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Abstract Nonlinear ultrasonic (NLU) technique is used
for characterization of microstructures in M250 grade
maraging steel subjected to solution annealing at 1093 K
for 1 h followed by ageing at 755 K for various ageing
durations in the range from 0.25 to 100 h. Using pulse
inversion technique, feeble second harmonic is extracted to
determine nonlinear ultrasonic parameter, f3, and the rela-
tive f§ parameter (RBP) which is the ratio of 5 parameter of
the precipitation hardened specimen to that of the solution
annealed specimen. Normalized mean square strain, vol-
ume fraction of reverted austenite and hardness have been
measured and transmission electron microscopy (TEM) has
been carried out to understand the microstructural changes
that occur during ageing and to study the correlation
between these measured parameters. Hardness and nor-
malized mean square strain are found to increase during
initial stages of ageing due to precipitation of intermetallics
and decrease at longer durations due to formation of
reverted austenite and coarsening of precipitates. This
study establishes that NLU technique can be used for non-
destructive characterization of ageing behaviour of M250
grade maraging steel.

Introduction

Maraging steels are low-carbon ultra high-strength pre-
cipitation hardenable martensitic steels. They possess
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excellent mechanical properties such as good fracture
toughness, high strength to weight ratio, good weldability,
resistance to hydrogen embrittlement and stress corrosion
cracking [1]. These superior properties make the maraging
steel to be used widely in several demanding applications
including aerospace rocket motor casings, aircraft forgings,
tools and dies and rotor parts of ultracentrifuges.

The precipitation behaviour and microstructural aspects
of various grades of maraging steels have been extensively
studied [2-11]. Maraging steels consist of martensitic
structure with high dislocation density in the solution
annealed condition and harden due to the precipitation of
intermetallic precipitates. During the initial stages of age-
ing, recovery of martensitic structure and hardening due to
precipitation of hexagonal Ni;Ti intermetallic precipitates
takes place [2, 4]. It is observed that the recovery of
martensitic structure is characterized by annihilation of
dislocations and internal dislocation substructural changes
that reduce the dislocation density [2, 12]. During the
intermediate stages of ageing, precipitation of hexagonal
Fe,;Mo intermetallic precipitates occurs. It is also observed
that size and volume fraction of Ni3;Ti and Fe,Mo precip-
itates increase with ageing time and the precipitates
become semi-coherent after growing beyond a critical size
of approximately 10 nm (>10 h ageing) [6]. At longer
ageing duration, formation of reverted austenite takes place
and the volume fraction of reverted austenite increases with
ageing duration [6]. It is reported that the best combination
of mechanical properties in M250 grade maraging steel
components, i.e. ultra-high strength and good fracture
toughness, is obtained by solution annealing (SA) treat-
ment at 1093 K for 1 h followed by ageing at 755 K for
3-10 h through the precipitation of intermetallic phases in
low-carbon soft martensitic matrix [6]. Coarsening of
the intermetallic precipitates and formation of reverted
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austenite are detrimental to the tensile and fracture
properties. The over-aged intermetallic precipitates serve
as crack nucleation sites and hence, increase the brittleness
[13]. The reverted austenite is a soft phase. Under loading
conditions, the deformation is concentrated in the reverted
austenite regions, which reach their critical strain to frac-
ture at an early stage, thus degrading the mechanical
properties. Hence, non-destructive detection of coarsening
of the precipitates and formation of reverted austenite in
maraging steel is desired.

Several researchers used ultrasonic [12], eddy current
[14, 15], magnetic Barkhausen emission [16, 17], X-ray
diffraction (XRD) [18, 19] and positron annihilation [20]
techniques for nondestructive characterization of micro-
structures in M250 grade maraging steel. Hardness and
ultrasonic velocities (shear as well as longitudinal) are
reported to exhibit similar behaviour upon ageing, i.e. they
increase with volume fraction of intermetallic precipitates
and decrease with austenite reversion. It is also observed
that the Poisson’s ratio, determined from the ultrasonic
longitudinal and shear wave velocities, decreases monot-
onously with ageing time [12]. Pardal et al. [16] have
studied the influence of ageing temperature and time on
magnetic properties of 300 grade maraging steel and
reported that a good correlation (square function) between
saturation magnetization and amount of austenite exists
and this can be used to estimate the austenite volume
fraction in maraging steels. XRD technique has been
employed to study the microstrains developed during pre-
cipitation of intermetallic phases [18]. It is reported that the
microstrains increase up to 10 h of ageing due to precipi-
tation of fine and coherent intermetallic precipitates and
then decrease beyond 10 h due to loss of coherency strains
as a result of coarsening of the precipitates and formation
of the reverted austenite [18].

