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The microstructural evolution of a tempered martensitic stainless steel (a 12 pct chromium steel,
type-403), during creep test, subjected to a tensile creep test at 873 K, was studied by monitoring
the shear-wave attenuation and velocity using electromagnetic acoustic resonance (EMAR). The
study disclosed an attenuation peak at around 20 to 30 pct of the creep life, and a minimum
value at 50 pct of the creep life, and a local minimum velocity at the attenuation peak, inde-
pendent of the applied stress. These novel phenomena are interpreted as a result of micro-
structural changes, especially dislocation recovery. This interpretation is supported by
transmission electron microscopy observations of the dislocation structure. The relationship
between the changes in attenuation, velocity, and microstructure evolution can be explained
with the string model. The study results have suggested that EMAR possesses the potential to
assess the progress of creep damage and to predict the remaining creep life of metals.
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I. INTRODUCTION

AROUND the world, a great number of operating
fossil, nuclear power, and petroleum plants were con-
structed during 1960s and 1970s and have exceeded the
their original 30- to 40-year design life.[1,2,3] Structural
metals used in plant components subjected to complex
service environments—for example, exposure to ele-
vated temperatures or loading—undergo degradation of
mechanical properties such as strength, fracture tough-
ness, etc., due to microstructural changes, corrosion,
fatigue, creep, and combinations of these. Creep is one
of the most critical factors that determine the structural
integrity of the components. To save energy, meet recent
regulatory requirements for CO2 emissions, and im-
prove thermal efficiency, steam pressures and operating
temperatures in the components have been increased,
resulting in accelerated material degradation. Further-
more, economic and environmental circumstances pro-
hibiting the construction of new plants increase the
severity of this problem. Nondestructive evaluation
(NDE), which probes the characterization of micro-
structures, deformation and damage initiation, and
growth, may play an essential role because of the
growing awareness of the benefit of using NDE tech-
niques to assess the performance of components. In
particular, NDE is assuming greater significance in the
assessment of material degradation. To operate plants
safely past their design life, an NDE technique that
enables the evaluation of the current state of materials
and predicts their remaining life, has long been
sought.[4–7]

At present, surface replication, boat samples, and
miniature test coupons are used to assess the creep
damage after years of service.[1,8–11] While somewhat
successful, such tests are limited by restrictions asso-
ciated with the considerable pretest knowledge re-
quired to determine the proper location for testing. In
addition, these tests can be destructive in nature and
considerable surface preparation may be required.
Therefore, it is essential that a selected technique
provide a measurement simple and quick enough to
deal with a large number of objects and give accurate
information about microstructural changes. A number
of alternate methods for creep-damage evaluation are
available for detecting the damage. Ultrasonic meth-
ods offer a unique way of evaluating the internal
damage state with comparatively simple and easy
instrumentation, while X-ray, replication, and mea-
surements of hardness and magnetic properties merely
inspect the surface or near-surface region of the
metals.
The ultrasonic method has been extensively studied

for assessing creep damage in a wide range of materi-
als.[12–18] In these studies, ultrasonic velocity, attenua-
tion, and backscattering echoes of acoustic waves
traveling through the materials have been measured
with contacting piezoelectric transducers. Ultrasonic
parameters, which are influenced by bulk material
phenomena, can characterize microstructural changes,
such as dislocation density, texture, and grain-size
variation. In a few cases, the velocity changed more
significantly than the attenuation. A sharp decrease in
the velocity occurred after the formation of microcracks.
In the early stages, however, a change in velocity did not
reflect the damage progression, and the dislocations
controlled the creep mechanism. Dislocation and micro-
structural change during creep caused attenuation
changes. However, conventional contacting measure-
ments cannot precisely reflect the creep damage, because
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excessive background noise obscures sensitivity to
microstructural evolution.[19] This problem is especially
serious for attenuation measurement, because mechan-
ical contacts allow the probing ultrasonic waves to
propagate in the sample, as well as in the transducers,
couplant, and buffer, where a significant fraction of the
acoustic energy is absorbed during wave propagation.
Therefore, noncontact measurement with electromag-
netic acoustic transducers (EMATs)[20,21,22] is prefera-
ble, but low transduction efficiency prevents us from
accurately measuring the ultrasonic characteristics. To
overcome this dilemma, we combined an EMAT with
the resonant technique, so as to superimpose many
signals coherently and compose large signal amplitudes.
This is the electromagnetic-acoustic-resonance
(EMAR)[20,21,22] method developed for the contactless
measurement of phase velocity and attenuation.

