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A material when exposed to high temperature under a constant load for a prolonged period, it experiences
deformation due to Creep. The strength of precipitation hardening materials reduces when exposed to high
temperature under load due to the coarsening of precipitates and their incoherency with the matrix.
Growth of precipitates beyond a critical size introduces nonlinearity in the propagation of elastic waves
through a material. This nonlinearity in the elastic waves can be measured by a parameter known as
nonlinear ultrasonic (NLU) parameter which is proportional to the ratio of the amplitude of 2nd harmonic
to the square of the amplitude of the fundamental frequency of the sinusoidal wave propagated through the
material. This paper addresses the effect of generation and growth of precipitates and their sizes on the
changes in NLU parameter in P92 steel, a prime candidate material for power plant, exposed at temper-
ature 650 �C under a load of 120 MPa for a duration till the material ruptures due to creep. Two different
mode of experiments under the same condition; multiple samples with single interruption (MSSI) and single
sample with multiple interruptions (SSMI), were designed to establish NLU technique to assess the critical
stage of the said material. It was observed that in both the test modes when the changes in the NLU
parameter were plotted as a function of strain, the peak value of the NLU parameter corresponds to the
onset of deterioration in the mechanical strength of the material. The results were verified through
microstructural characterization and mechanical test.
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1. Introduction

Creep, a critical factor in determining the structural integrity
of power plant components, is a slow and progressive time
dependent deformation process that occurs at high temperature
on components subjected to mechanical loading. P92 steel,
containing approximately 9Cr-0.5Mo-1.8W with minor addi-
tions of V, Nb, B and N is an attractive material for applications
under such environments due to its superior creep resistance
property along with good thermal conductivity, low thermal
expansion and low manufacturing cost (Ref 1–5). Tempered
martensitic lath structure, stabilized by the presence of different
precipitates like M23C6 (M = Cr, Fe) carbides, MX carbonitrides
(M = Nb, V; X = C, N), is the cause of superior creep resistance
in P92 steel (Ref 4–8). With longtime of exposure Laves phase
precipitation takes place along the grain boundaries. The
nucleation and growth of Laves phase diffuses tungsten from
the matrix and weakens the effect of solid solution strength-
ening (Ref 6, 7). As a result, the mechanical strength of the
material detoriorates. Hence, monitoring periodically the onset
of generation and growth of Laves phase through some non-
invasive technique can help to predict the remaining life of the
component.

To date, creep damage monitoring of plant components is
generally carried out using replica metallography (Ref 8, 9).
Replica technique is informative only when void formation
takes place prior to failure. Many research initiatives are there
to monitor the progression of creep damage using different non-
invasive techniques (Ref 10–18). Among them, in recent years,
nonlinear ultrasonic (NLU) technique has been recognized as a
promising approach to characterize microstructural damages in
solids and fluids. This technique involves generation of higher
harmonics of elastic wave of particular frequency when
propagating through a material with nonlinear elastic behavior.
Couple of studies have been made to find the applications of
NLU for creep and fatigue damage evaluation (Ref 19–26).

