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Previous studies of the growth velocity in athermal martensitic transformations were of an indirect 
nature in which the size of  individual martensite plates could not be determined with precision. 
The present study focuses on the quantitative analyses of  martensitic growth events in an Fe- 
30 pct Ni alloy in order to determine the growth velocity and the final size of  single transfor- 
mation events directly and simultaneously. Both magnetic induction and acoustic emission (AE) 
techniques have been employed, and the corresponding analytical methods have been developed. 
While efforts have been made to minimize possible distortions of transformation signals caused 
by detectors and signal processing apparatus, it is recognized that the media in which the signals 
propagate impose a significant distortion on the signals. We have proposed methods to cope 
with the effect of  eddy currents in the magnetic measurements and the frequency-dependent 
media attenuation in the AE measurements. Two independent experiments in our study have 
shown a consistent trend of  the growth velocity and the final size of  martensitic transformation 
events as a function of temperature. The growth velocity ranges from 0.25 to 0.65 of the shear 
wave velocity in the material. Several possibilities responsible for the velocity scatter are dis- 
cussed, and it is suggested that the varying strain conditions under which the martensitic growth 
events take place play a decisive role in determining the actual growth velocity. 

I .  I N T R O D U C T I O N  

C O N S I D E R A B L E  effort, both theoretical and experi- 
mental, has been expended in the past 40 years on 
understanding the nucleation, growth, and final mor- 
phology of  martensitic transformations. Several com- 
peting theories f~-41 have been proposed to understand the 
heterogeneous nature of martensitic nucleation originat- 
ing from lattice defects. The phenomenological crystal- 
lographic theories [5,6,7] have also been developed to predict 
some aspects of  the final morphology of various mar- 
tensitic transformations. However,  little work has been 
done on either modeling ~r measuring the growth stage 
which is among the least understood aspects from a fun- 
damental viewpoint today. Since the growth process is 
likely to have a substantial effect on the ultimate mor- 
phology of the martensite structure, which, in turn, can 
be expected to have a large impact on its mechanical 
properties, it is of  great importance to bridge the gap in 
our understanding of the growth dynamics of martensitic 
transformations. 

The key to the growth dynamics of martensitic trans- 
formations is the growth velocity of  the moving interface 
and how it is affected by various driving forces and re- 
sisting forces in connection with temperature or strain 
condition in the vicinity of  the interface. Nishiyama [81 
has classified the rate of  martensitic growth into three 
different velocity regimes. The fastest ("umklapp")  is of  
the order of  mechanical twinning velocities and is often 
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associated with athermal martensitic transformations (v -~ 
103 m/s) .  The intermediate Cschiebung")  is of  the order 
of dislocation velocities in slip deformation and is pro- 
portional to the degree of undercooling (v ~ 10 -~ to 
10-1 m/s ) .  The slowest is associated with thermoelastic 
growth and is proportional to the cooling rate (v ~ 5 x 
10 -4 m / s  at a cooling rate of  20 ~ It is not sur- 
prising that more substantial advances have been made 
in studying the growth dynamics of the slow or inter- 
mediate regimes, as compared to the fast velocity one. 
Reasonably accurate measurements have been made in 
the former regimes using a hot stage equipped with a 
movie camera, tg'l~ Recently, Grujicic, Olson, and 
Owen 1121 made a systematic study, which provides a great 
deal of  insight and information into the growth dynamics 
of slow-moving martensite, on the interface mobility of  
slow velocity, thermally activated martensitic transfor- 
mations. However,  the growth dynamics of  umklapp 
martensitic transformations still remain essentially un- 
known, mainly because Of the difficulties involved in the 
direct and accurate measurement of  extremely fast in- 
terfacial motion. Previous attempts measured only av- 
erage ensemble velocities but no single event velocities. 

The main goal of the present study has been to mea- 
sure individual growth velocities of fast-moving (umklapp) 
interfaces in the athermal martensitic transformation. 
Recent improvements in acoustic emission and magnetic 
induction methods are employed to make independent 
quantitative measurements of  growth velocities in an Fe- 
30 wt pct Ni alloy. As a result of  this study, we believe 
we are able for the first time to measure the major pa- 
rameters, such as the growth velocity and the final size, 
for individual martensite plates. 

This paper describes the experimental measurements 
of martensitic growth velocity and the analyses of  mea- 
sured signals. In parallel, a theoretical study of growth 
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dynamics using a molecular dynamics computer simu- 
lation, presented in the following paper, was also carried 
out to investigate the growth velocities as a function of 
strain conditions and temperature. 

II .  H I S T O R Y  OF G R O W T H  
V E L O C I T Y  M E A S U R E M E N T S  

Because of the lack of fast wideband recording in- 
struments, early investigations in the 1930's and 40's,  
using an optical microscope equipped with a movie cam- 
era [13; or using a cardiograph, t141 were not able to resolve 
the extremely short time period of martensitic growth 
events. The first significant measurement was made by 
Bunshah and Mehl in 1953 using a resistivity method. [~5] 
They chose an Fe-29.5 pct Ni alloy, because the electrical 
resistance decreases by about 50 pet upon the transfor- 
mation from austenite to martensite. Their electronic cir- 
cuitry and oscilloscope were capable of  responding to 
signals as short as 10 -8 seconds. They found electrical 
resistance pulses varying from 0.5 x 10  -7  seconds to 
5.0 X 10 -7  seconds as the grain diameter varied from 
0.001 to 0.01 in. Then, they assumed that the length of 
the martensite plate was approximately the same as the 
average diameter of the austenite grains for the first gen- 
eration of martensite plates and that the length of mar- 
tensite formed at lower temperatures decreased due to 
the partitioning of the grains by the prior formation of 
martensite. The way they derived the average growth ve- 
locity was to use this roughly estimated length of mar- 
tensite plates divided by the time of formation measured 
from the resistivity signals. This very crude estimate of 
transformation velocity (1000 m/s)  corresponded to about 
one-third the shear velocity of  sound and was found to 
be constant within +20 pct over the temperature range 
- 2 0  ~ to - 1 9 5  ~ It is obvious that the accuracy of 
Bunshah and Mehl 's  conclusions is questionable, due to 
the fact that they were not able to relate the measured 
time of formation to the size of  the same transformation 
event. 

Beisswenger and Scheil, tl61 followed by Kimmich and 
Wachtel, rlTj extended and improved the same resistivity 
approach but essentially obtained the same type of av- 
eraged results as Bunshah and Mehl. In 1968, 
Mukherjee, IZ8j again using resistivity measurements on 
an Fe-30 at. pct Ni alloy, found the measured time of 
formation of martensite plates to be in the range of  1 x 
10 -7  S to  2 x 10 -7 S for small signals obtained in a sam- 
ple with the average grain diameter of 0.02 cm. He noted 
that this time period was shorter than that obtained in 
the same range of the grain size by previous resistivity 
measurements. These small signals were thought to cor- 
respond to the formation of single martensites. How- 
ever, he again assumed that the length of the largest plate 
was equal to the average grain diameter and found a higher 
growth velocity, 1.8 X 10  3 m / s ,  which corresponded to 
0.6 v,, where v, is the shear wave velocity in the aus- 
tenite matrix. 

Because of the drastic change in magnetization during 
the martensitic transformation in Fe-Ni alloys, magnetic 
induction methods may be used to measure the growth 
rate of  fast-moving interfaces, which is very similar to 
the technique used to measure the Barkhausen effect due 

to the sudden change in the direction of  magnetization 
of  magnetic domains. In 1942, Okamura et al. p91 studied 
the change in magnetization during martensitic transfor- 
mation in a Ni steel specimen. Because of the slow speed 
of the oscillograph used, they were only able to record 
burst signals with a pulse duration of about 10 -4  S. In 
1972, Suzuki and Saito I2~ magnetically measured the 
transformation velocity in an Fe-31 pct Ni alloy using a 
faster response circuitry. In the brief report on their re- 
suits, they stated that a single martensite plate formed in 
0.5 • 1 0 - 7 S  and the propagation velocity was 800 
m / s ,  but very little information is given on the details of  
the measurement. In addition, the recorded magnetic 
signal in the report shows a typical feature of  a multiple 
"burst" event (a slowly rising voltage ramp carrying a 
series of  ripples), indicating that some type of average 
velocity was being reported. 