Previously, we studied the relationship between the
microstructure and the ultrasonic properties, especially
ultrasonic attenuation, with EMAR during creep in
various metal materials.[23–28] The results confirmed that
an attenuation coefficient showed a peak at a specific
time during the creep life and that the time does not
depend on the stress and specimen shape.

The objective of this study is to assess the capability of
the EMAR method in materials with more practical
structures, to identify and assess ultrasonic attenuation
and velocity during creep and to establish the relation-
ship between the microstructural and the ultrasonic
response. A tempered martensitic stainless steel of type-
403 was used for the sample. Martensitic stainless steels
are essentially alloys of chromium and carbon that
possess a body-centered tetragonal (bct) crystal struc-
ture (martensitic) in a hardened condition after being air
cooled from the austenitizing temperature. They are
ferromagnetic, hardened by heat treatments, and gener-
ally resistant to corrosion only in relatively mild
environments.[29] The most commonly used alloy within
the martensitic stainless steel family is type-410, which
contains 12 wt pct Cr and 0.1 pct C, to provide
strength. Type-403 is similar to 410, but the chemical
composition is adjusted to prevent the formation of d-
ferrite in heavy sections. It is used extensively for steam-
turbine rotor blades and gas-turbine compressor blades
operating at a temperature of up to 753 K.[29] In the
present work, a bulk-wave EMAT[20,21,22] was used to
measure the ultrasonic attenuation and velocity in the
thickness direction of specimens as creep progressed.

II. EXPERIMENTS

A. Materials

The material was taken from a commercial plate of
tempered martensitic stainless steel (a 12 pct chromium
steel, type-403). It was heated at 1253 K for 2 hours,
water-quenched and heated at 1023 K for 2 hours, and
tempered. Specimens for the creep test were machined as
shown in Figure 1; the gage section was 5 mm thick,
18 mm wide, and 35 mm long. The rolling direction of
the specimens was parallel to the longitudinal direction

of the specimens. The chemical composition and
mechanical properties at room temperature (RT) and
at 873 K are shown in Tables I and II, respectively.

B. The EMAT

We used a shear-wave EMAT with an active area
10 · 10 mm in size, which was composed of an elon-
gated-spiral coil and a pair of permanent magnets in
opposite directions, normal to the specimen surface, as
shown in Figure 2. In a noncontacting manner, the
EMAT generated and received shear waves with the
magnetostrictive effect of ferromagnetic materials. The
polarized shear waves traveled back and forth in the
thickness direction. For more details, see articles by
Maxfield and Fortunko,[30] Wilbrand,[31] and Thomp-
son.[32]

We measured resonant frequencies and attenuation
coefficients for resonant modes with a superheterodyne
spectrometer.[33] The resonant peaks appear at equal
frequency intervals and at each resonant frequency; the
attenuation coefficient is measured by the free-decay
method, leading to the frequency dependence of atten-
uation.[34]

Fig. 1—Geometry and dimension of creep specimens in millimeters.