Nonlinear ultrasonic (NLU) technique, wherein high
amplitude ultrasonic waves of a particular frequency are
made to propagate through the material and the harmonics
generated due to nonlinear (elastic and plastic) interaction
of ultrasonic waves with lattice defects or substructural
changes are detected and used for material characterization
and assessment of damage in structural materials. NLU
technique is useful for studying the influence of dislocation
density, dislocation arrangement, precipitates and micro-
cracks [21-37]. This technique can overcome the limita-
tions of the conventional linear ultrasonic technique for
studying the nonlinear behaviour of materials, as reported
by Hurley et al. [23] and Jhang [32].

The nonlinear parameter, 3, is a strong function of dis-
location density [21-23], precipitate coherency strains
[24-28], fatigue promoted dislocation dipoles [29—32] and
the residual stress in the material [34]. Hikata et al. [21]
carried out theoretical and experimental studies in
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aluminium single crystals subjected to bias stress and
established a linear dependence of § parameter with dis-
location density. Similarly, Hurley et al. [23] used NLU
technique for microstructural characterization of quenched
martensitic steels with varying carbon content and reported
that f§ parameter increases with increase in dislocation
density. Cantrell et al. [24-26] studied the kinetics of
precipitation and effects of coherency strains in the alu-
minium alloy (Al 2024) using NLU technique and observed
that precipitate matrix coherency strains will significantly
influence the nonlinear behaviour of the material. They
also reported that § parameter is a function of precipitate—
matrix misfit parameter and volume fraction of the pre-
cipitates. NLU technique has also been used for early
fatigue damage assessment in aluminium 2024-T4 [29], Ti-
6AI-4V [30], SS41 grade mild steel and SS45 grade mild
steel [31, 32]. In these materials, fatigue damage progresses
by increase in dislocation density, dislocation substructural
changes and formation of micro-cracks and voids before its
failure. In general, it is observed that the f parameter
increases significantly with increase in number of fatigue
cycles the material has undergone and it reaches saturation
before the material fails, i.e. approximately after 60-70%
of fatigue life [29, 30], which is attributed to the increase in
dislocation density and the dislocation dipole substructural
development. Recently, Pruell et al. [33] have reported the
existence of a fundamental relationship between the
material plasticity and the ultrasonic nonlinearity behav-
iour of the material, independent of the interacting wave
type, i.e. longitudinal, Rayleigh and lamb waves. They
reported that the residual stress in the material arising due
to statically induced plastic strain will increase the ultra-
sonic nonlinearity parameter.

During ageing of M250 grade maraging steel, reduction
in dislocation density, precipitation of Ni;Ti and Fe,Mo
precipitates and reversion of austenite take place at varying
durations and these changes would strongly influence the
nonlinear behaviour of this material. Metya et al. [34]
studied the ageing behaviour of similar steel, i.e. C-250
grade maraging steel and reported that nonlinear parameter
increases till the precipitates are semi-coherent and finer
and decreases at longer ageing durations due to coarsening
of precipitates. However, they have not quantitatively
analyzed the effect of change in coherency strains and
volume fraction of reverted austenite which is reported to
influence various NDE parameters [12, 14—17]. In the
present study, NLU technique has been used for charac-
terization of microstructures in precipitation hardened
M250 grade maraging steel specimens aged at 755 K for
various durations in the range from 0.25 to 100 h. This
study also aims at quantitatively studying the influence of
coherency strains and reverted austenite on the NLU
parameter. This paper explains the theory of nonlinear



J Mater Sci (2010) 45:6719-6726

6721

ultrasonic technique and the experimental procedure
followed to measure the fundamental and second harmonic
amplitudes used to determine the nonlinear ultrasonic
parameter, . The paper discusses the changes in f§ with
ageing time based on normalized mean square strain, vol-
ume fraction of reverted austenite using XRD and micro-
structural changes by TEM.

