes. The
results of the creep tests and metallurgical examination
are used to validate the model, while the creep rupture
data from NIMS are used for comparison with the
model prediction. The designations of the NIMS mate-
rials and their thermomechanical processing histories
are given in Table I, along with F91 steel.

B. The DMTS Model with Oxidation Effect

Recall that the true-stress creep formulation for
incompressible flow is based on the following true
stress–strain definition[16,17]:

r ¼ r0exp eð Þ ½1a�

e ¼ ln 1þ eð Þ; ½1b�

where r0 ¼ P=A0 is the engineering stress, r is the true
stress, P is the applied load, A0 is the original cross-sec-
tion area of the specimen; e and e are engineering and
true strain, respectively.
When oxidation occurs, a layer of oxide grows on the

specimen surface, following the parabolic law[19]:

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

2Koxt
p

; ½2�

where d is the scale thickness; Kox is the oxidation rate
coefficient; and t is exposure time.
Because iron oxides are brittle and loose, oxidation

can cause area reduction by an amount of 2prd. Then,
according to Eq. [1a], the true stress at any time is given
by

r ¼ P

A0 � 2prd
exp eð Þ ¼ P

A0 1� xoxð Þ exp eð Þ

¼ r0
1� xox

exp eð Þ; ½3a�

where r is the radius of the specimen, and the areal
loss by oxidation is defined by

xox ¼
2prd
pr2

¼ 2d
r
: ½3b�

Considering the above modification of the true stress,
the rate equation for GBS, IDG, and IDC can be
written, respectively, as[16,17,20]:

_es ¼ Arp ¼ A
r0

1� xox

� �p

exp peð Þ � 1þ pe
1� xoxð Þp Ar

p
0

¼ 1þ pe
1� xoxð Þp

_es0 ½4�

_es ¼ Brn ¼ B
r0

1� xox

� �n

exp neð Þ � 1þ ne
1� xoxð Þn Br

n
0

¼ 1þ ne
1� xoxð Þn

_eg0 ½5�

_ec ¼ 1þMeð ÞCrm ¼ 1þMeð ÞC r0
1� xox

� �m

exp með Þ

� 1þMeþme
1� xoxð Þm Crm0 ¼ 1þMeþme

1� xoxð Þm _ec0;

½6�

where _es0; _eg0; _ec0 are the initial strain rates at r0, and M
is the dislocation multiplication factor.
Then, the total strain rate _ev by physical deformation

decomposition can be re-written into
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_ev ¼ _es þ _eg þ _ec

¼ 1þ pe
1� xoxð Þp _es0 þ

1þ ne
1� xoxð Þn _eg0 þ

1þMeþme
1� xoxð Þm _ec0

½7a�

which can be re-arranged as

_e ¼ k tð Þ þ h tð Þe ½7b�

where as d and xoxdepend on t by Eqs. [2] and [3b], so
are

k tð Þ ¼ 1

1� xoxð Þp _es0 þ
1

1� xoxð Þn _eg0 þ
1

1� xoxð Þm _ec0

½7c�

h tð Þ ¼ p

1� xoxð Þp
_es0 þ

n

1� xoxð Þn
_eg0 þ

mþM

1� xoxð Þm
_ec0

� �

:

½7d�

The first-order linear ordinary differential equation,
Eqs. [7a] through [7d], has a general solution in the
form:

e ¼ exp

Z

h tð Þdt
� �

Z

t

0

k sð Þ exp �
Z

h sð Þds
� �

ds: ½8�

When oxidation is absent (or negligible), i.e., xox ¼ 0;
the integration of Eq. [8] leads to

e ¼ 1

M0 exp M0ktð Þ � 1½ �; ½9�

where M0 ¼ h=k, as obtained in the previous work.[16,17]

For an oxidation-intervened process, the exact inte-
gration solution of Eq. [8] is difficult to obtained, given