Table I. Chemical Composition of Type-403 (Weight
Percent)

C Si Mn P S Ni Cr Fe

0.120 0.300 0.40 0.033 0.018 0.200 11.67 bal

Table II. Mechanical Properties of Type-403 at the Room

Temperature and 873 K

Temp
0.2 Pct

Proof Stress
Ultimate Tensile
Strength (MPa)

Elongation
(Pct)

Reduction
of Area (Pct)

RT 562 720 25.0 73.9
873 K 252 302 50.1 93.1
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C. Creep Tests

Creep tests were carried out at 873 K in air for the
three stresses of 120, 140, and 160 MPa, with lever-type
equipment. Two different creep tests were conducted.
They are referred to as (1) the continuous test and (2)
the interrupted test. In the continuous test, we inter-
rupted creep loading and furnace-cooled the samples.
After measuring ultrasonic properties (attenuation coef-
ficients and velocity), we restarted the creep test. We
repeated this procedure every 50, 100, and 200 hours
until rupture. In the interrupted test, ten specimens were
prepared for 120 MPa. The creep test was individually
carried out until the creep strain reached a target value.
After the creep tests, ultrasonic properties were mea-
sured. The interrupted test provided us with a series of
samples with different strains after the creep tests. We
examined the unstressed samples alongside the creep
samples to distinguish the effects of thermal history
alone.

The continuous test provided measurements similar to
those used in the field for periodic monitoring of the
damage evolution in the same sample as creep pro-
gresses. The interrupted test was conducted to make a
thorough investigation of the relationship between the
microstructural evolution and the change in ultrasonic
properties as the creep progressed, though there is some
possibility that the test results are affected by sample-to-
sample variation.

We observed the microstructures of the specimens in
the interrupted test with an optical microscope (OM), a
field-emission scanning electron microscope (FE-SEM),
and a transmission electron microscope (TEM). The
TEM foils were made as follows: small disks (3 mm in
diameter) were cut out of the specimens; these were
mechanically polished down to a thickness of 0.1 mm
and then thinned using a standard electrolytic double jet

technique. As an electrolyte, a 10 pct phosphoric acid-
ethanol was used at 243 K, 40 V, and 150 mA. A TEM
operating at 250 kV was used to study the microstruc-
ture around the thinnest parts. The thickness in visible
regions varied between 0.1 and 0.3 lm, which was
measured by the convergent-beam electron diffraction
(CBED) method. A mean thickness of 0.2 lm was used
for most of the calculations. The micrographs were
scanned into a computer for further analysis. We also
measured the Vickers hardness of the specimens. The
measurement conditions were as follows: a load of 0.98
N and a holding time of 20 seconds.

III. RESULTS

A. Continuous Test

We measured the resonant frequencies in the 1- to
8-MHz range and their attenuations during the contin-
uous test. Figure 3 displays the frequency dependence of
the attenuation a at the life fraction t/tr (creep time/
rupture life) = 0, 0.2, 0.51, and 0.80. The rupture life
was 990.6 hours. The stress was 120 MPa and the
polarization of the shear wave was parallel to the stress.
We observed that a always increases with the resonant
frequency, but the feature changes in the course of the
creep advance.
Figure 4(a) shows the typical relationship between the

attenuation coefficient a, the relative velocity, DV/Vi

(Vi: initial velocity), creep strain, creep-strain rate, and
t/tr as creep progresses. The stress was 120 MPa and the
resonant mode was the 14th resonant mode around
4.5 MHz. The attenuation coefficient increases, showing
a peak at t/tr = 0.2, then decreases, showing a mini-
mum near t/tr = 0.5, and finally increases until failure.
The velocity gradually decreases and shows a local
minimum at the attenuation peak, then increases slightly
until the attenuation minimum, and finally quickly
decreases to the rupture. The total decrease in velocity
was about 0.3 pct. The creep strain, however, monoto-
nously increased until the rupture. The creep-strain rate
rapidly decreased from the beginning to t/tr = 0.2, then

Fig. 2—Constitution and generation mechanism of the polarized
shear wave by magnetostrictive effect. The H0, Hx, and H denote
the bias field, the dynamic field, and the total field composed of the
vector summation, respectively.

Fig. 3—Frequency dependence of the attenuation coefficient, a, in
the continuous test (873 K, 120 MPa). The polarization is parallel to
the stress direction.
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remained nearly unchanged until t/tr = 0.5, and finally
quickly increased to the rupture. Only insignificant
changes to the attenuation and velocity, as shown in
Figure 4(b), were caused by the heat treatment, indicat-
ing that the changes in the ultrasonic properties are
uniquely caused by creep.