Theory of nonlinear ultrasonic technique

The linear stress—strain relationship given by Hooke’s law
is valid for a homogenous and isotropic medium when the
applied stress amplitude is infinitesimal. However, mate-
rials in nature exhibit nonlinear stress—strain relationship
and this can be represented by power series expansion of
strain as given by Eq. 1,

1
a:As—i—EBsz—i—--- (1)

where ¢ is stress, ¢ is displacement gradient, A is the
coefficient of second order term and B is the coefficient of
third order term which is a combination of second and third
order elastic constants [30, 35]. The equations of motion of
a solid element in the absence of body forces is given by
Eq. 2,

u 0o
- 7 2
Por ~ @)
where p is the density of material, x is the propagation
distance of sound wave, u is the displacement in the
x direction. Using the relationship between strain and
displacement, i.e. &(x,7) = Ou(x,?)/0x and considering the
propagation of one dimensional longitudinal wave
(u =A; sinwt, Ay is amplitude, k is wave number and w
is angular frequency) through the isotropic material and

substituting Eq. 1 in Eq. 2 one gets
O%u B %u n Oud’u 3)
Por ~ "o T v o
A perturbation solution is assumed to solve Eq. 3 and the
solution after two iterations is given by [30, 35, 36]
1B
— gzsz%xcos[Z(kx —wt)]+ -

(4)

From Eq. 4, the expression for the second harmonic
amplitude, A,, is expressed as

1 /B\ ,,
A2—8<A)A1kx (5)

In Eq. 5, B/A term represents the nonlinear parameter 5 and
upon rearranging this can be expressed as

u(x,t) = Ay sin(kx — wt)

Hence, the f§ parameter of a material can be evaluated by
measuring the amplitudes of the fundamental and second
harmonic components and can be correlated to the changes
responsible for the nonlinear behaviour of the material.

Experimental
Specimens

The chemical composition (wt%) of the M250 grade
maraging steel used in this study is as follows: 17.89 Ni,
8.16 Co, 4.88 Mo, 0.43 Ti, 0.05 Mn, 0.05 Cr, 0.05 Si, 0.05
Cu, 0.096 Al, 0.003 C, balance Fe. A plate of M250 grade
maraging steel is solution annealed (SA) at 1093 K for 1 h
followed by air cooling. Specimens of dimensions
30 x 25 x 7 mm® cut from the SA plates were encapsu-
lated in quartz tubes under vacuum and aged at 755 K for
different durations of 0.25, 1, 3, 10, 30, 40, 70 and 100 h
followed by water quenching.

Subsequently, the specimens were polished with 400 grit
SiC emery paper to obtain uniform surface finish and plane
parallelness for nonlinear ultrasonic measurements. Hard-
ness, transmission electron microscopy (TEM) and selected
area diffraction (SAD) analysis were carried out as detailed
elsewhere [12]. Vickers hardness measurements were made
at 10 kg load and the maximum scatter in the hardness
measurements was found to be =5 HV10. TEM studies
were carried out on thin foil specimen using Philips M200
operated at 200 keV. Further, XRD measurements were
carried out on precipitation hardened specimens using a
MAC Science MXP18 X-ray diffractometer with Cu-Ko
radiation. The XRD spectra were recorded in the angular
range from 36° to 122° with a step size of 0.02° and a dwell
time of 4 s. The XRD peak profile corresponding to each
plane was extracted for all the specimens by fitting a linear
background along with a pseudo-Voigt function after
accounting for instrumental broadening as detailed by
Mahadevan et al. [18]. The full width at half maximum
(FWHM), integral breadth and peak location were esti-
mated from the individual XRD peak profiles for aged
specimens and modified Williamson-Hall plots were made
to determine the slope, i.e. the normalized mean square
strain, o in the matrix [18].

Nonlinear harmonic measurement setup
The schematic of the experimental setup used for NLU

studies is shown in Fig. 1. It consists of a high power sinu-
soidal ultrasonic tone burst wave generator, pre-amplifier,
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Fig. 1 Experimental setup used for nonlinear ultrasonic mea-
surements

high and low pass filters, digital storage oscilloscope and a
personal computer for control and data acquisition. The
power level of the tone burst generator is variable. A 5 MHz
resonant piezoelectric ultrasonic transducer is used as trans-
mitter and a 10 MHz broad band piezoelectric ultrasonic
transducer is used as receiver. The number of cycles in the
tone burst is optimized at eight cycles based on the sample
thickness (7 mm) and ultrasonic velocity (5550 m/s). A
pulse repetition frequency of 80 Hz is chosen for non-
overlapping of pulse trains. The ultrasonic transducers are
firmly fixed to the specimen using a specimen holder as
shown in Fig. 1, to avoid pressure variations during the NLU
measurements. The receiver output is fed to the digital
storage oscilloscope and the time domain waveform data is
stored for analysis. As the second harmonic amplitudes are
very weak (approximately 1% of fundamental), pulse
inversion technique [36-38] is used in this study to extract
the second harmonic component. In pulse inversion tech-
nique, transmitted wave is superposed with another trans-
mitted wave that is phase shifted by 180°. This superposition
will result in cancellation of odd harmonics and in turn,
amplification of the second harmonic amplitude.