the functional forms of h tð Þ and k tð Þ in Eqs. [7c] and
[7d], but we can define a working boundary for Eq. [8],
following the guidelines of ASME Code B31G, within
which a simplified solution is sought. The ASME code
generally does not allow the corrosion depth to exceed
10 pct of the pipe thickness for safe operation. Under
the most severe oxidation condition, i.e., at 923 K (650
�C), in the present study, IDC is the dominant mech-
anism with a power-law index of ~ 6, and the magnifying
effect of 10 pct thickness reduction on creep rate is ~
1.88, which is almost equal to the typical scatter
bandwidth with the factor of 2 in the measured creep
rate and creep life data. Therefore, given the experi-
mental uncertainty, it is better to take engineering
convenience and conservativeness over mathematical
rigorousness within the bound of material property
scatter. Therefore, Eq. [9] is chosen as the strain-inte-
gration form, but with k and M0 taken as a function of
time as defined by Eqs. [7a] through [7d]. The conser-
vativeness is inferred from the Mean Value Theorem for
Integrals, given that the integrands in Eq. [8] are
monotonically increasing functions of time. Even
though Eq. [9] is not mathematically rigorous, for the
complex time-dependent process such as creep with so
many factors that can cause the variation in the creep
behavior, it is adequate to represent the physical
interplay of the controlling mechanisms.
Oxidation during transient creep can be ignored,

because of its short time, and hence, the total strain is
described by adding the transient creep component,[5]

as[16,17]

e ¼ e0 þ ePtr 1� exp � t

tT

� �� �

þ 1

M0 exp M0ktð Þ � 1½ �

½10a�

ePtr ¼
r

b2H
½10b�

Table I. Heat Treatment Histories of NIMS Materials[18]

Type NIMS Code Processing and Thermal History Standard

Tube MGD hot extruded and cold drawn
1050 �C/10 min AC
780 �C/40 min AC

ASME SA-213/SA-213M Grade T91

MgB hot rolled
1050 �C/10 min AC
770 �C/60 min AC
740 �C/60 min FC

ASME SA-387/SA-387M Grade 91

MgD hot rolled
1050 �C/30 min AC
780 �C/30 min AC

Pipe MGQ hot rolled
1060 �C/60 min AC
780 �C/60 min AC

ASME SA-335/SA-335M Grade P91

F91 forged
1080 �C/4 h AC
800 �C/5 h AC

ASME SA182-01Grade F91

AC: air cooling, FC: furnace cooling.
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tT ¼ r b� 1ð Þ
b2H_es

; ½10c�

where b is the transient creep constant and H is grain
boundary work-hardening coefficient.[5] Since primary
creep stage is relatively short in the entire creep process,
oxidation effect on primary creep can be negligible.

Equations [10a] through [10c] describes the creep
strain–time response with the involved mechanism
contributions as well as the oxidation effect, because
M0and k include the oxidation-modified term for each
mechanism, and it naturally reduces to the material-in-
trinsic behavior when oxidation effect is absent.

For long-term creep life prediction, the time-to-rup-
ture (TTR) is much longer than the transient time, i.e.,
TTR >> tT so that the transient exponential term,

exp � t
tT

� �

, will vanish, and the failure strain will be

much greater than the initial elastic strain e0, i.e.,
ecr � e0, then Eqs. [10a] through [10c] can be re-ar-
ranged into

TTR ¼ 1

M0k
ln 1þM0 ecr �

r

Hb2

� �� �

; ½11�

where ecr is the critical failure strain.

III. RESULTS AND DISCUSSION

A. Oxidation

The as-received microstructure of F91 (forging) con-
tains a conventional martensitic lath structure with
prior-austenite boundaries and Cr23C6 and MX precip-
itates, similar to the NIMS tube, plate and pipe
materials, as reported by other researchers.[21–23] These
microstructures are the baseline references for the
following comparison studies.

Figure 1 shows the cross-section views of selected
coupons after creep tests at temperatures from 733 K to
923 K (500 �C to 650 �C). It is seen that very thin oxide
scales formed on the surfaces of 733 K to 823 K (500 �C
to 550 �C)-exposed coupons, and that on the 873 K to
923 K (600 �C to 650 �C)-exposed coupons is much
thicker. Most oxidation products on the 923 K (650
�C)-exposed coupon were spalled off, perhaps repeat-
edly, resulting in an irregular-shape surface layer, as
opposed to the perfect circular cross section of the
original coupons. The remaining cross-section area for
each coupon after the creep test was measured using an
image processing software, Adobe Photoshop and
ImageJ.