Wang et al. (Ref 19) reported the application of NLU
technique for characterizing the creep damage in ASME T92
steel welded joints. They observed an increase in NLU
parameter in each part of the weld joints with increasing creep
exposure time as compared to the un-exposed specimen and
attributed this to the growth of creep cavities. Ohtani et al. (Ref
20) used this technique to evaluate creep damage in the heat-
affected zone of Cr-Mo steel. They have also observed an
increase in the amplitude of the second harmonic around the
heat-affected zone due to the increase in the creep void density.
Baby et al. (Ref 21) used titanium alloy for studying creep
damage using the ultrasonic and NLU techniques. In their work
it was found that as compared to the ultrasonic longitudinal
wave velocity, NLU parameter is more sensitive to the damage
accumulation. Valluri et al. (Ref 22) studied creep damage
progression in 99.98% pure copper in continuous and inter-
rupted mode of creep tests and measured static, second and
third harmonic components of the incident signal. The peak
value of NLU parameter was observed in the region of
maximum void and the rupture occurred from the location
corresponds to the maximum value of NLU parameter. Kim
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et al. (Ref 23) applied NLU technique to study creep damage in
Ni-based super alloy using finite amplitude method. They
observed that the increase in NLU parameter is due to the
coarsening of the cuboidal c0precipitates in the direction
perpendicular to that of the applied stress and that there is an
increase in the aspect ratio of c0precipitates. Park et al. (Ref 24)
investigated NLU response in aged and crept 9-12Cr steel. A
concave shaped variation in NLU parameter with aging time
was found. It was also observed that the value of NLU
parameter is three times higher in the crept sample as compared
to the aged sample. Though the literature studies show that
many research studies were carried out to evaluate creep
damage using NLU technique but not much information is
available for its usefulness in assessing the critical stage of Cr-
Mo steel (P92 steel used in this research). Moreover, no such
detailed work has been carried out to establish the effect of
precipitate size and volume fraction of precipitates on the
change in NLU parameter. Above all, the studies on NLU
(other than those from the authors research group) had been
done either in pitch-catch or in through transmission mode. In
Pitch-catch method, the transmitter and the receiver transducers
are placed apart from each in the same line on one surface of
the test material. This method is highly effective for surface
damage assessment as the depth of penetration of elastic wave
is restricted to few micron below the surface. Hence this
method is not suitable for evaluating the damage status in the
bulk. On the other hand, through transmission, where the
transmitter and the receiver are placed perpendicularly on the
two sides of the test material is effective for bulk property
analysis but needs access to both the sides of a component
which is generally impractical in industrial environment. To
overcome these limitations of both the common NLU tech-
niques, in this research work, we have used pulse-echo mode of
NLU measurement. In the pulse-echo NLU (PENLU) tech-
nique, the transmitter and the receiver both are housed together
and placed on one side of the material (Fig. 2). The elastic wave
passes through the thickness of the material and reflects back
from the other surface. The reflected signal is received by the
receiver. Hence it is capable of capturing bulk information
across the thickness of the material (creep is a bulk phe-
nomenon) as well as requires only single side access of a
component. To establish the applicability of the PENLU
technique for creep progression evaluation, we have used two
different mode of experiments; multiple samples with single
interruption (MSSI) and single sample with multiple interrup-
tions (SSMI). In MSSI mode, each sample was loaded and
unloaded at a defined creep strain%. Interruptions for unloading
were determined from the creep curve of the test material.
Samples generated each with different strain% were used for
NLU measurement, mechanical and microstructural character-
ization. In SSMI mode, a single sample was loaded for creep
testing and unloaded at pre-defined strain% for NLU parameter
measurement. This loading and unloading for creep testing and
NLU parameter measurement of sample continues till the
sample ruptured.

2. Origin of Ultrasonic Nonlinearity

Generation of higher harmonics is a classical phenomenon
which occurs when an incident waveform is distorted due to
nonlinear elastic response of the medium through which it

propagates (Ref 27). The nonlinear stress-strain relationship
between stress and strain can be represented as follows:

r ¼ Ee 1þ beþ � � �ð Þ ðEq 1Þ

where E is the Young�s modulus, b is the second-order
nonlinear elastic coefficient.

One dimensional ultrasonic wave equation can be expressed
as (Ref 28–30):

q
@2u

@t2
¼ @r

@x
ðEq 2Þ

where q is the density of the medium, u is the wave
displacement, t is the time and x is the propagation distance
of the wave.

The strain and the displacement are related as:

e x; tð Þ ¼ @u x; tð Þ
@x

ðEq 3Þ

Ultrasonic wave Eq 2 in terms of strain can be written as:
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The solution for the second-order Eq 4 can be obtained
using the perturbation theory (Ref 30, 31). For this, the
displacement �u� is assumed as:

u ¼ uo þ u0 ðEq 5Þ

where uo and u¢ represent the initial wave and the first-order
perturbation solution, respectively. If we assume uo to be a
sinusoidal wave of single frequency which is expressed as:

u0 ¼ A1 sin kx� xtð Þ ðEq 6Þ

Then the perturbation solution of Eq 4 up to the second
order is as:

u ¼ A1 sin kx� xtð Þ þ bxk2A2
1

8
cos 2kx� 2xtð Þ þ � � � ðEq 7Þ

where x(= 2 pf ) is the angular frequency of the wave at
frequency f, k(= x/c) is the wave number, A1 is the amplitude of
the wave at the fundamental frequency. If the diffraction and
the absorption effects can be neglected over the propagation
distance x, a simple formula can be obtained for the quadratic
nonlinear elastic parameter b as:

b ¼ 8A2

A2
1xk

2
ðEq 8Þ

where A2 is the displacement amplitude at twice the funda-
mental frequency.

3. Experimental

3.1 Material Used

P92 steel of composition Fe-0.1C-0.3Si-0.5Mn-9.0Cr-
0.1Ni-0.6Mo-1.8W-0.2V-0.06Nb-0.05N-3.0Co-0.005B (all in
wt.%) was used in this study. The as-received steel plate was
normalized at 1075 �C for 1hr, cooled in air, and subsequently
tempered at 775 �C for 3 hrs followed by air cooling. Flat
samples with a gage length of 40 mm and a cross section of
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10 mm 9 5 mm were prepared for creep testing. Schematic
diagram of sample with dimensional details used for testing is
given in Fig. 1.

3.2 Creep Testing

Creep tests were performed on the tempered samples at
temperature 650 �C and at a stress level of 120 MPa using
standard creep testing machine (Make-Mayes; Model-TC 30).
Two different ways of interrupted creep tests were designed:

[I] Multiple Sample Single Interruption (MSSI) In this mode,
creep tests were carried out on different samples. Each sample
was loaded for creep testing and unloaded at different strain%.
Total 11 samples were prepared with strain% of 0.56, 0.82,
0.97, 1.5, 2.15, 2.61, 3.04, 3.99, 5.76, 8.19 and 10.25,
respectively. The NLU parameter was measured for each crept
sample and then the samples were used for microstructural
analysis and mechanical property evaluation. Hence experi-
ments carried out in MSSI mode generated microstructures and
mechanical properties of a series of samples with different
strain% along with corresponding value of NLU parameter.
This has helped to understand the relationship between
microstructural and mechanical properties with the variation
of NLU parameter. The possibility of variation in nonlinearity
parameter from sample to sample in the as-annealed condition
was taken care by normalizing the measured NLU parameter
with respect to the as-tempered value.

[II] Single sample with multiple interruptions (SSMI) In this
test mode, a single sample was used for conducting creep test
by interrupting at different creep strain. After each interruption,
the sample was unloaded, the NLU parameter was measured at
three different locations in the gage length of the sample and
then the sample was again loaded for further creep testing until
it ruptures. In SSMI mode, total 15 interruptions were made at
creep strain (%) of 0.56, 0.82, 0.97, 1.56, 2.15, 2.61, 3.04, 3.51,
3.99, 4.6, 5.76, 6.23, 7.11, 8.19 and 10.25, respectively. Large
number of interruptions are allowed to capture the NLU
parameter for the entire creep curve with sufficient data in all
the three stages of creep. Moreover, this test mode helped us to
replicate periodic condition monitoring of any real industrial
component susceptible to creep failure.

3.3 Mechanical Property Evaluation Using Ball Indentation
(BI) Technique

The mechanical properties of crept samples were evaluated
using the automated ball indentation (ABI) technique devel-

oped at CSIR-National Metallurgical Laboratory, Jamshedpur.
ABI is a microprobe system for stress-strain behavior study
(Ref 32, 33). In this technique, the amount of materials
experiencing plastic deformation increases with each loading.
As a result, yielding and strain hardening occur simultaneously.
In our experiment, a tungsten carbide spherical indentor of 1.57
mm diameter was forced into the test specimen and the load–
depth data were recorded. The applied load and depth of
penetration were continuously monitored. For each loading
cycle the total indentation depth (ht) was obtained correspond-
ing to the maximum load and the plastic indentation depth (hp)
was obtained after unloading was completed. Using the
software, the slope of each unloading cycle was calculated.
The intersection of this line with the zero load line determines
the value of hp. The parameters ht, hp and the corresponding
maximum loads were used for determining the mechanical
properties; Ultimate tensile strength (UTS), yield strength (YS),
strength co-efficient (K), strain hardening exponent (nh) and
true stress-true strain curve, etc (Ref 33).