Summarizing the previous measurements of  growth 
velocity, one can easily notice a common weakness in 
all these measurements attempted so far; i.e., none of  
them was able to make a direct estimate of  the growth 
velocity or, in other words, to relate the time of for- 
mation of a particular plate to its corresponding final size. 
For over three decades, Bunshah and Mehl ' s  work has 
been recognized as conclusive evidence of the growth 
velocity in the umklapp martensitic transformation. 
However,  their results showing the growth velocity as 
being one-third the speed of  sound and constant over a 
wide temperature range are still questionable because of 
the indirect and qualitative nature of their measurements. 
To re-examine those conclusions, it is crucial to develop 
new techniques to bring the velocity measurement up to 
a direct and quantitative level. Any success in this re- 
spect will undoubtedly benefit the study and inter- 
pretation of other high-speed moving defects in related 
areas such as crack propagation in fracture, mechanical 
twinning, and massive phase transformations, etc. 

III. I M P O R T A N T  F E A T U R E S  OF T H E  
T R A N S F O R M A T I O N  IN Fe-30 P C T  Ni A L L O Y S  

An Fe-30 wt pct Ni alloy was chosen as the specimen 
in the present study, because the alloy is a typical ex- 
ample of the athermal martensitic transformation and has 
been used in many previous growth velocity measure- 
ments. The equilibrium temperature To (where the free 
energy difference between austenite and martensite is zero) 
of  this alloy is estimated to be 450 K (177 ~ accord- 
ing to Kaufman and Cohen's  thermodynamical calcula- 
tion. ~2u Martensite starts growing at a temperature more 
than 100 deg below To, indicating that a large degree of 
supercooling is required for the shear-like displacive 
transformation. The Ms temperature measured by vari- 
ous methods differs, depending on the sensitivity of  each 
measuring technique. Machlin and Cohen [~:] found the 
Ms temperature in an Fe-29.5 pct Ni alloy to be - 1 4  ~ 
by using the resistivity measurement. Hsu, Chen, and 
Clapp I231 used different techniques to determine Ms in an 
Fe-29.58 pct Ni alloy. They found Ms --- 7.5 ~ in the 
resistivity measurement and Ms = 55 ~ in the acoustic 
emission measurement,  which showed much higher sen- 
sitivity than that of  the resistivity method. 

Another distinct feature in an Fe-30 pct Ni alloy is the 
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"burst phenomenon." A large number of martensite plates 
may form simultaneously, presumably triggered by a 
single plate or a few plates formed earlier, which pro- 
duce a favorable stress wave, or shock wave, to provoke 
the subsequent avalanche. This autocatalytic process is 
often accompanied by a marked temperature rise of  the 
specimen (sometimes 20 ~ to 30 ~ due to the release 
of latent heat. The temperature at which the first burst 
occurs is referred to as the Mb temperature. The Mb tem- 
perature is below Ms and is usually affected by the grain 
size. A finer grain size is often associated with a lower 
Mb. [22] In an Fe-30 pct Ni alloy used in the present study, 
it was found that the transformation at Mb was usually 
accompanied by the largest temperature rise, and the 
subsequent transformation was temporarily suppressed 
by the first burst until the temperature of the specimen 
reached more than 5 ~ below Mb. The transformation 
resumes in the burst fashion until a large fraction of aus- 
tenite transforms to martensite. The burst-type transfor- 
mation usually lasts over a temperature range of 20 to 
30 deg, which was verified by the signal patterns in our 
magnetic and acoustic measurements. Hereafter, this 
temperature range is termed the burst region. It is then 
reasonable to say that the transformation occurring be- 
fore and after the burst region appears to be mainly sin- 
gle events, while the transformation within the burst region 
is associated with multievents in which many plates may 
overlap within an extremely short time interval. 

Some micrographs are presented here to describe the 
morphology and microstructure of martensite plates in 
our Fe-30 pct Ni alloy. Figure 1 represents the as-quenched 
microstructure of the alloy at room temperature. It con- 
tains virtually untransformed austenite grains, except for 
a very few martensite plates (in the right-hand side) which 
appear not to traverse the entire austenite grain. Figure 2 
shows a micrograph right after the first burst ( - 1 5  ~ 
in which fully grown martensite plates either "partition" 

M i c r o s t r u c t u r e  Right A f te r  the  Burst  

x i O0 (-15 ~ 

Fig. 2 - -Mic ros t ruc tu r e  right after the first burst. The microstructure 
at - 1 5  ~ shows the autocatalytic formation of many martensite plates. 
Most  plates traverse the entire grain, and some plates are in contact 
at grain boundaries with differently oriented growth directions. Mag- 
nification 73 times. 

the austenite grains or are stopped by pre-existing plates 
or lattice defects. The morphology of martensite plates 
exhibits a platelike or lenticular shape with a straight 
central plane known as the "midrib" and an irregular 
interface between the martensite and austenite. The midrib 
plane is widely accepted to be the "habit plane" of the 
martensitic transformation. 

Untransformed Sample ,  x l O 0  (room temp. )  

Fig. 1 - - A s - q u e n c h e d  microstructure of  Fe-30 wt pct Ni alloy. The 
microstmcture at room temperature shows nearly 100 pct austenite 
grains with a few martensite plates that appear not to traverse the 
entire grain. Magnification 73 times. 

Enlarged View of M a r t e n s i t e  P l a t e s  

Fig. 3 - - A n  enlarged view of martensite plates in Fe-30 wt pct Ni 
alloy. The microstructure after the burst at - 1 5  ~ shows the pene- 
tration of  some martensite plates to the midrib region of other plates 
and the irregular interface between martensite and austenite. Magni-  
fication 292 times. 
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An enlarged view of martensite plates formed after the 
burst is presented in Figure 3 to illustrate an interesting 
feature of martensitic growth. The micrograph shows that 
some plates penetrate to the midrib region of earlier formed 
plates, and the deepest penetration at a junction is always 
made by the midrib trace. These plates are presumably 
formed during the same burst. The penetration implies 
that the midrib is the first portion of the plate to form, 
and the growth rate of lateral thickening of the plate is 
substantially slower than that of the midrib expansion. 
Patterson and Wayman t241 also observed this penetration 
phenomenon in an Fe-32 pet Ni alloy and showed clearly 
that the later-forming plate penetrates to the boundary of 
the twinned region of the pre-existing plate. In addition, 
they have investigated the effect of composition on the 
extent of internal twinning in Fe-Ni alloys containing 
29.8 pct, 32.0 pct, and 33.2 pct nickel, respectively, 
showing the increasing extent of twinning in the midrib 
region and the trend toward a straighter austenite- 
martensite interface with increasing nickel content. They 
also confirmed that the untwinned region of a martensite 
plate contained densely tangled dislocations, indicating 
that the shear process became slip instead of twinning. 

From the above analysis, one can further infer that the 
growth of the partially twinned martensite plates consists 
of two stages. The first stage involves the formation of 
the midrib plane by twinning, whereas the second stage 
involves the lateral thickening by slip. In accord with 
Nishiyama's classification of the fast and intermediate 
velocity regimes of martensitic growth, the growth rate 
of radial expansion of the midrib region is much faster 
than that of the lateral thickening by at least an order of 
magnitude. As will be seen shortly, both acoustic emis- 
sion and magnetic methods used in the present investi- 
gation are velocity-sensitive techniques. The amplitude 
of detected signals in both methods is proportional to the 
square of the growth velocity of martensite plates. 
Therefore, the transformed volume responsible for the 
detected AE and magnetic signals is not the total volume 
of a martensite plate. In the light of the two-stage growth 
process, it is reasonable to deduce that the quickly ex- 
panding midrib region is the principal source for the sig- 
nals detected by velocity-sensitive measurements, while 
the slowly thickening region presumably makes only a 
small contribution to the signals. Furthermore, in the 
Fe-30Ni alloys investigated in the present study, the 
thickness of the twinned region in a martensite plate is 
relatively thin and surrounded by a large thickening re- 
gion on both sides that forms later.~24~ The ratio of  the 
mean semithickness to the mean radius of martensite plates 
is known to be around 0.11 to 0.05. ~25~ The ratio of  the 
thickness of the midrib region to the other two dimen- 
sions is then expected to be even smaller. All these facts 
provide grounds for us to assume that the disc-shaped 
midrib region is the only source for signals detected in 
AE and magnetic measurements. Since the rate of change 
of the midrib thickness is negligible compared to the ra- 
dial growth of a plate, we can further assume, for sim- 
plicity, that the source is a radially expanding circular 
disk with an approximately constant thickness. The cir- 
cular source model will be used in analyses of both AE 
and magnetic signals throughout this paper. 