The fundamental and second harmonic amplitudes for
each precipitation hardened specimen are measured at
different power levels in the range of 40% (300 V) to 80%
(700 V). A plot is made between A, and A% for different
power levels for each specimen and the slope of the plot is
determined to obtain f5, following Eq. 6. In the present
work, the measured A; and A, are the amplitudes of
the fundamental and second harmonic components in the
uncalibrated electrical signals which are proportional to the
absolute particle displacements A; and A,, respectively,
defined in Eq. 6 as discussed elsewhere [36]. In this study,
as we are interested in studying the relative change in
the nonlinear behaviour of the precipitation hardened
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specimens with respect to solution annealed condition, we
have used relative f§ parameter (RBP), which is the ratio of
the f§ parameter of the precipitation hardened specimen to
that of the solution annealed specimen (Bsampic/fsa)- The
RBP has been determined for SA and all the specimens
aged in the range from 0.25 to 100 h.

Results and discussion

Figure 2 shows the time-domain wave form of tone burst
ultrasonic signal with an incident phase angle 0° and 180°
(phase shifted) along with the resultant superposed signal,
acquired from solution annealed specimen. Figure 3 shows
the absolute amplitude of Fourier transform of the 0° tone
burst and the superposed signal. As the absolute amplitude
of Fourier transform of 0° tone burst and 180° phase-
shifted tone burst are similar, the later has not been plotted.
From Fig. 3, it is observed that fundamental frequency
component is completely eliminated in the superposed
signal leaving only the amplified second harmonic com-
ponent. Hence, it is possible to measure the feeble second
harmonic component by adopting the pulse inversion
technique. In order to determine the f§ parameter, A; is
measured from the absolute amplitude of Fourier transform
of 0° tone burst and A, is measured from the absolute
amplitude of Fourier transform of superposed signal.
Figure 4 shows the typical plot between A, and A7 as a
function of increasing power level (300-700 V) for solu-
tion annealed specimen. There exists a linear correlation
between A, and A7 with a correlation coefficient of 99.8%.
Similar plots are made for all the age hardened specimens
to determine nonlinear f§ parameter and thereby RBP.
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Fig. 2 The tone burst ultrasonic signal with an incidental phase angle
of 0° and 180° (phase-shift) and the superimposed signal for the
solution annealed specimen
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Fig. 3 Absolute amplitude of Fourier transform of the 0° tone burst
and the superposed signal, i.e. second harmonic obtained by pulse
inversion technique
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Fig. 4 Variation of A, and A% with increase in power level for the
solution annealed specimen

Figure 5 shows the variation of RBP as a function of
ageing time for M250 grade maraging steel. Figure 6
shows the variation of normalized mean square strain (o)
and hardness (VHN) with ageing time. From Fig. 5, it is
observed that RBP changes systematically with ageing
duration and these changes are analyzed by dividing
in three regimes as shown in Fig. 5. The first regime
(SA-0.25 h) is characterized by a marginal decrease in
RBP up to 0.25h of ageing and the second regime
(0.25-10 h) is characterized by drastic increase in RBP and
followed by a third regime (10—100 h) where RBP is found
to decrease with ageing time.

During the initial stages of ageing up to 0.25 h, i.e. first
regime, RBP is slightly decreased by 2.9%. This initial
decrease in RBP is attributed to the combined effect of two
counter acting mechanisms operating simultaneously dur-
ing the initial stages of ageing. The first mechanism is
the recovery of martensitic structure, i.e. annihilation of
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Fig. 6 Variation of normalized mean square strain, o, and hardness
with ageing time at 755 K