3.4 Microstructral Analysis

The microstructural investigations were carried out on the
tempered samples and on the longitudinal section of near grip
and gage portion of the crept samples. FEG-scanning electron
microscopy (SEM) and a JEOL transmission electron micro-
scope (TEM) with an energy-dispersive x-ray spectroscope
were used for microstructural study. SEM analysis were carried
out for observing different types of precipitates and creep voids.
For SEM imaging, after polishing samples were etched using
Villella�s reagent (1gm picric acid +5ml HCl+100ml Ethanol).
The secondary electron SEM images provided a clear
microstructural morphology of the precipitates in samples.
TEM foils were prepared by twin-jet electro polishing using a
solution of 10% perchloric acid and 90% acetic acid. TEM
analysis was carried out to observe the dislocation distribution
as well as the precipitation morphology (for clear observation
of MX type precipitates). The average size of precipitates and
creep voids from the microstructure were determined using in-
house developed image analysis software ‘‘MicrAn.’’

3.5 Pulse-Echo Nonlinear Ultrasonic (PENLU) Measurements

Nonlinear ultrasonic measurements were carried out in
Pulse-Echo mode using a specially fabricated probe mounting
both 5 MHz crystal as a transmitter (T) and 10 MHz crystal as a
receiver (R) in the same housing. The crystals were housed in a

Fig. 1 P92 steel sample used for creep testing (all dimensions are in mm)
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way so that the wave focused at a depth equal to the thickness
of the test material. In our experiment, focal length was 5 mm.
A schematic of the experimental setup along with the test
sample is shown in Fig. 2. A fixture for holding the probe was
fabricated to assure constant load between the transducer and
the sample. The transducer was coupled to the sample with a
thin layer of oil.

A five-cycle tone burst Hanning windowed signal generated
by a PXI-based high power pulser (Ultrab) was used for
exciting the transmitter. The signal received by the 10MHz
crystal was filtered and analyzed in the frequency domain to
extract the amplitudes of fundamental (A1) and the second
harmonic (A2). A typical received signal and its spectral
components are shown in Fig. 3(a) and (b), respectively.

All the analysis from the FFT of the received signal for the
determination of NLU parameter which is defined in Eq 8 were
done using in-house developed software Calb�. The software is
having a calibration module for rejecting any spurious signal
along with averaging large number of measurements. This
special option takes care of the scatter in NLU measurement
which is an obvious disadvantage of the NLU technique. The
relative change in the NLU parameter (brel) with respect to the
value obtained before creep testing (bo) was considered as the
measurement parameter and is defined as:

bRel ¼
bcr � boð Þ

bo
; ðEq 9Þ

where bcr is the measured value of NLU parameter after creep.
NLU measurements were carried out at three different locations
in the gage section of the test samples. All the measurements
were taken perpendicular to the creep loading direction.
Averaging of the measurement data was made by taking five
measurements at each location on every sample.

4. Results and Discussion

4.1 Creep Behavior

Figure 4 shows the creep curve, i.e., creep strain vs. time as
obtained at a temperature of 650 �C under stress of 120MPa.
Three distinctive regions of creep i.e., primary transient stage
(Stage I�Strain 1%), secondary steady stage (Stage II�strain
6%) and accelerated tertiary stage (Stage III: Strain beyond 6%
up to � 11%) which leads to failure of the material were
observed.

4.2 Nonlinear Ultrasonic

Results of Nonlinear ultrasonic measurement in MSSI and
SSMI modes are presented in this section.