IV. ACOUSTIC EMISSION M E A S U R E M E N T S  

A. Brief Overview 

Various processes involving a sudden release of strain 
energy in materials are often accompanied by acoustic 
emission (AE). Acoustic emission signals are observed 
in plastic deformations, crack growth, and many rapid 
structural changes. Since AE signals carry information 
on the source mechanism and its time history, it is fea- 
sible to utilize the AE technique in studying the growth 
dynamics of martensitic transformations. However, some 
previous applications of AE technique to martensitic 
transformations were only successful in relating the AE 
count number to the fraction of the transformed vol- 
ume. [26'27] In general, most applications of AE technique 
have been limited to a qualitative level over the years. 
Until recently, few attempts were made to analyze AE 
signals quantitatively for source characterization. 12s,291 The 
advent of newly designed linear transducers E3~ now 
makes quantitative AE analyses possible. A linear piezo- 
electric transducer developed by the National Bureau of 
Standards (NBS) t3~j has been used in the present study. 

Acoustic emission signals emanating from various de- 
formation processes are of a broadband nature. The mea- 
suring frequency range of these AE signals extends from 
tens of KHz up to tens of MHz. In order to characterize 
the source behavior of a growing martensite plate from 
the detected AE signals with such a wide spectrum, the 
linear frequency response of the transducers and the sig- 
nal processing devices is undoubtedly important for a 
quantitative analysis. Much previous effort has been de- 
voted to this subject. However, the frequency response 
of the propagation media that the AE signals pass through 
has been an ignored feature. It is well established that 
the ultrasonic attenuation caused by grain boundary scat- 
tering in polycrystalline materials is strongly frequency 
dependentd 32,33~ Therefore, the broadband AE signals 
undergo a considerable distortion when they pass through 
the medium. The nonlinear behavior of the media has 
not been adequately treated in the previous quantitative 
AE analyses, f28,291 in which the transfer function of the 
media has been simply taken to be a Green's function. 
It should be noted that the Green's function formalism 
assumes a linear frequency response and only takes care 
of spatial attenuation. Obviously, a quantitative AE 
analysis would be of little meaning without a proper han- 
dling of the signal distortion caused by the frequency- 
dependent media attenuation. 

It is very time consuming and tedious to accurately 
measure the frequency response of a material over a wide 
frequency range. As an alternative, an engineering ap- 
proach to deal with media attenuation is used in the pres- 
ent study. The detailed theory and applications of this 
method are given elsewhere. [34] This approach combines 
spectral analysis with the analysis of real-time signals. 
Some carefully chosen quantities, such as the first node 
frequency and the peak time, are used for AE source 
characterization. The node frequencies represent a series 
of minima in the frequency spectrum when the first ar- 
riving P-wave pulse is Fourier transformed. The peak 
time is the time interval for the P-wave pulse to reach 
its peak value. Both the first node frequency and the 
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peak time are found to be least sensitive to the media 
attenuation. This property enables us to circumvent the 
media distortion and directly infer major source param- 
eters such as the final size and the average velocity of 
martensitic growth. 

B. Experimental 

1. Specimen preparation 
An Fe-30 wt pct Ni alloy was melted in an induction 

furnace with argon atmosphere, and rods of 9.5 m m  in 
diameter and 100 mm in length were cast in the furnace. 
After the homogenization treatment at 1200 ~ for 
170 hours, the rods were swaged to 3.63 mm in diam- 
eter through several passes and finally cut into discs of  
l-ram thickness. Another Fe-40 wt pet Ni alloy was pre- 
pared by a similar procedure, and rods (18 mm in di- 
ameter and 100 m m  in length) were cut into pieces of  
10-mm length. The 40 wt pct Ni alloy was chosen for 
the acoustic transmission medium, because it closely 
matched the 30 wt pct Ni alloy elastic constants but does 
not transform martensitically. 

The specimen is designed to be conical, with the source 
region being restricted to the apex of the cone. Diffusion 
bonding was used to eliminate the interface separation 
between the two parts of  different compositions in order 
to prevent possible wave reflections at the interface dur- 
ing AE measurements. To accomplish this, a small disc 
of  Fe-30 pet Ni alloy was first attached to a larger sec- 
tion of Fe-40 pct Ni alloy with the contact surfaces of 
both parts being polished and cleaned beforehand. The 
two parts were then pressed together in a hydraulic press, 
and a clamp was attached. The clamped specimen was 
vacuum encapsulated and heat treated in a furnace at 
1150 ~ for 100 hours so that the voids along the inter- 
face between the two sections totally disappeared and the 
grains along the interface grew into each other, as ver- 
ified by metallographic observations. Finally, the spec- 
imen was machined to the required conical shape and 
dimensions, which are illustrated in Figure 4. All the 

specimens were austenitized at 900 ~ for 4 hours and 
then water quenched before the experiment. The average 
grain diameter in the whole specimen was found to be 
0.25 mm. 

2. Experimental setup 
A schematic diagram of the experimental setup is shown 

in Figure 5. An NBS piezoelectric transducer was used 
in the present study. The transducer, which provides a 
voltage linearly proportional to vertical displacement only, 
was placed at the center of the basal plane of the spec- 
imen, namely, at the epicenter position, with a thin layer 
of  vacuum grease in-between to ensure a good contact. 
The distance between the source region and the trans- 
ducer was about 10 mm. Although the source plane of 
a martensite plate may be oriented randomly at the apex 
of the specimen, this layout greatly simplifies the anal- 
ysis of  AE signals, because directly arriving P waves only 
cause vertical displacement at the epicenter position and 
direct S waves will not be detected by the transducer, 
which only senses vertical movement. Reflected S waves, 
as well as reflected P waves, may be detected, but they 
are well separated from the first arriving P wave by a 
time span. Therefore, the analysis can focus on the first 
motions due to direct P waves. 

The specimen and the transducer were placed inside a 
glass Dewar which, in turn, was placed inside a cooling 
Dewar  filled with liquid nitrogen. As the temperature 
was lowered to the transformation range, the growth of 
martensite plates produced a series of  AE signals. The 
frequency response of the NBS piezoelectric transducer 
is known to be flat up to 1.5 MHz and gradually falls 
off  to zero at about 5.5 MHz. pS1 This provides another 
source of frequency-dependent attenuation. The com- 
bined effect of two attenuation factors (the medium and 
the transducer) on the AE signals is that only large trans- 
formation events can be detected. 

The NBS transducer was connected with a two-stage 
wideband preamplifier. The first stage was a field effect 
transistor (FET) linear voltage follower (OEI 9963), and 

b ]I 
L 1 6 m m  

1 2 

Sample of AE Tests 
Fig. 4 - - C o n i c a l  specimen of  AE measurement.  The shaded region 
at the apex of  the cone is made of  Fe-30 wt pct Ni, while the rest of  
the specimen is Fe-40 wt pct Ni. 

3 

1.4 

4 

Fig. 5 - - S c h e m a t i c  diagram of the AE experimental setup: (1) liquid 
nitrogen Dewar; (2) glass Dewar; (3) NBS linear transducer; (4) fast 
storage oscilloscope; (5) brass shielding enclosure; (6) conical spec- 
imen; (7) epoxy mount; (8) liquid nitrogen coolant; (9) FET linear 
voltage follower; and (10) operational amplifier as an inverter. 
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the second stage was a wideband operational amplifier 
(OEI 9914A). Piezoelectric transducers are known to have 
very high output impedance.  To obtain a satisfactory 
impedance matching, a FET linear vo l tage  follower was 
used to serve as an impedance buffer. The wideband op- 
erational amplifier was connected as an inverter. The 
preamplifier gave a total gain o f  30 db and a bandwidth 
f rom 30 KHz  to 30 MHz.  The low frequency rolloff  was 
adjusted to eliminate environmental  mechanical  noises. 

The output of  the preamplifier was then fed into two 
parallel connected Tektronix fast storage oscilloscopes 
(Tektronix 7834 and 7623A).  Since the surface dis- 
placement  caused by a P wave can be either upward or 
downward  depending on the source orientation, two 
oscil loscopes were set on opposite triggering polarities 
in the storage mode to ensure that the first motion of  
P waves would be detected and recorded by one o f  the 
oscilloscopes. The bandwidths o f  the oscil loscopes were 
f rom 0 to 400 MHz for the Tektronix 7834 and f rom 0 
to 100 MHz  for the Tektronix 7623A. When  a signal 
was recorded by both oscil loscopes,  a comparison was 
made  between the two signal patterns to determine the 
first motion in a series o f  pulses. Afterward,  the photo 
records o f  the stored analog signals were converted to 
digital signals by a digitizer for further analysis. 