dislocations and rearrangement of dislocation internal
substructure which results in the decrease of dislocation
density. The bright field image of SA is shown in Fig. 7a.
It is observed that this specimen is characterized by the
presence of lath martensite with high dislocation density.
It is well established that during initial stages of ageing
treatment the recovery of martensitic structure is one of the
major mechanism that takes place in this material [2, 6,
12]. The recovery of martensitic structure is characterized
by dislocation annihilation and dislocation substructural
changes. Annihilation of dislocations during initial stages
of ageing of similar steel has been reported by Mahadevan
et al. [18]. It is reported that the increase in crystallite size
from 370 to 1248 A from SA to 0.25 h is attributed to
annihilation of dislocations during initial stages of ageing.
It is also reported that ageing above 0.25 h does not change
the crystallite size significantly, i.e. most of the dislocation
annihilation activity is predominant in the first regime and
thereafter dislocation density remains almost constant with
ageing time. Hence, this decrease in dislocation density is
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Fig. 7 Bright field images of a solution annealed specimen showing
high dislocation density in lath martensite (marked as A) and
specimens aged at 755 K for b 3 h showing relatively low dislocation

expected to decrease nonlinearity parameter, RBP, of this
material and is given by Eq. 7,

B < NL*a (7)

where N is the dislocation density, L is the dislocation loop
length and o is the applied bias stress [21].

The second mechanism is increase in microstrain due to
precipitation of very fine and coherent Ni;Ti intermetallic
precipitates at dislocations and interlath boundaries as
shown in Fig. 6. Vasudevan et al. [2] and Mahadevan et al.
[18] have also reported that the microstrain and hardness
increase during initial stages of ageing due to precipitation
of fine Ni;Ti intermetallic precipitates which are coherent
with the martensitic matrix. Hence, this increase in
microstrain causes increase in RBP which has also been
reported by Cantrell et al. [26] in Al 2024 alloy. Thus, a
combined effect of these two counteracting mechanisms (i)
decrease in dislocation density which should have
decreased RBP and (ii) increase in microstrain which
should have increased RBP is felt during the initial stages
of ageing up to 0.25 h and causing a net marginal decrease
of RBP by 2.9% which is measured precisely using pulse
inversion technique.

During the intermediate stages of ageing, i.e. second
regime (0.25-10 h) RBP is found to increase as a function
of ageing time and reaches a peak value at 10 h with the
formation of fine and coherent Fe,Mo. The increase of
RBP in 10 h aged specimen with respect to the solution
annealed specimen is found to be approximately 60%. The
TEM examination (BF image) of 3 h aged sample revealed
the formation of very fine needle/rod-shaped precipitates as
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density in the martensite laths (marked as B) and ¢ 100 h showing
coarsened patchy Niz(Ti, Mo) (marked as C), globular Fe,Mo
(marked as D) and long and patchy austenite (marked as E)

shown in Fig. 7b. For elucidation of increase in RBP and
microstrain during the second regime, we have plotted
variation of RBP and normalized mean square strain with
respect to hardness as shown in Fig. 8. It is evident from
Fig. 8 that, during the second ageing regime, RBP and «
continue to increase with increase in hardness. In general, it
is well known that the lattice parameter of the matrix
material and the precipitate are different and this lattice
mismatch will result in initiation of microstrain at the
precipitate—matrix interface. Hence, the formation and
growth of fine and coherent Ni3Ti and Fe,Mo intermetallic
precipitates during this regime has resulted in increase in
microstrain as shown in Fig. 8 and thus, the RBP, as given
by Egq. 8,

B _ _ 12 1 /3( _ 2/3)
5 (3 + ﬁ0> dof,"7(2.25 — 0.25f; (8)
where f3, is nonlinear ultrasonic parameter in the solution
annealed condition, J is precipitate—matrix misfit parame-
ter and f;, is the volume fraction of precipitate [25]. In the
maraging steel, the lattice mismatch between martensitic
matrix and precipitates is in the order of 2.22% and 4.9%
for Ni3Ti and Fe,Mo intermetallic precipitates, respec-
tively [39]. Mahadevan et al. [18] reported that volume
fraction of precipitates increases with ageing time. There-
fore, the drastic increase in RBP during second regime is
attributed to the formation and growth of Ni;Ti and Fe,Mo
intermetallic precipitates. It is also found that the increase
in RBP during the second regime is 60% and where as the
increase in hardness and microstrain are found to be 18%
and 17%, respectively. Hence, RBP is more sensitive
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Fig. 8 Variations of RBP and normalized mean square strain, o with
respect to hardness during 0.25-10 h at 755 K

parameter during the second regime and can be used
effectively for monitoring the changes due to ageing in this
technologically important regime.

