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Creep failure of 316LN stainless steel (SS) occurs due to the nucleation and growth of cracks. An investigation
was performed to correlate the creep damage with ultrasonic wave speeds and angular frequencies using creep-

tested 316LN SS specimens.

the loading using contact probes with central frequencies of 10, 15, and 20 MHz.

Ultrasonic wave measurements were made in the direction of and perpendicular to

We found that the angular

Sfrequency and wave speed decreased with increasing creep time to rupture by analyzing the ultrasonic signals

from the 15 and 20 MHz probes.
speed of ultrasonic waves.

Therefore, the creep damage was sensitive to the angular frequency and wave

NOMENCLATURE

o: angular frequency
o: attenuation coefficient
c: wave speed

1. Introduction

The mechanical properties of components operating at high
temperatures degrade with time. It is therefore necessary to
evaluate the mechanical properties to determine the structural
integrity and remnant life of the components. Material degradation
must be examined periodically to avoid premature failures as it
adversely affects the safety and life of the equipment and plant
personnel.'” Remnant life assessments usually consist of several
components: using the operational history of the plant and virgin
material properties to calculate the life fraction consumed, using
nondestructive techniques to develop correlations between the
mechanical properties and nondestructive testing parameters, and
using service-exposed material removed from the component to carry
out actual mechanical tests. Three nondestructive evaluation
methods are usually employed: an indentation method based on the
hardness, an ultrasonic method based on the physical properties of
the material, and an electrical resistivity method based on changes in
the electrical characteristics. Among these, the ultrasonic method
has been used not only for detecting internal defects in the materials,
but also for evaluating mechanical properties. Both linear and
nonlinear ultrasonic methods are used. The linear ultrasonic method
is based on measuring the ultrasonic wave attenuation and wave
speed. This method has been employed on various materials*™®, and
the material damage has been related to the ultrasonic wave-speed
reduction. The ultrasonic attenuation coefficient is especially
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sensitive to precipitates and the fine grain size of the material® '°, and
the ultrasonic wave speed in a polycrystalline medium is also
dependent upon the frequency of the ultrasonic wave itself.

Most studies generally use an immersion method for their
ultrasonic tests, but it is difficult to immerse actual structures found
in industry. Hence, we used a contact transducer to analyze the
change of the ultrasonic wave speed based on a linear interpretation.
We examined 316LN stainless steel (SS) with the objective of
evaluating the creep damage under high temperatures.

2. Theory

2.1 Linear time-shift invariant systems

Figure 1 shows the experimental setup used in this investigation.
The electric pulse from the pulser/receiver was transformed to an
ultrasonic surge in a wide-band ultrasonic transducer, and then the
reflected ultrasonic wave was transformed to an electric signal by the
wide ultrasonic receiver. The characteristic functions in the time
domain were f{¢), g:(t), 1(5), g2(¢), and x(¢f). The first reflected wave
bi(¥) and the second reflected wave bx(f) could be represented as a
function integral. Each function in each frequency domain was also
represented as a transformed Fourier function,

B(w) = F(@)- Gy(w)- H(w)- G, () M
B,(w) = F(w)-G|(w)- H(w)- H(®)- G,(®) @

where Bi(w), Byw), F(w), Gy(®), Gyw), and H(w) are the
transformed Fourier functions of the characteristic functions. From
Egs. (1) and (2), we obtain the following clear signal,

B, (w) _

3.(@) H(w) 3
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which was eliminated from the counter-effect of the pulser/receiver
and wide ultrasonic sensor.

A moving ultrasonic wave has two wave-speed components: the
circular or angular wave speed, and the linear wave speed, often
referred to as just the wave speed. The angular frequency is the
proceeding speed of the wave, and the wave speed is the wave energy
speed in the limit of a composite wave. Speed dispersion exists
inside materials since they inevitably have lattice defects. Hence,
wider wave bands produce wider pulses. The wave shape also
changes since the speed of sound speed is influenced by the
frequency. For material degradation, the wave speed is more
dependent on the frequency due to nonhomogeneities in the
distribution of the defects such as voids, precipitates, and elemental
segregation.  Therefore, it is more important to focus on the
dependency of the frequency of each wave speed when the ultrasonic
wave speed is used to evaluate materials. The time of the wave
travel ¢ is

 _wElH @) “
w

which represents two reflected waves in the frequency range, and can
be used to calculate the angular frequency.
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Fig. 1 Principles of the pulse echo method used for the ultrasonic
analysis

2.2 Sources of attenuation

Consider a plane wave traveling in the positive z direction in a
single medium. If we let 4y be the amplitude of this wave at z = z,
and A4; be the amplitude at z = z;, where z; > z,, then in general,
A} <Ay due to losses in the propagating medium. To account for
these losses, we write

2~ expl-a( /) ©)

0

where Az = z; — zy is the distance traveled and off) is a frequency-
dependent attenuation coefficient.’