Because the Fe-Cr-oxides (a mixture of Fe3O4, FeO,
Fe2O3, and (Fe, Cr)3O4) are loose and can easily spall off
the specimen surface during creep testing or specimen
cutting,[24] direct measurement of the oxide scale would
not give accurate results for oxidation scale evaluation.
Here, an area-deduction method is proposed, as
schematically shown in Figure 1(b), where the shadowed
area represents the remaining cross section and the
losses due to deformation and oxidation are also
indicated. Using this method the oxide layer thickness

is evaluated as the original specimen cross-section area
corrected by deformation minus the remaining unoxi-
dized area, as expressed by

2prd ¼ A0

1þ ecr
� Ar; ½12�

where ecr is defined as the critical creep strain attained at
90 pct of the time-to-rupture (TTR) (just before necking
unstability occurred).
Assuming oxide scale forms uniformly on the speci-

men surface and the cross section remains nominally
circular during the creep test, Eq. [12] provides an
effective way to quantify the oxidation scale growth than
direct measurement of the oxide scale remaining on the
coupon, since the oxides could partially spall off during
specimen testing and handling. The oxide scale thickness
of ruptured F91 coupons under various creep test
conditions is evaluated using Eq. [12], and the results
are summarized in Table II, where the ‘‘nominal diam-
eter at rupture’’ is calculated from the measurement of
the unoxidized cross-section area, assuming a circular
shape, and the other ‘‘losses’’ are deduced, according to
Eq. [12] and the incompressible flow rule.
The oxidation behavior of P91 in the temperature

range of 873-1073 K (600-800 �C) has been found to
follow parabolic growth kinetics in weight gain as
observed by Mathiazhagan and Khanna for up to 1000
hours.[25] Again, assuming the parabolic law of oxida-
tion in terms of scale thickness growth, the oxidation
rate coefficient (Kox) for each test condition can be
determined from the measurement, according to
Eq. [12], as given in Table II. For the first-order
approximation, the average Kox at each temperature is
expressed as an Arrhenius equation, and from the
Arrhenius plot (Figure 2), the activation energy and
proportional constant of Kox are determined for F91
steel as

Kox ¼ 2:04� 109e�19698=Tlm2=h: ½13�

It should be noted that oxidation during creep is
generally stress-dependent, because stress can affect the
oxidation process in three ways: (i) diffusion of the
oxidation species, (ii) local volume change by formation
of oxide products, and (iii) repeated spallation that
alters the path of diffusion of the oxidation species.
However, there is no theoretical formula that can take
all of these factors into account yet, and the evaluation
in the present study is limited to establish an empirical
relationship, as the area-deduction method is used the
first time in creep study. Therefore, the oxidation rate is
assumed to be constant per temperature condition, as
the first-order approximation, for the present purpose.
The area-deduction method provides a means to quan-
tify oxidation growth kinetics during creep under stress,
but extensive work needs to be done.

B. Creep Rupture

All the F91 coupons experienced necking followed
immediately by rupture of the entire specimen. Figure 3
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Fig. 1—(a) Cross sections of ruptured F91 coupons observed under an optical microscope showing oxide scale formation on the coupon
surfaces; (b) schematic of creep coupon cross-section area reduction with the shadow area representing the remaining unoxidized cross section.
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shows the necking phenomena on two ruptured
coupons, 723 K (500 �C)/280 MPa, and 873 K (600
�C)/130 MPa. The creep curves for these two test
conditions are shown in Figure 4. Although with
necking the final elongation strains are similar for all
the F91 crept coupons, the strain levels at which necking
started are different. Necking occurred due to deforma-
tion instability by which the specimen elongation would
increase suddenly; therefore, a critical strain failure
criterion should be defined just before necking, which
marks the end of stable creep deformation. It was
observed that necking almost occurred for all the
specimens at 90 pct of the total time-to-rupture (TTR),
and hence the critical failure strain, ecr, is defined to be
at 90 pct TTR. This is an engineering definition for the
purpose of creep life prediction. Rigorously, necking
should be defined at a time when the local area

reduction becomes non-proportional to the axial elon-
gation, but this requires simultaneous measurement of
the change in cross-section area, which is rarely done

Table II. Summary of Oxidation Loss and Oxide Rate Coefficient Kox

Temp (�C) Stress (MPa) TTR (h)

Nominal
Diameter at
Rupture (lm)

Total
Loss
(lm)

Elongation
Loss (lm)

Oxidation
Loss (lm)

Kox per Test
(lm2=h)

Average Kox

per Temperature
(lm2=h)

500 280 4223.9 3925.61 17.19 14.88 2.31 6.34E�04 9.37E�03
300 3503.7 3917.68 21.16 14.85 6.31 5.69E�03
320 2142.5 3911.03 24.48 14.82 9.67 2.18E�02