Shown in Figure 5 are the evolution of the attenua-
tion coefficient, velocity, and creep-strain rate under
three different stresses (120, 140, and 160 MPa). The
resonant mode was the 11th resonant mode around
3.5 MHz. The rupture lives were 1077.3 hours for
120 MPa, 1040.4 hours for 140 MPa, and 365.5 hours
for 160 MPa. The evolutions of a and the velocity were
commonly observed under the different stresses, show-
ing clearly that evolution was not strongly independent
upon the stress and other resonant modes.

B. Interrupted Test

Shown in Figure 6 is the relationship between the
creep strain reached and the creep time. Each point
corresponds to a separate specimen. The poor correla-
tion between the strain and the time indicates that the
creep damage is not solely dependent upon time. Thus,
service time is an unsuitable measure of remaining creep
life.

We applied the modified h projection[35] and the
fracture parameter Pa,

[36] to estimate the life and the life

fraction of each sample. Figure 7 shows the resultant
relationship between t/tr and the creep strain at
120 MPa, which is expressed with a single curve.
Figure 8 displays the relationship among the evolutions
of the ultrasonic properties, strain, and strain ratio,
which shows the same trends as observed in the
continuous test (Figure 4(a)), confirming the correctness
of the predicted life ratio. Therefore, by observing the
microstructures of the specimens in the interrupted test,
we can discover what influenced the attenuation evolu-
tion and velocity as creep progressed.

Fig. 4—Relationship between a,(DV/Vi, creep strain, strain rate, and
t/tr at the 14th resonant mode (~4.5 MHz) of the crept sample ((a)
120 MPa, 873 K in the continuous test) and reference sample ((b)
stress free, 873 K, until 1000 h). The rupture life of crept sample was
990.6 h. The shear wave polarization was parallel to the stress direc-
tion.

Fig. 5—Relationship between a, velocity, creep-strain rate at the
11th resonant modes (~3.5 MHz) and life fraction (120, 140, and
160 MPa, 873 K) in the continuous test. The shear wave polariza-
tion is parallel to the stress direction. Rupture life tr = 1077.3 h for
120 MPa, tr = 1040.4 h for 140 MPa, and tr = 365.5 h for
160 MPa.

Fig. 6—Creep curves in the interrupted test (120 MPa, 873 K).
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C. Microstructure

The following metallographic factors cause material
deterioration from creep:[37–40]

(a) precipitation and coarsening of carbides,[38]

(b) nucleation and development of voids,[39] and
(c) recovery of dislocations (rearrangement and anni-

hilation).[37,40]

From these points of view, we observed microstruc-
ture changes as creep progressed. No void was
observed except in ruptured samples. Shown in
Figures 9 and 10 are OM and SEM micrographs for
the specimens at t/tr = 0 and 0.52. The direction of
stress was the horizontal direction of the photographs.
The prior austenite grain boundaries and lath struc-
ture are observed in the micrographs in Figure 9. Fine
precipitates are visible on prior austenite grain bound-
aries and lath boundaries in Figure 10. The precipi-
tates (the arrow in Figure 10) were analyzed with
energy-dispersive X-ray spectroscopy (EDX) and iden-

tified as chromium-molybdenum carbides, which were
assumed to be those with the general formula
M23C6.

[41] Shown in Figure 11 are the results obtained
by analyzing these micrographs in the computer. On
the assumption that oval precipitates are randomly
distributed in the matrix, a volume value Vp (lm3) of
precipitate was calculated according to Eq. [1],[42]

which represents the volume of regular ellipsoid
precipitates with Dmax as the long axis and Dmin for
both small axes:

Vp ¼ 4=3pDmaxD
2
min ½1�

The results for the (heat-affected) reference sample
and the ruptured sample are also shown. The size of the
prior austenite grain boundary slightly increases as creep
progresses (Figure 11(a)). Between the start of creep and
t/tr = 0.2, the volume of the precipitates remains
relatively constant or reduces slightly, while the number
density decreases slightly. Until t/tr = 0.6, the volume
increases gradually and the number density decreases by
degrees. After that, both remain constant. In the
reference sample, the changes in volume and number
density were small. Thus, the applied stress strongly
affected the coarsening and coalescence of precipitates,
due to the increased dislocation density providing high
diffusivity paths.