4.2.1 Interrupted Creep Tests. 4.2.1.1 Single Sample
Multiple Interruptions (SSMI). The variation of relative NLU
parameter (brel) with strain (%) at three different measurement
points in the gage length in SSMI mode is presented in Fig. 5.
There is a small increase in b till strain around 1% (at the
transition from stage I to II) after which there is no such change
in b. Thereafter, a significant increase in b till 6% strain
followed by a drop. It was also observed that the value of NLU
parameter, b was significantly higher at the location 3
compared to other two locations from 4% of strain onward.
This indicates that the damage accumulation is higher at the
location 3. The test sample is ruptured from that very location
only.

4.2.1.2 Multiple Samples with Single Interruptions
(MSSI). Figure 6 shows the variation of relative NLU param-
eter (brel) with creep strain in the MSSI mode. It is observed
that the nature of the variation of NLU parameter is same as
observed in the SSMI mode. There is an increase in the NLU

Fig. 2 Block diagram of experimental set up for measuring the nonlinear ultrasonic parameter
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Fig. 3 (a) Typical received signal in time domain. (b) Fourier spectrum of the 1st received signal showing the amplitudes of the fundamental
and second harmonics used to determine NLU parameter

Fig. 5 Variation of relative change in b (brel) in three different
measured positions with strain% in SSMI mode (Inset: Sample along
with measurement positions)

Fig. 4 Creep strain vs. time curve for P92 steel at temperature of
650 �C and 120 MPa
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parameter till 1% of strain followed by a plateau and then a
drastic increase till 6% of strain after which it drops. Attempts
were made to understand the variation of NLU parameter with
creep strain% through microstructural evolution with creep
progression using the samples generated in MSSI mode.

4.3 Microstructural Evolution

The microstructure along with EDAX analysis of as-
tempered sample (Fig. 7) revealed martensitic structure with
lath blocks and pockets in the grain. The grain boundaries are
populated with M23C6 type particles (specially M = Cr) of
average size around 100 nm and the interiors are filled with MX
type (M = Nb and/V; X = N and /C) precipitates of average size
approximately 30 nm.

SEM micrographs of gage section of samples at creep strain
of 0.5, 1, 4, 6, 8 and 10.25% are shown in Fig. 8. It was
observed from the micrographs that with increase in strain%,
there was an increase in the grain size, coarsening of
precipitates followed by micro-void formation at 8% strain
and beyond.

Transmision electron microscopy (TEM) was also carried
out to further understand microstructural evolution. Figure 9
shows the TEM images of as-tempered and crept samples. The
typical microstructure of P92 steel is tempered martensite
composed of martensite laths with high dislocation density and
precipitates distributed along the grain boundaries and the lath
boundaries. The normalization treatment leads to a martensite
matrix and precipitates such as M23C6 (M = Cr, Fe) carbides
and MX (M = V, Nb, Ta and X = C, N) carbonitrides along the
boundaries. The tempered martensite is a homogeneous single
phase with a good combination of high strength and high
toughness.

In the crept samples, along with M23C6 and MX precipi-
tates, Laves phases were observed. The chemical compositions
of all the precipitates and the matrix were confirmed by energy-
dispersive x-ray spectroscopy (EDS) and are shown in
Fig. 10(a), (b), (c) and (d).

Size quantification of different types of precipitates as
observed in the TEM micrographs at different creep strain were
done using the developed ‘‘MicrAn’’ software. Figure 11
depicts the change in the precipitate size with creep strain%. A
gradual increase in the size of M23C6 precipitates and Laves
phase particles was observed with the increase in creep strain.
The observed average size of M23C6 precipitates at 1%, 6% and

10.25% of creep strain was approximately 100 nm, 150 nm and
around 250 nm, respectively, and the size of Laves phase at 1%,
6% and 10.25% creep strain was approximately 170 nm, 300
nm and 550 nm, respectively. The coarsening behavior of MX
type precipitates was relatively slow achieving at size around
� 50 nm at 10.25% of strain.