The electrical characteristics o f  the equipment  used in 
the present study (including that for the magnetic mea- 
surement) are summarized in Table I. The wide band- 
widths of  the required equipment  often bring about 
annoying noise problems that limit the use o f  high gain 
in signal amplification. With the bandwidths used in our 
study, FM radio interference sometimes became very an- 
noying and hard to eliminate. It was found that perfect 
shielding and common grounding for each apparatus were 
helpful to reduce the noise level. In addition, all con- 
necting leads and cables were made as short as possible. 

C. Results and Analysis 

Once  the specimen is cooled down to the transfor- 
mation temperature range, AE signals due to the for- 
mation of  martensite can be frequently recorded by the 
storage oscilloscopes. Different signal patterns have been 
observed at different temperature ranges,  which we refer 
to as preburst, burst, and postburst. 

The first burst in the A E  specimens occurs at about 
- 3 0  ~ Only a very few signals have been detected above 
the Mb temperature. These preburst signals, as shown in 
Figure 6(a), have their first motion,  namely ,  the first ar- 
riving P wave,  well separated from the subsequent re- 
flected waves that appear as a series o f  oscillations. The 
preburst signals have a relatively simple pattern, and they 

- 2 ~  
L 

(a) Preburst AE Signals 
- 3 2 ~  

- 39 ~ C - 52 ~ C 
(b) Burst AE Signals 

- 78 ~ C - 87 ~ C 
(c) Postburst AE Signals 

Fig. 6--Recorded AE signals at different temperatures: (a) preburst 
signals recorded at - 2  ~ (left) and -32 ~ (right); (b) burst signals 
recorded at -39 ~ (left) and -52 ~ (fight); and (c) postburst 
signals recorded at -78 ~ (left) and -87 ~ (fight). Time scale is 200 
ns/div (except 500 ns/div for the fight one in (a)). Voltage scale is 
50 mV/div measured at the output end of the preamplifier. 

are most  likely to represent the formation o f  single mar-  
tensite plates, which supposedly have not yet gained 
enough driving force to trigger the format ion of  other 
neighboring plates. 

The burst phenomenon  usually lasts over  a tempera- 
ture range o f  20 to 25 deg. Some of  the burst signals are 
shown in Figure 6(b). The burst signals display a more  
complicated pattern; i.e., their first mot ion  involves a 
number  o f  overlapping single pulses. They  usually ap- 
pear to be shower-l ike and choppy,  forming a long rising 

Table I. Characteristics of the Electronic Equipment Used 

Operational Amplifier Operational Amplifier Oscilloscope Oscilloscope 
Type 9963 Type 9914A Type 7834 Type 7623A 

Manufacturer Optical Electronics Inc. Optical Electronics Inc. Tektronix Inc. Tektronix Inc. 
Bandwidth dc to 30 MHz dc to 200 MHz dc to 400 MHz dc to 100 MHz 
Gain 0 dB 30 dB - -  - -  
Used for AE measurement magnetic and AE magnetic and AE AE measurement 

only measurements measurements only 
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voltage ramp. The burst signals obviously represent 
multievents as a result of an autocatalytic avalanche. 

After the burst region is passed, the shower-like burst 
signals gradually disappear and are replaced by a simple 
signal pattern. The postburst signals are very similar to 
the preburst signals, as shown in Figure 6(c). Since 60 
to 70 pct of the original austenite has already trans- 
formed to martensite after the burst region, the grains 
are partitioned by many large martensite plates which 
build up severe strain conditions in the small retained 
austenite segments. As a result, the probability for auto- 
catalytic formation of plates becomes very slim. Thus, 
it is fair to say that the postburst signals also represent 
the formation of single martensite plates. 

Since many individual events overlap in the burst sig- 
nals which make it extremely difficult to analyze the sig- 
nals with any accuracy, we will concentrate on the single 
events in the preburst and postburst regions to extract 
quantitative information on the growth velocity. It is worth 
mentioning that the characteristics of the preburst, burst, 
and postburst signals described above are displayed more 
clearly by the magnetic measurements of  the same trans- 
formation, because the magnetic signals show very sim- 
ple patterns and are easy to distinguish between single 
events and multievents. 

The signal analysis follows the approach described in 
Reference 34. In brief, the first arriving P-wave pulse of 
the transformation event is Fourier transformed to obtain 
an amplitude spectrum in the frequency domain, in which 
a series of minima called nodes can be found. The po- 
sitions of these nodes are insensitive to the media atten- 
uation, and the frequency of the first node may be chosen 
to characterize the source events. The nodes are a result 
of the interference of the wavelets emitted by different 
parts of the finite size source. The node frequencies have 
been shown to be closely related to the final size of  the 
source. For circular disc source events such as are as- 
sumed in the present study, the first node frequency is 
a function of  the final radius of the source and its ori- 
entation with respect to the detector, namely, the takeoff 
angle. It is found in our study that for a fixed takeoff 
angle, there is a one-to-one correspondence between the 
first node frequency and the final radius of  the martensite 
plate when the source expansion velocity ranges from 0 
to 0.6 vt, where v, is the shear wave velocity of the me- 
dium. This range covers most of our interest, and, be- 
yond that, relativistic effects result in some deviation. In 
principle, the takeoff angle can be determined by multi- 
transducer measurements. However, for the single trans- 
ducer measurements performed, by choosing only the 
strongest AE signals for further analysis, we have se- 
lected those signals which must have a takeoff angle close 
to the maximum probability direction, because the am- 
plitude of the signals drops steeply when their orienta- 
tions deviate from it.t341 After the final radius is determined 
from the first node frequency of an AE signal, the growth 
velocity can be calculated from the obtained plate size 
and the peak time of the AlE signal in the real-time domain. 

The calculated values of the final size and the average 
growth velocity for individual events detected at differ- 
ent temperatures are listed in Table II and plotted in 
Figure 7. It is found from our AE measurements that the 
growth velocity of individual transformation events 

Table II. Calculated Results of  AE Signals 

Node 
Temperature Frequency Peak Time Radius Velocity 

(~ (MHz) (/~s) (mm) Ratio 

-12  3.17 0.36 0.68 0.51 
-32  4.15 0.35 0.52 0.42 
-40  1.47 0.52 1.50 0.68 
-48 3.47 0.50 0.62 0.37 
-56  4.15 0.35 0.52 0.42 
-58  1.95 0.49 1.12 0.58 
-58  5.16 0.31 0.42 0.39 
-60  2.54 0.42 0.86 0.55 
-70  5.04 0.40 0.43 0.33 
-70  2.59 0.53 0.84 0.45 
-72  5.47 0.38 0.39 0.32 
-72  5.04 0.31 0.43 0.40 
-76  4.15 0.35 0.52 0.42 
-78  3.76 0.33 0.58 0.48 
-78  3.91 0.21 0.55 0.64 
-78  4.00 0.48 0.54 0.34 
-80  6.30 0.16 0.34 0.56 
-82  8.98 0.16 0.24 0.43 
-82  5.08 0.50 0.43 0.27 
-87  4.64 0.44 0.47 0.32 
-89  3.22 0.36 0.67 0.50 
-97  6.25 0.33 0.35 0.32 
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Fig. 7--Diagram of derived source parameters: (a) velocity ratio 
v / v ,  v s  temperature and (b) final radius vs  temperature. The takeoff 
angle 0 is assumed to be 55 deg. 
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varies from 0.25 to 0.65 in terms of  the velocity ratio 
(v /v , ) ,  where vt = 2.77 k m / s  t361 is the shear wave ve- 
locity in an Fe-30 pct Ni alloy. The ratio of  the maxi- 
mum to minimum growth velocities is nearly 3: 1, and 
there is perhaps a slight decrease of  the growth velocity 
as temperature falls, indicated by the linear regression 
fitted line in Figure 7(a). The decrease in the final size 
of  martensite plates with falling temperature is quite ob- 
vious in Figure 7(b). Because of the relatively severe 
frequency-dependent attenuation imposed by both the 
media and the transducer, high-frequency AE transfor- 
mation signals (namely, very short pulses) are dimin- 
ished too much in amplitude to be detectable. This is 
probably why the average final size of  martensite plates 
being detected (Figure 7(b)) is found to be greater than 
the average grain diameter. 