Fig. 7—Creep strain reached vs estimated life fraction in interrupted
test (120 MPa, 873 K).

Fig. 8—Relationship between a,(DV/Vi, creep strain, strain rate, and
t/tr, at the 14th resonant mode under 120 MPa in the interrupted
test.

Fig. 9—Optical micrographs of crept specimens at t/tr = 0, and 0.52
in the interrupted test (120 MPa, 873 K).
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Figure 11(c) shows the Vickers hardness evolution.
The hardness of the reference sample is also shown. The
hardness decreased with an increase in t/tr; the decre-
ment of the ruptured sample was about 15 pct. The heat
treatment caused little change in the hardness. Thus, the
stress again had a strong effect on both the hardness
change and the change in precipitates.

Figures 12(a) through (d) show TEM micrographs
of the specimen exposed to the stress of 120 MPa at
t/tr = 0 (original), 0.20, 0.52, and 0.71, respectively.
The direction of stress was the horizontal direction of
the photographs. The results for the ruptured sample
((a): 873 K, 120 MPa, tr = 1925.5 hours) and the
reference sample ((b): free stress, 873 K, 2500 hours)
are also shown in Figure 13. Figure 12(a) shows many
lath structures. The dislocations within the lath were
observed and their density was high. Figure 12(b)
shows the microstructure at the attenuation peak
(Figure 8). The cell structures accounted for the
majority of the area. A few subgrains were observed
and their boundaries were not clear. The width of the
cell was larger than in Figure 12(a). The multiplication
of dislocations within the lath proceeded and the
density was still high. Figure 12(c) shows the micro-
structure, when a showed its minimum. The subgrain
structures accounted for the majority of the entire area.
The size was larger than, and the boundaries of the
subgrains were clearer than in Figure 12(b). The
dislocation density within the subgrains was low.
Figure 12(d) shows the microstructure at t/tr = 0.71,
when a increased again. The entire area was covered by

the subgrain structure. The boundaries were clearer
than those in Figure 12(c). The subgrain sizes were
larger than, and the dislocation density was lower than
in Figure 12(c). In Figure 13(a), the subgrains and
recrystallized areas were both observed. These sizes
were larger than, and the dislocation density was
almost the same as in Figure 12(c). Shown in Fig-
ure 13(b) is the cell structure. The cell wall became
obscure in part of the area. The dislocation density was
smaller than that in Figure 12(a).
We analyzed the TEM microstructures stored in the

computer. For the following determination, at least five
TEM micrographs from different locations on the thin
foil were used. Figure 14 shows the evolution of the
width of the cell or subgrains as creep progresses. As in
Figure 14, the width gradually increased from the start
of creep to t/tr = 0.2. It remained almost constant
within the range of t/tr = 0.2 to 0.5. Afterward, it
rapidly increased with an increase in t/tr. The width at
the rupture was three times greater than before creep. In
the reference sample, the width increased, but was
smaller than at t/tr = 0.60. The evolution of the lath or
subgrain is similar to the change in the volume of the
precipitates in Figure 11(b). It was reported that the
creep-strain rate was proportional to the size of the cells
or subgrains multiplied by the third power,[43] which
explains the rapid increase in the size at the end of the
creep life (t/tr > 0.5). The change was strongly acceler-
ated by the influence of the applied stress. Similar results
have been reported.[44,45] This evolution of the cell or
subgrain corresponds well to the change in the attenu-
ation coefficient in Figure 5. Finally, in Figure 15, we
show the strong correlation between the hardness and
width of the cells or subgrain.

Fig. 10—SEM micrographs of crept specimens at t/tr = 0, and 0.52
in the interrupted test (120 MPa, 873 K).

