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Evaluation of Fracture Toughness Degradation of CrMoV Rotor
Steels Based on Ultrasonic Nonlinearity Measurements
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The objective of this paper is to develop a nondestructive method for estimating the fracture
toughness (Kic) of CrMoV steels used as the rotor material of steam turbines in power plants.
To achieve this objective, a number of CrMoV steel samples were heat-treated, and the fracture
appearance transition temperature (FATT) was determined as a function of aging time.
Nonlinear ultrasonics was employed as the theoretical basis to explain the harmonic generation
in a damaged material, and the nonlinearity parameter of the second harmonic wave was the
experimental measure used to be correlated to the fracture toughness of the rotor steel. The
nondestructive procedure for estimating the Kjc consists of two steps. First, the correlations
between the nonlinearity parameter and the FATT are sought. The FATT values are then used
to estimate Kic, using the Kjc versus excess temperature (i.e., T-FATT) correlation that is
available in the literature for CrMoV rotor steel.
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critical components that have a large effect on the

1. Introduction

During long-term service at elevated
temperatures, many power plant components can
be exposed to various damaging processes which
can affect their performance. The high pressure
and intermediate pressure sections of steam

turbines, made from CrMoV steel, are the most
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safe and reliable operation. Prolonged service
exposure of the rotors in the range of 343-538°C
leads to deterioration of their toughness, due to
embrittlement of the grain boundaries by the
segregation of impurity elements present in the
steel. This embrittlement phenomenon, commonly
known as temper embrittlement, results in a de-
crease of the rotor life due to increased risk of
brittle fracture, and is one of the major causes of
early retirement of rotors. Thus, the most impor-
tant material parameter in assessing rotor integri-
ty is the fracture toughness (Kic), because the
value of Kic determines the critical crack size for
the rotor.
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The generation of fracture toughness data for in-
service rotors is of a primary importance, but
direct sampling of fracture mechanics specimens
is generally impractical. Therefore, a two-step
approach is being used (Viswanathan and Gehl,
1991 ; Holzman et al., 1996). As a first step, the
brittle to ductile fracture appearance transition
temperature (FATT) at the critical location is
determined by extracting small and simple spec-
imens. In the second step, the FATT results are
used to estimate the Kic values at various
temperatures using published correlations be-
tween “excess temperature” (ie, Kic test
temperature-FATT) and K. Since it is not
always possible to take specimens from operating
rotors, it is desirable to develop procedures which
are relatively nondestructive, to evaluate the rotor
toughness. In recognition of this need, a number
of methods based on phosphorous content
(Viswanathan and Gehl, 1991), small punch
testing (Foulds and Viswanathan, 1994 ; Ha and
1998 ; Shekhter et al., 2000),
trochemical technique (Nishiyama et al.,, 1994),

Fleury, elec-
eddy current examination (Viswanathan and
Bruemmer, 1995), and
measurement (Nahm et al, 1998) have been
explored.

electrical resistivity

In recent years substantial work in the applica-

tion of ultrasonic nonlinear properties to
materials characterization has been reported.
Ultrasonic nonlinearity in materials is often de-
termined by measuring the amplitude of the sec-
ond harmonic signal generated when a pure
sinusoidal longitudinal wave propagates through
the material. Experiments for the quantitative
measurement of nonlinearity parameter some-
times with the associated modeling were
performed to examine the contribution of applied
stress, plastic deformation (Hikata et al., 1965;
Jhang and Kim, 1999), micro—cracks (TenCate
and Van den Abble, 1996) or fatigue (Yost et al.,
2001 ; Frouin et al, 1999). In addition to these
applications, others have wused nonlinear
ultrasonics to test adhesive joints nondestructively
(Rothenfusser, et al., 2000).

In this paper we propose a nondestructive

ultrasonic method for estimating the fracture

toughness of embrittled CrMoV rotor steels. The
ultrasonic nonlinearity is chosen as the material
parameter to be correlated with the fracture
toughness. The generation of second harmonic
components during the propagation of ultrasonic
waves through a degraded material is explained
on the basis of nonlinear elasticity. Charpy V-
notch impact tests are performed on thermally-
aged rotor steel specimens to determine FATT. A
new signal processing method using bispectral
analysis is adopted for nonlinearity parameter
measurement. The nondestructive procedure for
estimating the Kic consists of two steps. As a first
step, the correlations between the nonlinearity
parameter and the FATT are sought. The FATT
values can then be used to estimate Kic, using the
Kic versus excess temperature (ie., Kic test
temperatur-FATT) correlation that is available
in the literature for CtMoV rotor steel.

2. Theory (Hikata et al., 1965 ; Jhang
and Kim, 1999 ; TenCate and Van
den Abble, 1996 ; Yost et al., 2001)

In order to explain the generation of higher
order harmonic waves, consider a single frequen-
cy ultrasonic (longitudinal) wave propagating in
a degraded material, as shown in Fig. 1. Here, A;
is the displacement amplitude of the fundamental
frequency component, @ is the angular frequency,
% is the wave number, and 7 is time.