V. M A G N E T I C  I N D U C T I O N  M E A S U R E M E N T S  

A. Basic Principles 

In the martensitic transformation of  Fe-Ni alloys, the 
structural change from weakly ferromagnetic austenite 
(fcc lattice) to strongly ferromagnetic martensite (bcc 
lattice) involves a drastic change in magnetization. Ac- 
cording to Lenz's  law, the change in magnetization in 
an Fe-Ni specimen creates an electromotive force (emf) 
or a voltage in a coil of  wire surrounding the specimen. 
This emf is proportional to the time rate of the local change 
of the magnetic moment AM as 

dqb d(AM) 
E -  - - ~ - -  [1] 

dt dt 

where E is an instantaneous voltage in the circuit and 
ddP/dt is the time rate of  change of the magnetic flux 
through the circuit. This induced voltage carries useful 
information about the martensitic transformation. As- 
suming that a strong saturation magnetic field is applied 
parallel to the axis of a specimen, the magnetic domains 
in austenite are totally oriented along the direction of the 
magnetic field. A small region of austenite is then trans- 
formed to martensite, accompanied by a sudden increase 
of  magnetization in the same direction. The local change 
of the magnetic moment AM due to the martensitic trans- 
formation is directly related to the corresponding volume 
of the martensitic product V by 

AM AM 
V = - -  - [2] 

Als I~ - I~ 

where Is ~ and 1~ are the saturation intensities of mag- 
netization in martensite and austenite, respectively. 
Therefore, the induced voltage in a coil wound around 
the specimen is proportional to dV/d t ,  the time rate of 
change of the transformed volume. 

Based on the circular disc source model with a con- 
stant thickness, the volume in Eq. [21 is written as 

V = 7rR2h [3] 

where R is the radius of the martensite plate and h is the 
thickness of  the midrib region. Combining Eqs. [1] 
through [3], one can derive that 

dR 
E = C R - -  = CRv [4] 

dt 

where C is a proportionality constant and v is the average 
growth velocity. Taking the time derivative of the in- 
duced voltage, the slope of  the voltage signal is given 
by 

dE dR 
- -  = C v - -  = Cv 2 [51 
dt dt 

Under the assumption of a constant growth velocity, the 
induced voltage is linear in time, with the slope propor- 
tional to the square of  the growth velocity, and the mag- 
netic induction method is indeed velocity-sensitive. Most 
recorded signals of  single events show a linear rising slope, 
which seems to support this model. 

B. Experimental  

1. Specimen preparation 
The original materials in this experiment were 99.99 pct 

pure iron and nickel. An Fe-30 wt pct Ni alloy was melted 
in an induction furnace under an argon protective at- 
mosphere, and rods (9.5 m m  in diameter and 100 m m  
in length) were cast in the furnace. The rods were then 
homogenized at 1200 ~ for 48 hours to eliminate the 
columnar casting structure and obtain nearly equiaxial 
grains. After the homogenization treatment, the rods were 
cut into cylinders of  9.5 mm in diameter and 15 m m  in 
length. The cylinders were further machined to be hol- 
low with a wall thickness of  1.25 mm in an attempt to 
reduce the effect of  eddy current on the magnetic sig- 
nals. (As will be seen later, even with the hollow spec- 
imen, eddy currents still play a significant role in the 
shape of the signals.) Then, specimens were austenitized 
at 900 ~ for four hours and water quenched. All the 
heat treatments were performed with specimens encap- 
sulated in quartz tubes with a vacuum of 10 -7 torr. At 
room temperature, the specimens remained as nearly 
100 pct austenite. The average grain size was found to 
be 0.2 mm. 

2. Experimental  setup 
A schematic diagram of the experimental setup for the 

magnetic measurements is shown in Figure 8. A dc mag- 
net was used to produce a uniform 8000 Oersted mag- 
netic field which is strong enough to saturate the specimens 
in either austenite or martensite states. A cylindrical 
specimen of Fe-30 pct Ni alloy was placed between two 
poles of  the magnet with its axis parallel to the direction 
of the field. A detection coil was tightly wound around 
the specimen. Both specimen and coil were placed in a 
copper enclosure which was proven to be essential for 
shielding and prevention of  external electromagnetic 
interference. The copper enclosure was wrapped inside 
a styrofoam sleeve which served as a heat insulator (not 
shown in Figure 8). The temperature variation required 
by the martensitic transformation was achieved by flow- 
ing a cooling gas through the enclosure. Nitrogen gas 
from a gas cylinder first passed through a spiral pipe 
immersed in a container filled with liquid nitrogen, then 
entered the enclosure, and finally left it. The cooling gas 
circulation resulted in a steady cooling rate. (The cooling 
rate may vary as desired by controlling the gas flow rate.) 
The detection coil was connected to a preamplifier and 
then to a high-speed storage oscilloscope. 
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Schematic Diagram Of 
Experimental Set-up Of Magnetic Induction Method 

( I ) Cooling gas inlet[ N?.) ( 4 )  Magnet( 8000-gauss field) 
( 2 )  Cooling gas outlet ( 5 )  Copper shield 
( 5 )  BNC Connector (6 )  Specimen ( h o l l o w )  

(Connectedwithcoaxialcable) (7)  Pick-up coil 

Fig. 8--Schematic diagram of the magnetic measurement: (1) cool- 
ing nitrogen inlet; (2) cooling nitrogen outlet; (3) BNC connector; 
(4) magnet (8000-gauss field); (5) copper shield; (6) hollow cylindri- 
cal specimen; and (7) detection coil. 

To guarantee the least distortion in signals caused by 
the detecting and recording systems, wide bandwidths 
are extremely vital for every electronic apparatus. The 
magnetic measurement requires a flat frequency re- 
sponse from dc to some upper limit which must be much 
higher than the frequency range of the transformation 
signals. Many commercial high-frequency linear ampli- 
fiers often have a low-frequency rolloff which results in 
oscillations following the initial rise in the magnetic sig- 
nals. The reason for these oscillations is that the decay- 
ing tail in magnetic signals due to the effect of eddy 
currents is of lower frequency and is distorted by the 
presence of the low-frequency rolloff. These oscillations 
make it virtually impossible to analyze the magnetic sig- 
nals. The preamplifier chosen was an operational am- 
plifier (OEI 9914A) connected as an inverter with a gain 
of 30 dB and a bandwidth from dc up to 200 MHz. The 
oscilloscope used to record signals was a Tektronix 7834 
high-speed storage oscilloscope with a bandwidth from 
dc to 400 MHz. The response time of both the pream- 
plifier and the oscilloscope was much faster than the time 
durations of the transformation signals (usually greater 
than 30 ns) so that virtually no distortion resulted from 
signal amplification and recording. 

3. Design of detection coil 
Intuitively, one would think that the sensitivity of  the 

detection coil increases with the increasing number of 
turns of the coil. However, this is not true for the pre- 
cision measurement of high-frequency signals. With the 
increasing number of turns N in the coil, the inductance 
of the coil L increases (proportional to N2), which in turn 
raises the time constant of the coil ~- (~- = L/R, where 
R is the resistance of the coil). As will be shown by 
Eq. [12], when the time constant of the coil is much 
greater than that of the specimen, the amplitude of the 
induced signal Ema x is proportional to N and is inversely 
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proportional to r. Therefore, increasing the number of 
turns would not improve the sensitivity. On the contrary, 
the greater the time constant of  the coil, the worse the 
sensitivity of the coil is to the high-frequency transfor- 
mation signals. We have systematically studied the ef- 
fect of  the number of turns of a coil on its time constant 
and high-frequency rolloffs by using a calibration coil as 
the primary coil. The rolloff here corresponds to the fre- 
quency at which the amplitude of the induced voltage 
starts falling. The results are summarized in Table III. 

It becomes obvious now that the fast transformation 
signals would be severely distorted by the detection coil 
with a time constant much greater than that of the trans- 
formation event. Figure 9 shows some recorded trans- 
formation signals using a 600-turn coil, in which the very 
long decaying tails are the indication that signals evi- 
dently carry the characteristics of the detection coils. In 
order to eliminate the effect of  the detection coil on the 
shape of induced signals, the time constant of the Coil 
should be kept much smaller than that of the transfor- 
mation events, which ranges from tens to hundreds of 
nanoseconds. It will be seen shortly that the precision 
measurement of the time constant of the transformation 
event ~'1 is crucial to the signal analysis. Even the time 
constant of a 20-turn coil (60 ns) seems inappropriate, 
because it would give rise to a considerable error in mea- 
suring ~-1. The actual detection coil used in our experi- 
ment was a 3-turn coil, and its time constant was estimated 
to be about 1.35 ns. By doing so, the effect of the de- 
tection coil on the signal shape has been minimized. 