550 220 891.4 3895.10 32.45 23.22 9.24 4.78E�02 1.96E�01
240 306 3893.18 33.41 24.62 8.79 1.26E�01
260 81.3 3894.72 32.64 24.45 8.19 4.13E�01

600 130 1602 3752.34 103.83 63.17 40.66 5.16E�01 4.25E�01
140 833.6 3773.93 93.03 63.40 29.63 5.27E�01
160 180.6 3814.96 72.52 63.34 9.18 2.33E�01

650 80 873.4 3792.31 83.85 68.12 15.72 1.41E�01 6.56E�01
100 244.8 3793.66 83.17 68.04 15.13 4.68E�01
110 78.8 3794.09 82.95 68.32 14.63 1.36E+00

Fig. 2—Kox Arrhenius plot for activation energy and proportional constant determination.

Fig. 3—Ruptured F91 coupons show pronounced necking behavior.
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during creep testing. It is unpractical using lateral
strain gauge to capture necking due to the fact that the
necking location is often unpredictable when deforma-
tion instability occurs. Nonetheless, 90 pct TTR for
necking should be acceptable for engineering purposes,
particularly because microstructural non-uniformity in
a real material often exceeds 10 pct. Table II summa-
rizes ecr at 90 pct TTR of F91 ruptured coupons at
various temperatures. It is noted that there is an
increase in critical strain, ecr, from ~ 2 to ~ 6-7 pct
above 723 K (500 �C). This phenomenon indicates that
there is a ‘‘brittle-to-ductile’’ transition in creep neck-
ing. In the present study, the same trend of ecr for F91
is assumed to be true for all Grade 91 steels, owing to
their similar composition and microstructure. The
minimum creep rate (_essÞ, TTR, and critical failure
strains of the F91 under various test conditions are
summarized in Table III. These data will be used for
model validation.

C. Creep Curves

With the inclusion of the oxidation effect as expressed
by Eqs. [7a] through [10a], the modified DMTS equation
is used to depict F91 creep behavior, as illustrated in
Figures 5 through 8 with TTR over 300 hours. Table IV
lists the model parameters in Eqs. [10a] through [10c].
Note that the dislocation multiplication factor (M) was
obtained by fitting the basic DMTS model to the
MCrAlY-coated F91 creep behavior (without the influ-
ence of oxidation).[26]

In general, the modified DMTS model improves the
creep predictions of F91 at all temperatures from 773 K
to 923 K (500 �C to 650 �C). First of all, the minimum
creep rate _ess is increased because of the oxidation effect,
indicating that oxidation is an external contributing
factor, in addition to the material-intrinsic deformation
mechanisms, GBS, IDC, and IDG. The matching with
the experimental observation validates the modified

Fig. 4—90 pct TTR associated with strain.

Table III. Minimum Creep Rates, Critical Strains, and 90 Pct TTR for F91 Steel

Temp (�C) Stress (MPa) _ess (h
�1) TTR (h) 90 pct TTR (h) Strain at 90 Pct TTR Average ecr

500 280 2.31E�6 4223.8 3801.42 0.022 0.02
300 2.38E�6 3503.7 3153.33 0.02
320 4.99E�06 2142.5 1928.25 0.02

550 220 4.61E�5 891.4 802.26 0.054 0.06
240 1.09E�4 305.0 274.5 0.055
260 4.99E�04 81.3 73.17 0.072

600 130 3.00E�5 1602.0 1441.8 0.084 0.066
140 6.24E�5 833.6 750.24 0.054
160 3.42E�04 180.6 162.54 0.062

650 80 4.45E�5 873.4 786.06 0.063 0.068
100 1.82E�4 244.8 220.32 0.064
110 7.98E�04 78.8 70.92 0.078

1140—VOLUME 51A, MARCH 2020 METALLURGICAL AND MATERIALS TRANSACTIONS A



DMTS model. In particular, for longer time creep,
where the oxide growth becomes increasingly influential,
the modified DMTS describes the creep behavior better
than the basic DMTS model, although the two models
have little difference for short-term creep tests. At 650
�C, oxidation is the most severe, Eq. [9] tends to
exacerbate the oxidation effect by the conservative

simplification. However, because failure strain is defined
prior to instability, the creep life prediction still matches
closely to experimental observation. This implies that
oxidation can contribute significantly to the deviation
toward long-term creep, which has not been emphasized
much in other creep life prediction models reported in
the literature.

Fig. 5—Comparison between basic and modified DMTS models for creep strain–time curves of F91 coupons at 500 �C.