To understand the effect of precipitate size irrespective of
the type of precipitates, classifications into four categories, finer
(up to 40 nm), fine (41-50 nm), coarse (151-300 nm) and
coarser (301 nm- above) were made based on the precipitates

Fig. 7 SEM micrograph along with elemental analysis of (a) MX
type (Niobium carbide) (b) M23C6 type (Chromium carbide)
precipitate of as-tempered sample

Fig. 6 Variation of relative change in b (brel) with Strain% in
MSSI mode
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mean size. The ranges were selected from the growth kinetics
of all three types of precipitates at different strains as shown in
Fig. 11. This exercise was carried out to establish the effect of
precipitate size and area fraction on the change in NLU
parameter. The % of the area fraction of each category of
precipitates was determined from the ratio of the total area of
the precipitates to the image size. The calculated area fraction

of precipitates in crept sample at different creep strain is
depicted in the bar graph in Fig. 12. Averaging of precipitate
size was done using five micrographs at each strain.

It is clearly observed from the above bar graph that the total
area fraction of precipitates are increasing with strain% and the
nature of variation is very similar to the variation of NLU
parameter (Fig. 6).

Fig. 8 (a-f) SEM micrographs at strain of (a) 0.5%, (b) 1%, (c) 4%, (d) 6%, (e) 8%, (f)10.25% of samples creep tested in MSSI mode
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4.4 Mechanical Properties Evaluation

Load vs. depth and true stress vs. true plastic strain curves as
obtained from ABI tests are shown in Fig. 13(a) and (b)
respectively.

From the load-depth curve, the total indentation depth (ht)
and the plastic indentation depth (hp) were calculated and used
to evaluate the strain hardening exponent (nh) and strength
coefficient (k) of the crept sample for different creep strain%
(Ref 33, 34).

Further, for determining k and nh values, regression analysis
using a power law equation was carried out for different values
of r and ep (Ref 33):

r ¼ kenhp ðEq 10Þ

where r is the true stress and ep is the true plastic strain. For
calculating these values, indentation diameter and load data
points were used and are given by the following equation:

ep ¼ k1
dp
D

ðEq 11Þ

and

r ¼ 4 � P=p � d2pd
0 ðEq 12Þ

where P = applied load, dp= plastic indented diameter, D =
diameter of the indenting ball and d0 is a constraint factor.

Figure 14 depicts the variation of the strain hardening
exponent (nh) and the strength coefficient (k) with creep strain.
A drop in the strength coefficient as well as in the strain
hardening coefficient was observed after 6% strain.

Fig. 9 TEM micrographs at strain of (a) 0.5%, (b) 1%, (c) 4%, (d) 6%, (e) 8%, (f) 10.25%
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5. Discussion

Results of nonlinear ultrasonic measurements in both the
test modes, MSSI and SSMI, showed the same trend in the
variation of NLU parameter. The variation of NLU parameter
with strain follows the creep curve of the material as shown in
Fig. 4. The entire graph of NLU parameter variation with strain
can also be divided into three different regions: Region I (up to
�1% strain); in this region, there is a slight increase in b,
Region II (from 1 to 6% strain); region with a significant
increase in NLU parameter and Region III (after 6% strain till
specimen rupture); Drop in NLU parameter.

It has been established by many researchers that the NLU
parameter is strongly dependent on the stress and the disloca-
tion density and the relationship is expressed as b / NL4r,
where N = dislocation density; L = dislocation loop length and
r is the applied/ residual stress (Ref 5, 35). It has also been
discussed in a few theoretical studies (Ref 23, 29–31) that a
sinusoidal elastic wave is distorted significantly by the presence
of precipitates. The size of precipitates is much smaller than the
wavelength of the elastic wave which will cause scattering of
ultrasonic waves. Hence as the size of precipitates increases, it
results in the distortion of the wave propagation. Moreover, the
precipitate has lattice spacing different from that of the matrix.
When the second phase precipitates are within the coherency
limit, the precipitate matrix interface is strong as the misfit is
small. With increase in the size of precipitates, lattice strain

Fig. 10 EDAX analysis of different precipitates (a) Matrix, (b) M23C6 (c) MX and (d) Laves phase

Fig. 11 Mean size of different precipitates at different creep
strain% as determined from TEM micrographs

Fig. 12 Area fraction of different types (finer, fine, coarse and
coarser type) of precipitates at different strain%
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rises because of the mismatch between the second phase and
the matrix, which can be measured by a misfit parameter, d, as:

d ¼
2 ap � am
� �
ap þ am
� � ðEq 13Þ

where a
p
and a

m
are lattice parameters of the precipitates and

the matrix.