We introduce the nonlinear Hooke’s law for the
degraded material, whose stress-strain relation is
described by

o=Ee(1+pe+-) (1)

where E is Young’s modulus and B is a higher
order nonlinear elastic coefficient. If we assume
that the attenuation can be neglected, the equation
of motion of the longitudinal wave in the material

Ultrasonic wave
A cos(kx-ot)

Transmitter [ T S Receive
qsss T 55] i

Degraded material

Fig. 1 One dimensional wave propagation in a
degraded material
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can be represented by

Fu _do

where o is the mass density of the solid in the

unperturbed state, x is the propagation distance of
sound wave, # is the displacement, and ¢ is the
stress. Using Egs. (1) , (2) and the relationship
between strain and displacement, e(x, ) =du (x,
t)/dx, one can obtain the nonlinear wave equa-
tion in terms of displacement z (x, ) as follows:

Fu _ - Fu ou Fu ,
o =B TEE Gt (3)

In order to obtain a solution, the perturbation
theory is applied. For this purpose, the displace-
ment # is assumed as

u=uptu’ (4)

where o and 7’ represent the initial wave and the

first order perturbation solution, respectively. If
we set #p to be a sinusoidal wave of single
frequency,

uy=A, cos (kx—wt) (5)

then we can obtain the perturbation solution up
to the 2nd order as follows:

u=uotu (6)
=A; cos (kx —wt) —Azsin 2 (kx — wt)

with
Ae=B Ariiex ()

The second term in Eq. (6) represents the
second harmonic frequency component. As a re-
sult, we can explain how the second order
harmonic waves of amplitude A2 occur through
the propagation process of nonlinear elastic solid.
In addition, from Eq. (7), we can see that the
magnitude of the second order component A,
depends on [, which represents the nonlinear
characteristics of degraded material. Therefore, if
we measure the magnitude of §, we can evaluate
the extent of degradation of property due to high
temperature exposure. For constant £ and x, 3
can be normalized as

B/= Blgzx :% (8)

In this study, the normalized coefficient 8" is
defined as the ultrasonic nonlinearity parameter,
and will be measured experimentally.

3. Nonlinearity Parameter
Measurement by Power Spectrum

The magnitude of a signal at specific frequency
can be conveniently obtained from the analysis of
spectral density functions. The power spectral
density function of signal x(#) is given by the
relation

=X (o) X* (o) ©)

where Rx:(7) is the autocorrelation function of x
(¢). Here, X (w) is the Fourier transform of x (#)
and ( )* denotes the complex conjugate. It is
known that the use of power spectrum is a signif-
icant disadvantage in that the Gaussian additive
noise superimposed on the signal remains in the
power spectrum domain. Moreover, the magni-
tude of the second order component generated by
the nonlinear effect is so small compared with the
fundamental component that it might be
suppressed by the noise remaining in the power
spectrum domain.

In this paper, a new signal processing method
based on the bispectral analysis was used to
overcome this drawback. Bispectrum is defined as
the two-dimensional Fourier transform of the

third order correlation function:
By (0m, wn) = [ [ R (11, 1) e*@mtend gr i (10)

where Rxxx (7, ©) is the third-order correlation
function. Because Rxxx of the Gaussian noise
becomes zero, Gaussian noise can be eliminated
completely in the bispectrum domain. Also,
because the bispectrum is non-negligible only
when three frequency component of wn,, w», and
wm+wn have a special phase relation to each
other, it is very useful in detecting small high
order harmonic components induced by the
nonlinear ultrasonic effect.

For the time signals composed of Eq. (6), the
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Table 1 Chemical compositions of 1Cr-1Mo-0.25V
rotor steel (unit: wt %)

Table 3 Aging time at 630°C and equivalent service
exposure time at 538°C

clsiTmnl p [ s [Nifor|mof v as]sn|sh
031 [03] 076] 0.006 {0001 [o36 [ 111 132 |07 | 0006 | 0005 | 0001

Table 2 Mechanical properties of 1Cr-1Mo-0.25V
rotor steel

Temperature, ~ Yield Tensile |Elongation ‘ Area | Hardness
() Strength | Strength (%) Reduction| (Hv)
(MPa) | (MPa) (%)
24 665.2 823.1 18.8 59.4 266
538 5335 580.6 227 55.5 -

power spectral density functions at frequencies @
and w:=2w, are given by

Plw) =] X (o) F=A%, P(w2) =| X (w2) P=A} (11)

The magnitude of the bispectrum for the same
signal at wn=w1, wx=w is obtained as

| B((ul, a)l) |=| X(a)l)X((I)I)X* (a)1+0)2) ]=AfA2 (12)

From Egs. (8), (9) and (12), the normalized
nonlinearity parameter 5’ can be obtained as
follows:

,_éz__lﬂ(wl, Cl)l)l
F=2r=""Pla) (13)

4. Samples and Experimental
Technique

4.1 Materials and impact tests

The test material used in this work is 1Cr-1Mo-
0.25V rolled steel, which has been widely used as
turbine rotor materials of power plants. The
chemical compositions and mechanical properties
of this material are listed in Tables | and 2,
respectively.