Fig. 11—Microstructure evolution in the interrupted test (120 MPa,
873 K) as creep progressed: (a) change in the average prior austenite
grain-boundary diameter, (b) change in the average volume and
form factor of precipitates, and (c) change in the Vickers Hardness.
Solid marks are data of the crept samples, and open marks are for
the reference sample.
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IV. DISCUSSION

Possible factors contributing to the changes of the
attenuation coefficient and velocity in the megahertz
frequency range[21,46] are as follows:

(a) grain scattering,
(b) scatterings caused by precipitations, and
(c) dislocation damping.

Factors of (a) and (b) were examined using the
scattering theory in the Rayleigh region.[21,46] It has been
reported that they cause only negligible change in the
attenuation coefficient.[23–28] Therefore, only the dislo-
cation damping can explain the observed acoustic
response.

Dislocations vibrate in response to ultrasonic
stress with a phase lag because of lattice viscosity,
and part of the acoustic energy is absorbed. This
inelastic mechanism also lowers the ultrasonic veloc-
ities. The dislocation lines are pinned by point
defects, precipitations, grain boundaries, and other
dislocations. These pinning points act as nodes of
vibration of elastic strings. Granato and Lücke[47]

formulated the relationship between the attenuation
coefficient and the velocity in a low frequency range
as follows:

a ¼ C1KL4f2 ½2�

ðV� V0Þ=V0 ¼ �C2KL2 ½3�

where C1 and C2 are positive constants, V0 the velocity
corresponding to the true modulus (=(G/q)1/2, G is
the shear modulus, and q the density), L the disloca-

Fig. 12—(a) through (d) Transmission electron micrographs of crept
specimens at t/tr = 0, 0.20, 0.52, and 0.71 in the interrupted test
(25 MPa, 923 K).

Fig. 13—Transmission electron micrographs of (a) ruptured sample
(120 MPa, 873 K, tr = 1925.5 h) and (b) the reference sample (stress
free, 873 K, 2500-h holding).

Fig. 14—Change in the width of cells and subgrains as creep pro-
gresses in the interrupted test (120 MPa, 873 K). Solid marks are
data of the crept samples, and open marks are for the reference
sample.
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tion density, and L the average length of the disloca-
tion segments. According to this model, a is propor-
tional to L, and the fourth power of the segment
length L of the effective dislocations and velocity is
proportional to L and the square of L, which are
moveable with the ultrasonic stress. The increases in L
and L lead to the decrease in velocity. Note that not
all dislocations can interact with ultrasonics. We define
these interacting dislocations as mobile dislocations,
which cause changes in the ultrasonic attenuation. Pa-
hutova and Cadek[48] also defined these dislocations as
free dislocations (dislocations unbounded in sub-
boundaries and arranged in a three-dimensional dislo-
cation network). Dislocations piling up against grain
boundaries or sub-boundaries cannot vibrate and con-
tribute to a. It was clear that the attenuation coeffi-
cient with EMAR clearly enabled the detection of the
dislocation structure evolution in the fatigue progress
of pure copper and low-carbon steel[49–52] and in the
creep progress of a Cr-Mo-V, 2.25 pct Cr-1 pct Mo,
Ni-based superalloy and austenite stainless steels.[23–28]

One expects that the attenuation in a type-403 tem-
pered martensitic steel changes because the dislocation
structure changes during the creep.

Figure 16 shows the results obtained by the digital
image analysis of the TEM micrographs. For the
following determination, at least five TEM micrographs
from different locations on the thin foil were used.
Figure 16 shows the dislocation density, L1, and the
average dislocation length, L1. The density of disloca-
tions was measured with the method proposed by Keh
and Weissmann.[53] Only the dislocations pinned by
carbides in grains and other dislocations, as well as
movable dislocations, were considered. As shown in
Figure 14, L1 increases until t/tr = 0.2 and then
decreases until the rupture. On the other hand, L1

increases until t/tr = 0.2. Within the range of t/tr = 0.2
to 0.5, L1 remains almost constant. Afterward, L1

increases with an increase in t/tr. The change in L1 is
similar to the evolution of the cell and subgrain in
Figure 14. The change in the dislocation structure and
free dislocation density can be found in the past.[44–51]