Upon prolonged ageing beyond 10 h, i.e. third regime,
the RBP is found to decrease with ageing time. From
Fig. 6, it is evident that the microstrain is also found to
decrease for ageing durations above 10 h. Viswanathan
et al. [6] and Guo et al. [10] have reported that precipitates
will be coherent with matrix if their size is <11 nm, i.e. up
to 10 h of ageing and beyond 10 h precipitates become
incoherent with the matrix. Therefore, microstrain
decreases for ageing duration greater than 10 h due pre-
cipitate coarsening. Hence, as explained earlier (Eq. 8), the
RBP will also decrease at prolonged ageing durations due
to coarsening of precipitates. During this regime, it is also
found that the volume fraction of reverted austenite phase
increases with ageing time, from 2, 5 to 30% as ageing time
increases from 40, 70 to 100 h, respectively. At longer
ageing durations above 40 h, the hardness is also found to

decrease, which is attributed to the formation of soft
reverted austenite. The BF image of the specimen aged at
755 K for 100 h is shown in Fig. 7c. It is observed that
coarsening of Niz(Ti,Mo) (marked as C) and globular
Fe,Mo intermetallic precipitates (marked as D) and the
presence of patchy continuous network of reverted aus-
tenite (marked as E) will take place at prolonged ageing of
100 h. These observations are different from the findings of
Metya et al. [34] in C-250 grade maraging steel in which
constant hardness after 12 h of ageing and drastic decrease
in f§ parameter were reported without any reference to the
formation of reverted austenite.

Brezeale [40] reported that nonlinearity in solids is a
function of crystalline structure. It is reported that nonlin-
earity is higher for metallic materials with BCC structure
(p ~5 to 8.8) as compared to metallic materials with FCC
structure (f ~4 to 7). Hence, it is expected that reversion
of martensite (BCC) to soft austenite phase (FCC) will also
be accompanied by a change in nonlinearity of the mate-
rial. Hence, a plot is made between changes in volume
fraction of reverted austenite and RBP, o and hardness as
shown in Fig. 9. All these three parameters are seen to
change with volume fraction of austenite in an identical
manner. Thus, the decrease in RBP in the third regime,
>10 h is attributed to the cumulative effect of precipitate
coarsening and austenite reversion.

The studies reveal that NLU technique is sensitive to the
microstructural changes that occur during ageing of M250
grade maraging steel and RBP can be used for identifying
various substructural changes associated with precipitation
hardening. However, systematic studies are necessary to
understand the individual contributions of precipitate
coarsening and austenite reversion on RBP. Nevertheless,
the results presented here provide an illustration of
how nonlinear ultrasonic technique can be useful for
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nondestructive characterization of microstructures in age
hardened M250 grade maraging steel, especially, the three
regimes of annihilation of dislocation during initial ageing,
increase in coherency strains during intermediate ageing
and formation of reverted austenite at prolonged ageing.

Conclusion

From the nonlinear ultrasonic measurements catried out on
M250 grade maraging steel specimens age hardened at
755 K for time durations in the range from 0.25 to 100 h, a
systematic change in relative [ parameter (RBP) is
observed with ageing time. The second harmonic ampli-
tude is determined using pulse inversion technique for
precise estimation of RBP. The first regime (SA-0.25 h) is
characterized by marginal decrease (2.9%) in RBP up to
0.25 h of ageing due to the combined effect of two coun-
teracting mechanisms operating simultaneously during the
initial stages of ageing, i.e. dislocation annihilation and
formation of very fine and coherent Ni;Ti precipitates. The
second regime (0.25-10 h) is characterized by a drastic
increase in RBP which is attributed to increase in micro-
strain due to precipitation and growth of coherent Ni;Ti
and Fe,Mo intermetallic precipitates. The change in RBP is
60% for second regime. This is substantial compared to
18% increase in hardness and 17% increase in normalized
mean square strain. Thus, RBP can be effectively used to
study the ageing behaviour of technologically important
second regime. At longer ageing durations beyond 10 h,
i.e. in the third regime, RBP is found to decrease with
ageing time due to the combined effect of coarsening of
NizTi and Fe,Mo precipitates and formation of soft
reverted austenite. The present study clearly reveals that it
is possible to use nonlinear ultrasonic i parameter for
characterization of microstructures in precipitation hard-
ened M250 grade maraging steel.
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