Fig. 6—Comparison between basic and modified DMTS models for creep strain–time curves of F91 coupons at 550 �C.
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D. Long-Term Creep Life Prediction

With the inclusion of the oxidation effect, the mod-
ified DMTS model improves the accuracy of long-term
creep life prediction using Eq. [11], as illustrated in
Figures 9 through 12 for NIMS Grade 91 steels, in
comparison with the basic DMTS model; the R2 values
indicated the accuracy of each model prediction. For
MgB (plate) which is the closest to F91 in terms of
composition and heat treatment, the modified DMTS
model shows marked improvement in the coefficient of
determination from 0.89 to 0.99. For the other Grade 91
steels, the R2 values of the two models appear to be

equally good (above 0.95). Since most of the available
creep rupture data were obtained at TTR<104 hours, it
is critical to ensure that the long-term extrapolation has
considered the participating deformation and damage
mechanisms. The creep life plots show that the two
models have similar performance for TTR< 104 hours.
The difference starts to show up at creep times over ~
104 hours. Actually, the modified DMTS model
describes the ‘‘life breakdown’’ phenomenon in agree-
ment with the experimental observations for long-term
creep. The discrepancy of the basic DMTS model arises
for long-term creep because of missing consideration of

Fig. 7—Comparison between basic and modified DMTS models for creep strain–time curves of F91 coupons at 600 �C.

Fig. 8—Comparison between basic and modified DMTS models for creep strain–time curves of F91 coupons at 650 �C.
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the oxidation effect. On the mechanism basis, the
phenomena are the results of creep-oxidation interac-
tion, rather than the artificially divided ‘‘two stress
regions.’’[21] No empirical model can truly predict the
long-term creep performance with oxidation influence.

For creep life prediction, the Larson–Miller param-
eter (LMP) method is one of the most popular methods
in industrial applications. In this method, the creep
rupture data are presented in a plot as function of the
applied (norminal) stress against a temperature-com-
pensated parameter, called the Larson–Miller parameter
PLM (1952) [6]:

PLM ¼ T log tr þ CLMð Þ; ½14�

where T is absolute temperature; tr is time-to-rupture
(TTR), and CLM is the LMP constant. The relationships
are often established through polynomial fitting.

In order to establish the correlations between the
applied stress and TTR, a large amount of data are
needed to construct the LMP plot.[6,21,27] For the
purpose of quick assessment of creep strength, high
stresses are often used to obtain short-term TTR data,
but extrapolation using a polynomial equation is not
reliable beyond the fitted data range. This is why creep
life prediction by the LMP method still needs long-term
creep test data which are time-consuming and costly to
obtain. In addition, from the deformation-mechanism
point of view, creep tests conducted at either higher
stress or higher temperature may induce different
dominant deformation mechanism(s) from the one(s)
under the service loading condition. Therefore, empir-
ical methods of creep life prediction by extrapolation
from short-term creep test data without deforma-
tion-mechanism specification are not reliable. The

Table IV. Strain–Time Curve Model Parameters

Temp (�C) Stress (MPa)
Work-Hardening

Coefficient H (GPa)
Dislocation Multiplication

Factor (M)
Transient Shape
Parameter (b)

500 320 47.16 1000 1.008
300
280

550 260 41.15 200
240
220

600 160 25.41 110
140
130

650 110 8.58 5
100
80

Fig. 9—Comparison between basic and modified DMTS models for life prediction of MgB, a designation by NIMS for a Grade 91 plate
material (symbols: experimental; solid lines: DMTS model; dash lines: modified DMTS model).
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modified DMTS model is, on the other hand, validated
with consideration of participating deformation and
damage mechanisms, which ensures the validity and
accuracy of creep life prediction from short-term to
long-term creep.

The predicted creep lives of NIMS Plate MgB by the
modified DMTS model are depicted in an LMP plot in
order to compare with the experimental 90 pct-TTR
data. The Larson–Miller constant, CLM, in Eq. [14] is
33.[27] As shown in Figure 13, the predicted lives all
agree with the experimental data very well. Moreover,
each creep rupture failure mode can be identified by the
modified DMTS model, in a manner showing the
partitioning portions of the three mechanisms: GBS,