The attenuation coefficient was given by substituting
L1 and L1 for L and L in Eqs. [2] and [3]. We compared
the calculated and measured attenuation coefficients and
relative velocity of the fourteenth resonant mode at
120 MPa in Figure 17, based on an assumption that: L1

� L and L1�L, as shown in Figure 14. The constants C1

and C2 were determined so that the measured and the
calculated as and DV/Vis were consistent with each other
before creep. Theoretically, the terms L and L are the
density and length of dislocations that vibrate with
ultrasonic waves (on the order of 0.1 nm or less in
amplitude), and they are not exactly equal to the values
of L1 and L1. It is impossible to identify which
dislocations in the TEM image actually oscillated with
the ultrasonic waves. In general, point defects are
absorbed and pinned on dislocation lines. The distance
between the point defects corresponds to L, which
means that L1 exceeds L. We considered the interaction
of the point-defect pinning dislocations and assumed
that longer dislocation lines would provide longer

Fig. 15—Relationship between the hardness and size of the cells or
subgrains as creep progresses in the interrupted test (120 MPa,
873 K).

Fig. 16—Change in the dislocation density and length as creep pro-
gresses (120 MPa, 873 K). Solid marks are data of the crept samples,
and open marks are for the reference sample.

Fig. 17—Comparison between calculated and measured (a) attenua-
tion coefficients and (b) DV/Vi in the 14th resonant mode (120 MPa,
873 K). Solid marks are data of the crept samples and open marks
are for the reference sample.
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distances between the point defects. In Figure 17, the
calculated and measured a‘s and DV/Vi’s show similar
behavior. Similar to the case of a Cr-Mo-V steel,[28] it is
demonstrated that this assumption is valid, and the
changes of attenuation and velocity result from the
energy absorption caused by the dislocations. Figure 17
shows, however, that the absolute values of the calcu-
lated attenuation coefficient and velocity are different
from those measured. It is suggested that these differ-
ences arise from the difference between L1 and L, since L
affects a, as shown in Eqs. [2] and [3]. Thus, the
attenuation and velocity mainly change from dislocation
restructuring.

Now, we intend to explain the changes in the
ultrasonic properties during creep progression by divid-
ing the response into three stages, as shown in Figure 4.
From the creep-strain rate, _e, stage I corresponds to the
primary creep, stage II to the secondary creep, and stage
III to the tertiary creep.

(a) Stage I (0 < t/tr < 0.2): The decrease in the num-
ber density of precipitates and the increase in the
cell or subgrain width start from just after the
beginning of creep. Meanwhile, the coarsening and
coalescence of precipitates do not occur in this
stage (Figure 11). Dislocation restructuring starts
and the structure changes from the lath to the sub-
grain. During this stage, the density of free disloca-
tion increases (increase in L). The increases in the
lath width (increase in L) cause a decline in the
hardness (softening). As a result, the increases in L
and L induce the increase in a and the decrease in
velocity.

(b) Stage II (0.2 £ t/tr < 0.5): As creep progresses, the
total dislocation density further increases. The pre-
cipitates show little coarsening and coalescence
and their number density still increases. The for-
mation of subgrains becomes very active. Disloca-
tions during stage I are largely restricted to the
sub-boundaries. Then the multiplied dislocations
are continuously consumed by the formation of
subgrains. Their sizes increase slowly. The disloca-
tion density on the sub-boundaries increases, but
the density in the interior decreases. Therefore, the
free dislocation density becomes low. As a result, a
begins to decrease sharply and shows the peak.
The velocity starts to increase slightly. At the peak
of a and a local minimum of velocity, the creep
strain is about 2 pct and t/tr is around 20 pct of
creep life. In this stage, the work-hardening and
recovery are balanced.