It was shown by Norris (Ref 28) and Cantrell (Ref 30) that
for spherical and elastically isotropic precipitates, the coher-
ency strain (e) generated in the matrix due to the misfit is given
by (Ref 28):

e ¼ 3Kd
3K þ 2E 1þ mð Þ ðEq 14Þ

where K is the bulk modulus of the precipitate, E and m are the
Young�s modulus and Poisson�s ratio of the matrix. This strain
field resulted from the mismatch of the second phase particle
and the matrix may increase the stress (Ref 28–30). The
increase in the stress due to the coherency strain is given by

Dr ffi 6l
ra
b

� �1=2
V 1=2
f e3=2 ðEq 15Þ

where Vf is the volume fraction of the dispersed phase and ra is
the precipitate radius and e is the coherency strain.

The fractional change in nonlinear ultrasonic parameter is
related to the stress and dislocation density (Ref 30, 31) by
equation,

Db
b0

/ rKL4 ðEq 16Þ

where L is the dislocation loop length and r is the stress.
Hence from Eq 15 and 16, we have

Db
b0

/ V 1=2
f r1=2a KL4 ðEq 17Þ

Equation 17 clearly depicts that the volume fraction and
radius of precipitates will cause a change in NLU parameter, b.

The results of the NLU measurement in the present study
show a significant increase in the NLU parameter when the
precipitate size is around 250 nm and beyond. From Fig. 11 it
was observed that among the three different types of precip-
itates, growth of Laves phase precipitates is quite significant
and the size of Laves phase is in the range of 200 nm and
beyond after 4% of strain. This is in agreement with the
literature data. Generally, Laves phases are coherent in nature
when they generate but become incoherent when the radius (ra)
exceeds a critical value (ra > racritical) (Ref 7, 30). The variation
of NLU parameter also follows the same trend as the strain
hardening and strength coeffiecient with strain% (Fig. 14).
From the microstructural and mechanical behavior study, the
following interpretations can be made: increase in the NLU
parameter till 6% of strain is due to the increase in the volume
fraction and the size of precipitates within the coherency limit.
Beyond 6% strain, the coherency of precipitates is lost, the
misfit is large enough to create space between the dislocation
and interface array equals to the lattice spacing. Hence at this
stage the local stress caused by the precipitates becomes almost
zero (Eq 15). As a result, NLU parameter drops drastically.

6. Conclusion

This paper describes the effect of generation and growth of
precipitates and voids on the nonlinear ultrasonic parameter
during creep in P92 steel, an important material for headers and

Fig. 13 (a) Load vs. Depth curve, (b) True stress vs. true strain
curve of P92 crept samples for different strain%

Fig. 14 Variation of strain hardening coefficient and strength
coefficient with strain%
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pipings of power plants. It is well known that the fine
precipitates are responsible for high creep strength in P92 steel.
With longer exposure at high temperature, along with the
coarsening of the existing precipitates (M23C6 & MX), a new
phase called Laves phase appears. Laves phase not only
reduces the creep strength, but also triggers cavity formation.
Identification of strain% at which formation of Laves phase
takes place can help to assess the remaining life of components
made of P92 steel.

This study aimed to find the applicability of non-invasive
NLU technique to identify the onset of mechanical strength
deterioration due to the formation and growth of Laves phase in
P92 steel. Field applicable, pulse-echo based nonlinear ultra-
sonic technique (PENLU) in two different test modes; multiple
samples single interruption (MSSI) and single sample multiple
interruptions (SSMI) were used for this study.

In both the test modes, it was established that in P92 steel,
the growth of Laves phase beyond the coherency limit, can be
detected by monitoring NLU parameter over a period of time. It
is concluded that a peak in the variation of NLU parameter with
the creep strain% corresponds to the onset of deterioration of
mechanical strength.
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