IDG, and IDC. Figure 14 shows two microstructures at
creep rupture: one crept under 873 K (600 �C)/160 MPa,
and the other crept under 923 K (650 �C)/100 MPa, with
the associated mechanism pie-charts, which are made up
by the ratio of the minimum creep rate per mechanism
to the total strain rate under the given test condition. In
the 873 K (600 �C)/160 MPa case, GBS predominated (~
94 pct) and the microstructure retained its original lath
structure, whereas in the 923 K (650 �C)/100 MPa case,
the model predicts that a significant portion (~ 38 pct) of
creep deformation occurred by IDC. Accordingly, the
lath structure did become more elongated. It should be
noted that the mechanism pie-chart is made based on
the minimum creep rate which occurred at the fairly

Fig. 10—Comparison between basic and modified DMTS models for life prediction of MgD, a designation by NIMS for another Grade 91 plate
material (symbols: experimental; solid lines: DMTS model; dash lines: modified DMTS model).

Fig. 11—Comparison between basic and modified DMTS models for life prediction of MGD, a designation by NIMS for a Grade 91 tube
material (symbols: experimental; solid lines: DMTS model; dash lines: modified DMTS model).
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early stage. As the creep process continued to the end,
the instantaneous creep rate would increase significantly
due to intervention of tertiary creep mechanisms.
Therefore, in the 923 K (650 �C)/100 MPa case, IDC
became even more dominant toward the end. The
metallurgical evidence supports the model prediction.
Using the modified DMTS model, such pie-charts can
be obtained for every creep condition. More detailed
studies, perhaps through artificial intelligence

(AI)-assisted microstructural feature recognition, are
needed to correlate the ratio of mechanism partitioning
with the deformed microstructural features for further
work. It is significant that the modified DMTS model
can provide engineers a useful means to better under-
stand the physics of creep failure and identify the failure
modes in quantitative details, and furthermore to tailor
the material and component design for better perfor-
mance, whereas the LMP plot does not provide such

Fig. 12—Comparison between basic and modified DMTS models for life prediction of MGQ, a designation by NIMS for a Grade 91 pipe
material (symbols: experimental; solid lines: DMTS model; dash lines: modified DMTS model).

Fig. 13—The modified DMTS model prediction of NIMS Plate MgB in LMP plot with experimental data for comparison.
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detailed information, from a life prediction point of
view.

IV. CONCLUSIONS

In this study, the modified DMTS model is developed
based on the well-recognized deformation mechanisms
coupled with the parabolic oxidation law. The model is
validated with F91 creep data from 773 K to 923 K (500
�C to 650 �C) at various stress levels. Also, a long-term
creep life prediction equation is derived from the
mechanism-based formulation. In particular, the fol-
lowing conclusions can be drawn:

� For the first time, the present study proposed an
area-deduction method to quantify oxide scale
growth during creep. From such measurements, the
oxidation growth rate coefficient, Kox, is deter-
mined. In the present study, the average Kox at a
temperature is assumed to obey the Arrhenius
relationship, but the method can be used for further
quantification of the influence of stress.

� From short-term creep curve analyses, the critical
failure strain ecr was established at 90 pct TTR, just
prior to the onset of unstable deformation when

necking occurred to cause the final rupture. This
critical failure strain exhibited a temperature-depen-
dent ‘‘brittle-to-ductile’’ transition: ecr = 2-3 pct over
the temperature range of 723-773K (450-500 �C); and
ecr = 6-7 pct over the temperature above 773 K (500
�C). This failure criterion was used for long-term
creep life prediction of modified Grade 91 steels.

� By taking oxidation effect into account, the modified
DMTS model better describes the creep curve of F91
coupons than the basic DMTS model with coupon-
borne oxidation influence. In addition, the modified
DMTS model also predicts the long-term creep lives
of Grade 91 steels in excellent agreement with NIMS
creep data. This signifies the importance of the
separation of oxidation effect from material-intrinsic
deformation mechanisms such as IDG, IDC, and
GBS.

� The modified DMTS model is also compared with
the Larson–Miller parameter method. Since this
model is developed on the mechanism basis, it only
needs short-term creep data (<104 hours) to validate
the mechanism contribution. The predictions of the
modified DMTS model are shown to be accurate
(with coefficient of determination> 95 pct) for the
long-term (>104 hours) creep performance of

Fig. 14—Microstructural analyses with mechanism indication pie-charts.
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modified Grade 91 steels. This saves the effort for
long-term creep tests which are very costly and delay
the design optimization. In addition, the modified
DMTS model also provides insights into the con-
trolling deformation mechanisms and potential fail-
ure mode, feeding back information for further
material improvement.
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