(c) Stage III (t/tr‡ 0.5): In this stage, _e increases rap-
idly. The coarsening and coalescence of precipitates
suddenly advance. The coarsening and coalescence
induce decreases in the solid-solutions (carbons)
and pinning points (carbon atoms) on the disloca-
tion lines. As a result, the distances between the
pinning points become larger, and the smooth
movement of the dislocations is enabled. The
coarsening and coalescence cause an increase in L.
The enlargement of the subgrain width is acceler-
ated and advances the softening (Figure 11). As
creep progresses further, the total dislocation den-
sity increases and internal energy increases. The
formation of subgrains is accelerated and recrystal-
lization is triggered by the increase in the en-
ergy.[54,55] Furthermore, the coarsened precipitates
also prompt the formation of subgrains and recrys-
tallization.[55] As a result, a decrease in L and an
increase in L cause an increase in a and a rapid de-
crease in velocity. At the minimum of a, the creep
strain is about 4 pct, and t/tr is around 50 pct.
After that, a increases and the velocity decreases to
the rupture. Therefore, the minimum of a corre-
sponds to the point at which the width of the cell
and the subgrain increases rapidly and the coarsen-
ing and coalescence of precipitates suddenly pro-
gresses.

The increase in a at around 20 pct of the lifetime
corresponds to the start of the secondary creep and
recovery, and the recovery, and the minimum at 50 pct
of the lifetime, is parallel to the start of tertiary creep. As
for 2.25 Cr-1Mo steel, Cr-Mo-V steel, Ni-based super-
alloy, and stainless steels,[23–28] the peak and minimum
values of the attenuation and local minimum of the
velocity were observed in the creep progression of quite
different materials under the different test conditions.
Shown in Table III is t/tr, where the attenuation shows
the peak and the minimum in these materials. This
demonstrates the universality of the EMAR method. In
addition, the method is capable of capturing the
microstructural evolution, dislocation mobility, and
transition of the dislocation structure during the creep
progression.

V. CONCLUSIONS

The precise measurement of the velocity and the
ultrasonic attenuation coefficient during creep progress
of a tempered martensitic stainless steel, type-403, was

Table III. Life Fraction at Attenuation Peak and Minimum in Some Materials

Materials
Type 403

Stainless Steel
Cr-Mo-V
Steel

2.25Cr-1Mo
Steel

304-Type
Stainless Steel

316L-Type
Stainless Steel Waspaloy

t/tr at attenuation peak 0.2 to 0.3 0.25 to 0.30 0.50 to 0.60 0.30 to 0.40 0.60 to 0.70 0.35 to 0.40
t/tr at attenuation minimum 0.5 0.5 0.75 0.7 0.85 —
Temperature (K) 873 923 923 973 973 1073
Stress (MPa) 120, 140, 160 25, 35, 45, 55 45, 65 100, 120 100, 110, 120 140, 150, 160
Type of specimen plate cylindrical plate cylindrical plate plate plate
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achieved by the high sensitivity and noncontacting
aspects of EMAR. Shear-wave attenuation always
showed a peak at around 20 pct and a minimum at
50 pct of the lifetime; the velocity always showed a local
minimum at around 20 pct, independent of the applied
stress. This observation was first made possible with the
EMAR method. We interpreted these phenomena in
terms of dislocation mobility and restructuring, with
support from the SEM and TEM observations. The
attenuation peak and the local minimum of the velocity
exhibit a characteristic event, at which the recovery
starts. The minimum value of the attenuation indicates
the start of the tertiary creep and corresponds to the
enlargement of subgrain size and the coarsening and
coalescence of precipitates. The relationship between the
changes in the ultrasonic attenuation and the velocity
and the microstructure change can be explained with the
Granato–L}ucke string model. The attenuation coeffi-
cient and velocity correlate well with the creep-life
fraction, but not with the creep strain and time. The
change in hardness during creep is closely connected to
the evolution in the width of the cell or subgrains. More
accurate damage evaluation and life prediction can be
achieved through the monitoring of both the attenua-
tion coefficient and the velocity. The assessment of the
damage advance and the prediction of the remaining
creep life of metals may potentially be facilitated by
EMAR.
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