C. Effect of Eddy Currents 

Based on Eqs. [1] through [5], the variation of AM 
and E with time are plotted by solid curves in Figure 10. 

Table III. Characteristics of  Detection Coils 

Number Time Rolloff 
of Turns Constant (ns) Frequency (MHz) 

20 60 17.5 
40 250 6.0 

100 1800 1.5 
600 50,000 0.5 

(a) - 67 ~  (b) - 3 9  ~  

Distorted Transformation Signals Using a 600-turn Coil 

Fig. 9--Distorted transformation signals using large-turn coils. Sig- 
nals in (a) and (b) were measured using a 600-turn coil. Time scale 
is 200 ns/div. Voltage scale is 20 mV/div. 

VOLUME 20A, SEPTEMBER 1989-- 1609 



/ /  

J /  
TIME, t m- T IME,  t 

(a) (b) 

Effect of Eddy Currents on Magnetic Signals 

Fig. 10--Variat ion of magnetic moment and voltage with time: 
(a) AM-t curve and (b) E-t curve. The solid curves represent the ideal 
cases without the effect of eddy currents, and the broken curves rep- 
resent the actual cases with eddy currents in effect. 

These curves represent an ideal case, where no eddy cur- 
rent effects of the specimen have been taken into ac- 
count. In reality, the amplitude and form of the induced 
voltage pulses are markedly influenced by the rate of 
change of induction in the specimen, which, in turn, is 
controlled by the decay of the eddy currents set up in 
the specimen. Eddy currents can be understood in terms 
of Lenz 's  law, since the specimen is a good conductor 
which can be considered as a coil itself. Therefore, any 
local change in magnetization will create eddy currents 
inside the specimen to oppose this change. From a the- 
oretical point of view, a local change in magnetization 
causes the change of induction B, and the rate of change 
in B is governed by the equation for the propagation of 
this change as a function of position and time. The change 
in induction is retarded by the presence of eddy currents 
during its propagation from the source to the windings 
of  the coil. In general, the effect of  eddy currents is to 
reduce the amplitude of the induced voltage and to create 
a decaying tail to oppose the sudden end of the change 
in magnetization. The AM-t and E-t curves under the 
influence of eddy currents are presented as broken curves 
in Figure 10. In addition, the extent to which the in- 
duced voltage signals are influenced by eddy currents 
depends on how far the source of local magnetic change 
is from the coil windings. 

The effect of eddy currents on the induced voltage in 
a detection coil has been studied in several papers de- 
voted to the Barkhausen effect. I37,3~1 Tebble eta/. I371 have 
given a detailed mathematical treatment on the decay of 
induction accompanying a local change in magnetization 
in a cylindrical specimen. They proposed that the influ- 
ence of eddy currents can be represented by an effective 
time constant for the source, which turns out to be a very 
useful tool to analyze magnetic signals. Note that the 
time constant of a magnetic source is associated with the 
specimen and should not be confused with the time con- 
stant of the detection coil discussed in the previous section. 

It is clearly shown in Tebble 's  paper that both the am- 
plitude and the shape of  the induced voltage depend 
heavily on the spatial location of a change in magneti- 
zation. The voltage amplitude becomes smaller and the 
subsequent decaying tail longer as the ratio b/a de- 
creases, where a is the radius of  a cylindrical specimen 
and b is the distance of an event from the axis of the 
cylinder. The time constant of  a magnetic event is then 

defined as the time duration when the change in flux or 
the induced voltage falls to 1/e of its maximum value. 
Depending on the location of a source event, the time 
constant r~ decreases from its maximum value (at the 
axis of  the cylinder) to zero (at the surface), as b/a in- 
creases from zero to one. When hollow cylindrical spec- 
imens are used, the effect of  eddy currents is reduced to 
some extent, but the same principle applies; i.e., the time 
constant reduces to zero, and the voltage amplitude reaches 
a maximum as a source approaches the outer surface of 
the hollow cylinder. In fact, the effective time constant 
of  a transformation event can be measured directly from 
the decaying tail of  the recorded voltage signal. The im- 
portant fact to be kept in mind is that the time constant 
of  an event provides useful information on how deeply 
it is located from the surface (or, more accurately, how 
far it is from the windings of  the coil). 

In regard to the disc-shaped source in our study, the 
time constant ~-~ at different portions of  the disc varies 
when the disc plane is not parallel to the axis of  the spec- 
imen. Since the size of a martensite plate is much smaller 
than that of  the specimen, the variation of z~ with the 
changing depth of  a martensite plate in the specimen is 
approximately linear. Therefore, the effective time con- 
stant of  a plate may be taken to be that at its center, 
regardless of its orientation. It will be shown in the method 
of signal analysis that the time constant of  each trans- 
formation event needs to be known accurately in order 
to calculate its growth velocity. This also explains why 
the time constant of  the detection coil should be kept as 
small as possible without causing any error in measuring 
the time constant of transformation events. 

The following test has been carried out to investi- 
gate the localization of magnetic signals in our experi- 
ment. The transformation signals were measured using 
two closely spaced 3-turn coils, which were tightly wound 
around the specimen separately. The distance between 
the two coils was only 2 mm. Each coil was 9.5 mm in 
diameter and 1.8 mm in length. The two coils were con- 
nected to two independent preamplifiers of the same gain 
(30 dB) which controlled the horizontal and vertical beam 
reflection of the storage oscilloscope, respectively. The 
storage oscilloscope was set up in the X-Y display mode 
and was triggered by one of the coils, for example, by 
the vertical (Y) deflection only. If a magnetic signal was 
detected by both coils, the signal trace recorded by the 
oscilloscope would have both X and Y components. As 
a matter of fact, almost all the signals recorded during 
the experiment showed a deflection in the Y direction 
only, except one caught fight at the Mb temperature which 
had some scattered features. This was probably because 
the burst involved the formation of many martensite plates 
over  a relatively large volume which evidently affected 
both coils. This result implies that the magnetic signals 
detected by a coil come only from those events that take 
place in the very close vicinity (<1 mm) of the coil 
windings. 

D. Resul~ 

Because of the simple signal patterns, the magnetic 
signals can be easily classified as preburst, burst, and 
postburst according to the corresponding temperature 
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ranges. The first burst ,  i.e., the Mb temperature ,  in the 
magnet ic  spec imens  occurs  at about  - 1 5  ~ Very  few 
signals were  recorded above  M~, which  appeared as  sin- 
gle pulses r is ing quickly  to its peak  and then decay ing  
gradual ly  to zero,  as shown in Figure  1 1. They are most  
l ikely to represent  the fo rmat ion  o f  single martensi te  
plates.  As tempera ture  reached  the burst  region,  many  
large,  shower- l ike  signals  were  recorded  which appeared  
very choppy,  h igh-ampl i tude ,  and long-last ing.  Differ-  
ent types of  burst signals are presented in Figure 12. Each 
individual  r ipple  or  pulse in the burst  s ignals  p resumably  
represents the format ion  o f  a s ingle martensi te  plate with 
the rising t ime ranging f rom 20 to 80 ns. These s ignals  
obviously  represent  mul t ievents  as a result  of  an auto- 

(a) - 6  ~  (b) - 14 ~  

Preburst Magnetic Signals of Martensitic Transformation 

Fig. l l--Preburst magnetic signals of martensitic transformation: 
(a) - 6  ~ and (b) - 14 ~ The time scale is 100 ns/div and the volt- 
age scale is l0 mV/div measured at the output end of the preamplifier. 

~,r. �9 

cata ly t ic  avalanche.  The pos tburs t  s ignals  show the same 
pat tern as that o f  preburst  ones.  F igure  13 shows some 
pos tburs t  s ignals  that all have a short  r is ing part  fo l lowed  
by  a re la t ive ly  long decaying  tail.  The  ampl i tude  o f  the 
r is ing part  and the length o f  the decay ing  tail in these 
s ignals  vary  f rom each other. The  t ime dura t ion  of  the 
r is ing part  ( te rmed the peak  t ime) o f  all  s ingle pulses  
ranges between 25 and 100 ns. The time constant of  these 
s ingle pulses ,  r~, extends f rom 30 to 300 ns. The vary ing  
lengths  o f  the decaying  tails in these s ingle  pulses ,  as 
well as their amplitudes, indicate the different depths from 
the coi l  windings  at which the martensi te  plates  form. 