The generation of fracture toughness data for in-
service rotors at various exposure times is gener-
ally impractical. Therefore, fracture toughness
specimens were prepared by isothermal heat
treatment at 630°C, which is higher than the
actual service temperature 538°C. Table 3 shows
the heat treatment times of six processed spec-
imens at 630°C and their corresponding exposure
times at 538°C. For given service time at 538°C,
the heat treatment time of each specimen at 630°C
was determined by the self diffusion theory of Fe

Service exposure ‘
time at 538°C 125,000 | 50,000 | 75,000 | 100,000 | 200,000 | 300,000
(hr)
Aging time at
53 9 1,322 | 1 0
630C (hr) 4 33 , 820 3,64 5,460

(Abdel-Latif et al., 1981). For instance, the spec-
imen heat-treated at 630°C for 453 hr contains the
same amount of Fe as the actual material
operated at 538°C for 25,000 hr.

The Charpy V-notch (CVN) impact tests were
performed to evaluate the ductile-to-brittle tran-
sition in these steels through the fracture appear-
ance transition temperature (FATT). The FATT
data in all cases have been generated according to
ASTM E-23 specifications. More specifically, TL
type specimens (transverse loading - longitudinal
crack), 10mmX10mm X55mm in size, were
fabricated from the rolled plate. In this case, the
specimen length direction is perpendicular to the
rolling direction, and the fracture surface is
parallel to the grain elongation direction. Before
CVN testing, specimens were kept for more than
10 minutes at each test temperature®2C in a
controlled furnace. Impact tests were then
completed within 5 seconds after they were taken
out of the furnace. A total of 8 samples for each
stage of service exposure time were used to obtain
a curve of absorbed energy vs. temperature in the
range of —100 to 300°C. The midpoint of energy
curve taken as the average of the upper shelf and
the lower shelf was used to define a ductile-to-
brittle transition temperature (DBTT). FATT
can be defined as the transition temperature for a
fracture appearance corresponding to 50%
ductile—50% cleavage. In this study, the FATT
was taken to be equal to the DBTT. One of the
fractured CVN pieces tested in the vicinity of the
DBTT was used for the ultrasonic test to provide
the nonlinearity parameter for each stage of serv-

ice exposure time.

42 Measurement system
Figure 2 shows the schematic diagram of
experimental system constructed to measure the
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Fig. 2 Measurement system for higher harmonic

components

magnitude of second order harmonic components
in the received ultrasonic signals. An ultrasonic
signal analysis device, the RAM 10000 system
(RITEC, USA) was employed for this purpose.
A 5 MHz broadband transducer was used as a
transmitter. The waveform of transmitting signal
was a tone burst with 20 cycles. A broadband
transducer with a center frequency of 10 MHz was
used as a receiver to measure the second order
component more efficiently. The attenuator, filter
and amplifier are devices to adjust the
characteristics of transmitting and receiving
signals. The received signal was A/D converted
and signal processing was carried out on a per-
sonal computer for estimating the magnitude of
second order harmonic components in the fre-
quency domain.

5. Results and Discussion

The FATT values obtained through the CVN
impact tests are shown in Fig. 3 as a function of
exposure time. From the results shown in Fig. 3,
it is evident that there is a significant change in
the FATT during the early stage of exposure time.
It increases with time of exposure up to 50,000 hr
and then stays fairly constant up to 200,000 hr. As
the exposure time further increases, there is an
indication of reduction in the FATT at the end of
300,000 hr. The FATT at 75,000 hr of exposure is
lower compared to that after 50,000 hr of aging.
The FATT behavior observed here is consistent
with other investigations performed on the 18
rotor steel samples aged at 454°C for various

120 T T T T T

100 B

FATT (°C)

20 { 1 L | |
0 50 100 150 200 250 300

Exposure time (x103 hours)

Fig. 3 Dependence of FATT on aging time

lengths of time up to 95,000 hr (Viswanathan and
Gehl, 1991). These results indicate that the
maximum embrittlement of in-service rotors is
reached in about 5 years and the actual service life
beyond this duration has little effect on
embrittlement.