Ao %\%ﬂi‘l‘l«‘ﬁ))
| e

Fig. 2 Attenuation of a wave due to grain scattering

In general, several sources of attenuation exist in materials,
including grain scattering and absorption. Grain-scattering losses

arise because metals are composed of small crystalline grains on a
microstructural level (see Fig. 2) that scatter the incident waves in
many different directions, resulting in a net loss of amplitude with
distance in the propagation noise. The attenuation coefficient for
grain scattering depends strongly on the size of the wavelength A
relative to the average grain diameter.

Consider the one-dimensional wave equation for a fluid that
includes a viscous damping term,

2 2
Op_xkop 10p_, ©
0z* ci ot ci or’

where K is a damping term and ¢, is the wave speed (without
damping) of the fluid. If we assume that the pressure p is
characterized by an exponentially damped harmonic plane wave
propagating in the positive z direction,

p =exp(—az)exp(ikz — iwt) M

If we use this expression in Eq. (6), we find that to satisfy the
damped wave equation, we must have

2

at -k ="2 ®
c
f
Zak:K—g) )
c
/

where the wave number & and wave speed ¢ are related by £ = w/c so
that the wave speed is dependent on frequency according to

Ve,
Cc =
(I+V1+k*/0*)'?

(10)

3. Experiment

Table 1 shows the chemical composition of 316LN SS. This
material was manufactured using the vacuum induction melting
process. The ingot was soaked for 2 h at 1270°C in argon and then
hot rolled into 15-mm-thick plates. The rolled plates were solution-
treated at 1100°C for 1 h and subsequently quenched in water.

Table 1 Chemical components of 316LN stainless steel

Fe C Si | Mn P S Cr | Ni [Mo| N B

Bal. (0.022| 0.7 | 1.01 {0.029]0.005]|17.15| 12.3 | 2.35 {0.094 | 0.003

50 Y T T T T T v T T T T T

O 620°C 260 MPa
L O 600°C 260 MPa _
40 A 600°C 260 MPa
V 600°C 260 MPa

Strain (%)

300 350 400

Fig. 3 Relationship between creep time and strain
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The creep specimens used in this study had a nonconventional
cross section to facilitate ultrasonic measurements. The specimens
were initially machined as round specimens. The gage portion was
then subsequently machined to provide two parallel flat faces so that
the ultrasonic transducer would be in perfect contact with the
specimen. The gage section had length of 30 mm, a thickness of
3 mm across the flat surfaces, and a diameter of 6 mm across the
curved shape. Constant-load creep tests were performed according
to the ASTM E139 standard at 600°C and several stress levels. The
creep testing was conducted after the specimen was heated to 600°C
for over 2 h. The elongation was measured using an extensometer
that was attached to the specimen along with a LVDT, and the
measured data were automatically recorded by a computer. Table 2
shows the specimen dimensions before testing and the rupture lives.
Figure 3 compares the creep curves at various stress levels.

Fig. 4 Optical photographs of the creep microstructures in specimens
tested under uniaxial tension showing the creep cavity increase and
grain deformation decrease just before rupture. The test conditions
were (a) 620°C and 260 MPa, (b) 600°C and 260 MPa, and (c)
600°C and 240 MPa

Table 2 Dimensions of an ultrasonic test specimen

Time to
94 2 2 260 403 284
rupture (h) 15 70
Length | 000 | 7699 | 7604 | 7767 | 7758 | 7715
{mm)
Thickness | osg | 2308 | 2310 | 2495 | 2506 | 2508
(mm)
920 )
25
17.50 \ 30 17.50

\ MI2Zx175

Fig. 5 Dimensions of the creep specimens and shape of the ultrasonic
test specimens

4. Results and Discussion

4.1 Metallographic analysis

Metallographic studies were performed on the fractured
specimen to reveal the extent of the creep damage. Figure 4 shows
micrographs of specimens tested under several conditions: (a) 620°C
and 260 MPa, (b) 600°C and 260 MPa, and (c) 600°C and 240 MPa.
The times to rupture were 93.5, 284.0, and 403.0 h, respectively.
The loading direction is indicated in the micrographs. Creep cracks
were observed in all the specimens. The amount of creep damage
increased and the grain deformation decreased as the creep time
increased; this occurred because the creep breaks were at locations of
high stresses where the fracture mode changed from intergranular to
transgranular.'” 1> The cracks were generally oriented perpendicular
to the loading direction.

4.2 Creep damage evaluation using ultrasonic waves

The angular frequency and wave speed were measured by
generating incident waves in the direction of and perpendicular to the
loading. The 8-mm-long specimens were cut from the creep-
ruptured pieces of the previous test as shown in Fig. 5. Because the
contact surface of the contact transducer affects the measurements,
the testing specimen was polished to a 1 pum roughness. An
ultrasonic transducer was attached to the specimen surface and the
signal was measured in the longitudinal and transverse directions to
minimize errors. Table 2 shows the dimensions of the specimens.