In short ,  the signal pat terns at d i f ferent  tempera ture  
ranges  lead  to the conclusion that  the t ransformat ion  sig- 
nals above  and be low the burs t  t empera ture  region cor-  
r e spond  to s ingle events,  whereas  the s ignals  within the 
burst  reg ion  are related to mul t ievents .  Aga in ,  our  anal-  
ysis  wi l l  be focused only on the single events  to der ive  
the g rowth  veloci ty  of  ind iv idua l  mar tens i te  plates .  

E. Signal Analysis 

It is known from Eq. [5] that  the growth  ve loc i ty  can 
be deduced  f rom the rising s lope of  the induced  vol tage.  
H o w e v e r ,  the ampl i tude  of  the recorded  vo l tage  E~a x is 
r educed  to some extent due to the effect  o f  eddy  cur-  
rents.  Thus ,  it is necessary to make  a cor rec t ion  for  E~ax 
before  Eq.  [5] can be used.* In d iscuss ing  the form o f  

*Strictly speaking, the peak time would be affected by eddy cur- 
rents such that it would be, to some degree, longer than the actual 
time of formation of a plate. Since the peak time in single pulses is 
in the same order of magnitude as the measured time constant ~-~, the 
error caused by the effect of eddy currents on the peak time is believed 
to be negligible. 

(a) - 20 ~  (b) - 3 9 ~  

Z 
.~L_.& 

(a) - 5 3  ~  (b) - 6 1 " C  

(c) - 24 ~  (d)  - 3 3  ~  

[~r 1Otl~ 

(c) - 67 ~  (d)  - 63 ~  
- 6 4 o c  

Burst Magnetic Signals of Martensitic Transformation 

Fig. 12--Burst magnetic signals of martensitic transformation: 
(a) -20 ~ (b) -39  ~ (c) -24  ~ and (d) -33 ~ The scales are 
the same as in Fig. 11. 
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Postburst Magnetic Signals of Martensitic Transformation 

Fig. 13--Postburst magnetic signals of martensitic transformation: 
(a) -53  ~ (b) -61 ~ (c) -67 ~ and (d) -63 ~ and -64 ~ 
The scales are the same as in Fig. 11. 
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the voltage pulses induced in a detection coil, Tebble 
e t  a l .  1371 proposed an ingenious idea to calculate the in- 
duced voltage. Their idea has been modified here to deal 
with the effect of eddy currents. Since the time constant 
r~ is related to the position of a magnetic event in the 
specimen, the specimen associated with a particular 
magnetic event can be considered as a single-turn coil 
with induction L ~, cross-section A 1, circuit resistance R ~, 
and the time constant r l  = L t / R ~ .  Imagine that a local 
change in magnetic moment AM results in a change in 
current it through this "coil" according to the relation 

A M  = i l A j  [6] 

The specimen and the detection coil can now be replaced 
by two coupled circuits of mutual inductance M, with 
the specimen as the primary coil and the detection coil 
as the secondary one whose time constant r2 = L 2 / R 2 .  
Furthermore, the theory of  coupled coils can be applied. 
The current induced in the secondary coil by a change 
in current it in the primary is given by I391 

M i l  ol 2 - -  13 2 
i 2 = - -  - -  e-~'(e +~' - e t3t) [7a] 

R 2 2/3 

with 

rt + %  
o g - -  

2rtr2(1 - k 2) 

[(rl _ %)2 + 4 k 2 r t r 2 ] t / 2  
/3 = [7b] 

2%%(1 - k 2) 

where k = M / L V ~ L ~  is the coefficient of coupling. It 
can be derived that with k = 1 (perfect coupling), i2 
takes the form 

i2 = - -  [81 
R2 

It has been shown that the detection coil is designed such 
that it has no effect on the shape of the induced pulse, 
i . e . ,  r t  >> r2. Under this condition, i2 is further simplified 
a s  

M i t  
i2 --  [9] 

R 2 7 1 

The mutual inductance between the two coils under con- 
sideration can be approximately expressed by t371 

2 r rN2A  1 
M - ( l  2 + r2)t/2 [10] 

where N2 is the number of turns in the detection coil, 12 
is the half length of the coil, and r is the radius of the 
coil. Substituting Eqs. [6] and [10] into Eq. [9], one can 
obtain an expression for the amplitude of the induced 
voltage: 

M i t  2rrN2 AM i 
E m a  x = i 2 R  2 - - when rl >> r2 [11] 

rt  r t ( l~  + r2 )  1/2 

It can be seen from Eq. [ 1 1] that the amplitude of the 
induced voltage is inversely proportional to rt, the value 
of which depends on the position of  a source event in 

the specimen. When the source is on the surface of the 
specimen and underneath the coil windings, r~ = 0. This 
is another extreme case where r~ ~ z2. A similar deri- 
vation leads to the following equation: 

M i l  2rrN2 A M  
ESax - - [12] r2 %(122 -b r2) 1/2 when rl ~ % 

This case implies that the amplitude of the induced volt- 
age depends entirely on the time constant of the detec- 
tion coil, while the specimen has no effect on the shape 
of the magnetic signals at all. 

Combining Eqs. [11] and [12], one can easily obtain 

s Ema x ~- E i a x  'F1 [ 1 3 ]  
r2 

where E~,ax and i Ema~ are the amplitudes of the induced 
voltage for a source event at the surface (rl ~ r2) and 
inside the specimen (rt >> r2), respectively. Since i Emax 
and rl can be measured from a recorded signal and r2 
can be calibrated experimentally, E ~  for each signal 
can be calculated from Eq. [13]. This enables us to re- 
move the effect of eddy currents as if all the transfor- 
mation events were moved to the surface underneath the 
detection coil. Therefore, all the recorded signals can be 
compared under the same conditions after such a cor- 
rection has been made. 

Now, we can use Eq. [5] and rewrite 

- - -  - C v  2 [14] 
a t  tp 

where tp is the peak time corresponding to Ema x and can 
be measured from a recorded signal. Once the growth 
velocity is known, the size of a martensite plate R (radius) 
is calculated by 

R = Vtp [15] 

However, the problem remains of determining the 
proportionality constant C in Eq. [14]. From Eqs. [2], 
[3], [12], and [15], one can derive the expression for C 
to be 

2 7 r 2 N 2  Als tp h 

C - r2 ( l  2 + r2)1/2 [16] 

It can be seen from Eq. [16] that the thickness of the 
disc source h is unknown, while other parameters are 
measurable. It is rather difficult to estimate this thick- 
ness, because there are no experimental data available so 
far to provide any quantitative estimate of the thickness 
of the midrib region. Thus, any calculated absolute val- 
ues of the growth velocity based on this undetermined 
parameter would be of little significance. Nevertheless, 
the problem can be circumvented by the following treat- 
ment. Under the assumption of constant thickness, the 
relative values of  the growth velocity of all recorded sig- 
nals can be obtained according to Eq. [14]. Assuming 
the slowest growth velocity is 0.25 v,, which corre- 
sponds to the slowest velocity observed in the acoustic 
emission measurements, we are then able to calculate the 
growth velocity of all signals recorded at different tem- 
peratures and the size of their corresponding martensite 
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Table IV. Calculated Results of Magnetic Signals 

Temp. Radius Velocity Temp. Radius Velocity 
(~ (/~m) Ratio (~ (/.cm) Ratio 

- 6 29 0.30 -62  39 0.35 
- 14 80 0.48 -63 62 0.45 
-17 65 0.53 -63 67 0.32 
-18 30 0.36 -63 38 0.46 
-24 45 0.25 -64  47 0.57 
-30 31 0.40 -64  74 0.38 
-32 45 0.36 -65 107 0.31 
-38 53 0.32 -66  81 0.42 
-44 47 0.37 -67 50 0.33 
-45 146 0.31 -67 80 0.48 
-52 84 0.34 -67 107 0.45 
-52 78 0.28 -68 46 0.56 
-52 127 0.57 -68 96 0.41 
-53 74 0.31 -70  39 0.36 
-55 52 0.37 -71 52 0.29 
-55  57 0.51 -71 46 0.37 
-55 103 0.53 -72  78 0.35 
-56 39 0.31 -73 38 0.34 
-57 51 0.33 -74  57 0.33 
-58 41 0.37 -74  49 0.36 
-58 89 0.40 -75 64 0.27 
-59 47 0.49 -76  62 0.41 
-61 56 0.50 -78 30 0.36 
-61 133 0.48 -81 48 0.25 

plates using Eq. [15]. The results are presented in Table IV 
and Figure 14. Note that the growth velocities are given 
in terms of the velocity ratio v / v , .  The temperatures of 
recorded signals extend from - 6  ~ to - 8 1  ~ The 
general trend found in Figure 14 is that as the temper- 
ature drops, the final radius of martensite plates de- 
creases and the growth velocity slightly reduces but shows 
sizable scattering. The ratio of maximum to minimum 
growth velocities is nearly 2.5: 1. 