In Fig. 4, the measured nonlinearity parameter,
£, is plotted as a function of exposure time. Here,
the measurement repeatability was found to be
better than 5%. Figrue 4 shows a significant
change in A’ during the early stage of exposure
time. There is an approximately 33% increase in
the value of 5" up to 75,000 hr. It then stays fairly
constant up to 200,000 hr. There is an indication
of minor increase in its value beyond this
exposure time. The initial 33% increase is a sig-
nificant change; however, it seems to be less
sensitive to the thermal process beyond 75,000 hr
of the exposure time. The electrical resistivity was
also measured on these samples using a DC
potential drop measurement system (Nahm et al.,
1998) . The measurement results showed a similar
behavior, i. e., a significant decrease up to 75,000
hr, staying fairly constant up to 200,000 hr, and
an indication of decrease at 300,000 hr.

Based on these results, the significant change in
B’ in the early stage of the process can be
explained as a result of an increase in the grain
boundary segregation of impurity elements
present in the steel (Viswanathan and Gehl,
1991). As the increase in the grain boundary
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Fig. 4 Dependence of ultrasonic nonlinearity

parameter on aging time

segregation saturates, B  becomes stable. This
explanation can also be applied to the observed
effects of exposure time on the FATT.

Several correlations between fracture toughness
Kic and impact test results have been proposed in
the literature. Among these correlations, the ex-
cess temperature (i.e., Kic test temperature-
FATT) method was chosen in this work to esti-
mate the Kic from the CVN testing FATT or from
the nonlinearity parameter. Jones has proposed
the following correlation between Kic and excess
temperature (Viswanathan and Gehl, 1991):

Kic=6600/[60— (T —FATT) ] (14)

where Kic is expressed in MPa m"?, and the Kic
test temperature 7 and FATT are expressed in C.
This correlation was based on a large amount of
CVN testing and K¢ data collected on large alloy
forgings. The Kic values corresponding to the
FATT data presented in Fig. 3 were estimated by
this equation and shown in Fig. 5. Also included
in Fig. 5 is the scatterband of Kic versus the excess
temperature for commercial purity CrMoV rotors
(Viswanathan and Gehl, 1991). This scatterband
was based on numerous data points obtained on
a number of retired CrMoV rotors. The estimated
Kic data points are found to fit into the narrow
scatterband. Furthermore, they nearly coincide
with the lower limit of the Kic versus excess
temperature scatterband for CrMoV.

200 T T T

150}

Scatterband for
Cr-Mo-V rotor
steels

100}

50}

Fracture toughness, K . (MPa m'/2)

0 1 1
-400 -200 0 200 400

Excess temperature (°F)

Fig. 5 Estimated fracture toughness based on the Kic
versus excess temperature correlations and the

Kic scatterband for retired CrMoV rotor steels

We now develop a methodology for estimating
the Kic of embrittled rotor steels in a nonde-
structive manner. First, the correlations between
the nonlinearity parameter and the FATT are
sought. The FATT values can then be used to
estimate Kic, using the Kic versus excess tempera-
ture correlation that is available in the literature
for CrMoV rotor steel. As discussed previously,
since behavior of the
parameter and the CVN testing FATT is similar
in terms of the exposure time, a good correlation

overall nonlinearity

between these two parameters should be expected.
The nonlinearity parameter versus the FATT
correlation was found from Figs. 3 and 4, and the
results are shown in Fig. 6. Figure 7 shows the
correlation between the nonlinearity parameter
and Kic, which was obtained from Fig. 6 and Eq.
(14). Both the Kic and the nonlinearity parameter
change a lot at the early part of aging time (up to
about 75,000 hr). After this time, however, both
parameters show almost no
nondestructively estimated results of Kic values

versus excess temperature can also be found in

change. The

Fig. 5. As noted previously, all the estimated Kic
values fall within the K¢ scatterband for retired
CrMoV rotors. Actually they nearly coincide with
the lower limit line of the Kic versus excess
temperature scatterband. Results of the present
study show that the fracture toughness of CrtMoV
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Fig. 6 Correlations between the nonlinearity
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Fig. 7 Correlations between the nonlinearity

parameter and the fracture toughness

rotors can be nondestructively predicted based on
a knowledge of the ultrasonic nonlinearity
parameter and its correlation to FATT.

6. Conclusions

A nondestructive ultrasonic procedure for
estimating the fracture toughness of thermally
embrittled CrMoV rotor steel has been developed.
The procedure consists of estimating the FATT
based on a correlation between nonlinearity
parameter and FATT. The FATT values can then
be used to estimate Kic, using the Kic versus

excess temperature (i.e., T-FATT) correlation
that is available in the literature for CrMoV rotor
steel. All the nondestructively estimated Kic
values fell within the Kic scatterband obtained
from a number of retired rotors. Actually they
nearly coincided with the lower limit line of the
scatterband. Results of the present study show
that the fracture toughness of rotors can be
nondestructively evaluated if the correlation be-
tween nonlinearity parameter and FATT is
known.
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