Three ultrasonic transducers with center frequencies of 10 MHz
(probe diameter ¢ = 10 mm), 15 MHz (¢ = 6 mm), and 20 MHz
(=3 mm), and a JSR PR35 pulser/receiver were used in this
experiment. A Lecroy 9354A digital oscilloscope was used at a
sampling frequency of 500 MHz to display the signal received from
the pulser/receiver. The oscilloscope data were recorded by a
computer in real time. Glycerin was used as a coupling medium
between the sample and the probe.'

4.2.1 Evaluation in the longitudinal direction

Figure 6(a) shows the waveform of the first reflected signal
obtained from the specimen that fractured after 93.5 h. The figure
consists of a plot of the signal amplitude in dB versus time in
microseconds, where #; and ¢, are the start and end times for 4n
radians in the time domain. Similar plots for the specimens that
were creep-tested for 262 and 403 h are shown in Figs. 6(b) and 6(c),
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respectively.
@ =2nn/(t; — t)).

Figure 7 shows the variation of the angular frequency with creep
time to rupture at the three different frequency levels. The angular
frequency did not change with the creep time to rupture when the
measurements was made using the 10-MHz probe. However, as
shown in Figs. 7(b) and 7(c), the angular frequency decreased with
increasing creep rupture time when the measurements were made
using the 15- and 20-MHz transducers. These results are similar to
those obtained from other studies.” The angular frequency using the
10-MHz probe probably remained unchanged due to the large
diameter of the transducer, which resulted in excessive noise. The
above results suggest that it is possible to evaluate the creep damage
based on the angular frequency results from the 15- and 20-MHz
transducers.

If the tested specimen is regarded as an elastic rod, and the edges
are free, the incident surge variables are reflected back from the
edges at the original wave size and phase based on wave theory.

The angular frequency was calculated from
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Fig. 6 First reflected waves of the ultrasonic signal from the 20-MHz
transducer

The wave speed can be obtained from the reflected wave and the
propagation time can be obtained from the time between the leading
edge of the incident and the reflected waves. The wave speed
decreased with increasing creep time to rupture, as shown in Fig. 8.

7.0x10" T T T T T T T T T
0 .
g e @
o 7 -,
E6.5x10° |- ~~—_ O -
g . o
g ~
> .
g BN
= N
5 6.0x10” |- \\ B
ES N
< o
5.5x10" | AN E
for 20 MHz
5.0)(107 1 1 1 1 1 1 1 l vl
0 50 100 150 200 250 300 350 400 450 500

Time to rupture (h)

7.0x107 T T T T T T T T T
— 6.5x10" | ( ) -
®
o
© e T —
: s =
.
2 . e
g 6.0x10" - LN .
o N
o
2 A ™
s
3
2 s55x10" | E
<
for 15 MHz
5,0)(107 N 1 1 1 1 1 1 1 1 1 "
0 50 100 150 200 250 300 350 400 450 500
time to rupture (h)
7.0x107 T T T T T T T T
(©)
_ 7
@ 6.5x10" E
o
2
= u -
S » » a
% 6.0x10" [ ] B
>
s
3
o
<
5.5x107 |- E
for 10 MHz | 1
5‘0)(107 1 1 1 n 1 1

1 1 1
50 100 150 200 250 300 350 400 450 500
time to rupture (h)

Fig. 7 Relationship between the angular frequency and the time to
rupture using the 10-, 15-, and 20-MHz transducers
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Fig. 8 Relationship between the wave speed and the time to rupture
in the loading direction
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Fig. 9 Relationship between the angular frequency and the time to
rupture in the perpendicular direction
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Fig. 10 Relationship between the wave speed and the time to rupture
in the perpendicular direction

4.2.2 Evaluation in the transverse direction

Figures 9 and 10 show the variation of the angular frequency and
wave speed with the creep rupture time using the 10-, 15-, and
20-MHz probes. Almost no consistent trend is observed in these
figures. One of the reasons for this is the short processing distance
because of the relatively small thickness in the perpendicular
direction. Another reason is that the creep damage was relatively
small in the loading direction. This was also reflected in the models
proposed by Tomohiro.” A thicker testing specimen would improve
the sensitivity in the perpendicular direction.

5. Conclusions

Creep-tested 316LN SS samples were examined to study the
creep damage using ultrasonic waves traveling in the direction of and
perpendicular to the loading. The following conclusions were
drawn.

1) By analyzing the angular frequency and wave speed of
ultrasonic waves in the loading direction, we found that the
angular frequency decreased with increasing creep time
when 15- and 20-MHz contact transducers were used.
Hence, the creep damage could be evaluated based on the
angular frequency.

2) The wave speed also decreased with increasing creep
rupture time, which made it possible to evaluate the creep
damage from the wave speed. However, the degree of the
changes in the wave speed was smaller than that of the
angular frequency.

3)  Almost no change occurred in either the angular frequency
or the wave speed of the ultrasonic waves perpendicular to
the direction of loading. This suggests that the waves in

this direction were not sensitive enough to evaluate the
creep damage, which also showed no systematic variations
with the creep rupture time.
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