It is worth mentioning that an alternative to the as- 
sumption of constant thickness is to use the assumption 
of constant aspect ratio, in which the ratio of the thick- 
ness to the diameter of a martensite plate is kept constant 
during growth. Then, the absolute value of the final size 
of a plate could be determined by using a given aspect 
ratio, with the growth velocity calculated by Eq. [15]. 
When the aspect ratio of  1:25 was used, the results 
showed even greater scatter in growth velocity, namely, 
the ratio of maximum to minimum velocities was 
about 4: 1. 

VI. DISCUSSION 

In the present study, quantitative analyses have been 
made for fast martensite growth events in an Fe-30 pet 
Ni alloy based on the experimentally measured magnetic 
and acoustic emission signals over a wide temperature 
range. The signal patterns indicate that the transforma- 
tion can be divided into three categories according to the 
temperature ranges: preburst, burst, and postburst trans- 
formation regions. An accurate analysis can be made only 
for single transformation events that take place in the 
preburst and postburst regions. 

Because the magnetic and acoustic emission methods 
are both velocity-sensitive in principle, very few signals 
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Fig. 14--Calculated growth velocity and final size of single events: 
(a) velocity ratio vs temperature and (b) final radius vs temperature. 

have been detected in the preburst region, and they all 
happened just above the Mo temperature. That the mar- 
tensite plates formed above M b  were hard to detect by 
our measurements may result from two factors. First, 
these transformation events are probably too small, put- 
ting the intensity of these signals below the sensitivity 
of the detecting circuit. Second, it is more likely that a 
martensite plate formed above room temperature grows 
at relatively low velocity, so that it generally will not 
be detected by velocity-sensitive methods. Following 
Nishiyama et  a l . ' s  analytical treatment of  martensitic 
growth, [4~ Yu [4H discussed the effect of temperature rise 
in front of a growing interface on the growth velocity of 
martensite in the preburst region and found that the tem- 
perature rise in a transformation front has an upper limit 
determined by the latent heat of transformation and the 
specific heat of the material. For an Fe-30 pct Ni alloy, 
ATmax is about 92 ~ In the preburst region, a growing 
martensite plate could be slowed down to reach a lower 
steady speed, because the accumulated temperature rise 
with the increasing size of the plate would reduce the 
net chemical driving force. The actual growth rate is, 
thus, limited by heat dissipation. When the undercooling 
becomes large enough, the net driving force will not be 
entirely offset by the maximum temperature rise ATmax, 
and it will keep the transformation front moving at a higher 
steady-state velocity. As the transformation temperature 
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is further lowered, the steady-state growth rate increases 
up to a point where it becomes large enough to create a 
stress wave that triggers the autocatalytic formation of 
neighboring martensite plates. This temperature is, thus, 
referred to as the "burst temperature," Mb. It seems that 
a few signals detected above Mb are presumably from 
those transformation events with relatively large growth 
velocity that enter the detectability range of our mea- 
suring techniques. 

A large number of postburst transformation events were 
detected by the magnetic and acoustic emission mea- 
surements. These signals were quantitatively analyzed to 
derive their final size and average growth velocity. The 
results are shown in Figures 7 and 14. The size of  mar- 
tensite plates decreases with descending temperature 
because of the partitioning of the austenite grains. 
The growth velocity shows wide scattering (the velocity 
ratio v/v, ranges from 0.25 to 0.65) and a slightly de- 
creasing average value as the temperature drops. Two 
independent measurements in our study resulted in very 
consistent trends of the growth velocity. 

In order to explain the velocity scatter, several 
possibilities should be considered. First of  all, the 
experimental errors involved in signal measurements and 
analog-digital conversion are estimated to be within 
-+ 10 pct. In the single AE transducer measurements,  the 
takeoff angle was assumed to be 55 deg (the maximum 
probability direction)J 341 Although we chose for further 
analysis only the AE signals that showed a large ampli- 
tude in the first motion, the actual takeoff  angle could 
still to some extent deviate from the maximum proba- 
bility direction. If  we allow the takeoff  angle to vary 
within ---10 deg, the resultant error in the growth veloc- 
ity is estimated to be less than • 16 pct. Combining these 
two sources of error, the rms error should be less than 
+-20 pct and, therefore, too small to account for the wide 
velocity scatter ranging from 0.25 to 0.65 v,. 

Another possible source of velocity scatter arises from 
variation in the actual shape of martensite plates. We 
have been using a circular disc model in our analysis. It 
is generally accepted that martensite plates in Fe-30Ni 
are of  thin ellipsoidal shape. Although there is no thor- 
ough statistical investigation of the three-dimensional 
shape of martensite plates available so far, it seems plau- 
sible that the actual shape may not always be fully cir- 
cular in the radial dimension. An obvious example is that 
some martensite plates may start growing from a grain 
boundary and form a semicircular disc. Thus, it is rea- 
sonable to assume that the shape of martensite plates can 
range statistically from semicircular to fully circular discs. 
This causes a variation of the estimated volume of a plate 
by a factor of 2. Bear in mind that the signal amplitude 
is proportional to the square of growth velocity. The ratio 
of  the maximum to minimum growth velocity then can 
be as much as V 2 : l .  However,  this ratio is still much 
smaller than that observed by the quantitative 
measurements. 

Two distinct features of  the growth velocity revealed 
in the present study, the growth velocity scatter and the 
slight velocity decrease with temperature drop, can be 
explained in terms of varying stress and strain conditions 
in the vicinity of growing martensite plates. It is well 

established that the elastic stress and the plastic de- 
formation may either assist or suppress martensitic 
transformations, depending on whether the resolved 
components of  the acting stress on the shear planes of  
the transformation aid or oppose the chemical driving 
force. In the postburst temperature regime, a large num- 
ber of martensite plates have already formed in each aus- 
tenite grain. They create a complex stress and strain 
condition due to the dilation and plastic accommodation. 
The stress condition varies from one location to another. 
Some growth events might be assisted by the stress and 
strain conditions, gaining more driving force, while oth- 
ers might lose driving force. Therefore, it is not sur- 
prising that the growth rate of the postburst events shows 
a relatively wide scatter even at the same temperature. 
As the fraction of the transformation increases, the re- 
tained austenite regions attain more and more hydrostatic 
pressure, which is known to suppress martensitic trans- 
formations. This probably explains the slightly descend- 
ing trend of the growth velocity with decreasing 
temperature in spite of  the increase in the chemical driv- 
ing force due to the increasing supercooling. The argu- 
ment that strain conditions have a great impact on the 
actual growth velocity of a martensite plate is also sup- 
ported by the results of  the molecular dynamics com- 
puter simulations conducted by the authors in the same 
alloy system. These results will be described in the fol- 
lowing paper. ~421 

VII .  C O N C L U S I O N S  

1. By using a quantitative approach to the acoustic 
emission (AE) source characterization proposed by 
the authors, the growth velocity and the final size of  
the martensitic transformation events can be derived 
without getting involved in the complicated measure- 
ments of media attenuation. This method can be eas- 
ily transferred to study crack growth and high rate 
deformation processes. 

2. The magnetic induction method has been critically 
examined in the present study. Significant improve- 
ments have been made to eliminate various sorts of  
artifacts caused by the detection circuitry. Based on 
the relatively simple patterns of magnetic signals, we 
were able to characterize signal types and distinguish 
between single events and multievents and their cor- 
responding temperature ranges. In order to analyze 
the magnetic signals quantitatively, we have studied 
the effect of  eddy currents on the signal form and 
developed a method to extract information on the 
growth rate of  each individual transformation event. 

3. The magnetic and acoustic emission measurements 
provide independent but consistent results on the 
growth velocity of  the martensitic transformation in 
an Fe-30 pct Ni alloy. We are able, for the first time, 
to determine the growth velocity and the final size 
simultaneously for individual transformation events. 
The experimental results indicate that the growth ve- 
locity of the athermal martensitic transformation ranges 
from 0.25 to 0.65 of the shear wave velocity, de- 
pending on the strain condition in the vicinity of  a 
transformation event. 
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