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Acoustical emission shows promise as a real-time monitor 
of martensite formation 

ABSTRACT. Welding of high-carbon and 
some high-hardenable alloy steels often 
can cause martensite formation, which 
may lead to cold cracks. Acoustic emission 
is one of the most promising techniques 
for monitoring martensite formation, since 
it can be implemented in real time with a 
remote sensor, and is highly sensitive and 
nondestructive. In this paper, martensitic 
transformation occurring during welding 
of AISI 4340 steel is identified from signals 
from porosity and sound welds using pat
tern recognition analysis of the acoustic 
emission signals generated. 

A frequency-based pattern recognition 
technique using linear discriminant func
tions has been implemented with success
ful classification. Using a binary decision 
strategy and independent data testing, 
classification rates of 100 and 99.1%, 
respectively, were obtained between 
sound welding and martensite formation/ 
porous weld signals, and 96.4 and 76.0% 
between martensite formation and po
rous weld signals, respectively, were 
achieved using the eight best features. 
However, for a simultaneous decision 
strategy and independent testing, classifi
cation rates of 96.4, 70.0 and 100% were 
obtained for martensite formation, po
rous and sound welding signals, respec
tively, using all 17 features. 

Introduction 

Welding of high-carbon and some alloy 
steels often introduces conditions that re
sult in martensite formation. Martensite 
may lead to the formation of cold cracks, 
which in general are detrimental to weld 
quality and cannot be permitted in most 
applications. Thus, it is desirable to mon
itor the formation of martensite in real 
time so that welding conditions ,can be 
changed to prevent further damage to the 
weldment. Furthermore, welding discon
tinuities can be more easily repaired when 
detected in real time. Traditional nonde
structive testing techniques such as radi
ography, ultrasonic testing, etc., cannot 
detect the martensite formed from a 
welding process. Detection by micros

copy is destructive and time consuming. 
Acoustic emission (AE) is a term describ

ing a phenomenon whereby transient 
elastic waves are generated by the rapid 
release of energy from localized sources 
within a material, such as plastic deforma
tion, fracture, crack formation and mar
tensitic transformation. It is a high-sensi
tivity technique for detecting active mac
roscopic events in a material. Since these 
events give rise to elastic waves that 
propagate out into the material, it is not 
necessary to focus on the exact location 
of the source event to detect it. Thus, AE 
is a monitoring technique that, rather than 
requiring 100% volumetric scanning, can 
inspect using remote and contact sensors. 
In-process inspection with AE allows re
pair to be accomplished on a pass-by-pass 
basis, and either eliminates or greatly 
reduces postinspection repair. This can al
low a significant reduction in fabrication 
costs through reduced repair cost. 

This paper presents the results of ex
periments done to monitor martensitic 
transformation during welding of AISI 4340 
steel and classification of AE signals gener
ated by martensite formation from signals 
associated with porosity and sound welds. 

Background 

Acoustic emission monitoring of mar
tensitic transformation has been investi
gated by a number of researchers. The 
"click" that occurs during the formation of 
martensite in high-nickel steel was re-
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ported by Forster and Scheil (Ref. 1) in one 
of the first studies of AE in the literature. 
However, from that time until the early 
1970s, no further work was done on AE 
generated during phase transformations 
in solids. Liptai, ef al. (Ref. 2), studied AE 
during formation of martensite in gold-
cadmium and indium-thallium alloys and in 
cobalt and plutonium, during both heating 
and cooling. He also studied the eutectoid 
transformation in a tin-cadmium alloy and 
showed that such a diffusion-controlled 
transformation did not generate AE. Spe-
ich and Fisher (Ref. 3) have studied mar
tensite formation in an Fe-28Ni-0.11C al
loy steel using AE. It was found that an av
erage of 15 martensite plates were 
involved in each acoustic emission event, 
and the volume of martensite formed per 
acoustic emission event decreased with 
increasing volume fraction. Phase trans
formation in a wide variety of steels was 
also investigated by Speich and Schwoe-
ble (Ref. 4). They found that acoustic 
emission was generated during the for
mation of martensite but not during the 
formation of ferrite, bainite or pearlite, 
and the intensity of acoustic emission 
generated during martensite formation 
increased markedly as the carbon content 
of the steel increased. Simmons and Wad-
ley (Ref. 5) undertook the first quantitative 
work relating acoustic emission to the 
process of martensitic transformation. 
Subsequent quantitative work was done 
by Kannatey-Asibu and Dong (Ref. 6), re
lating the Gibbs free energy change (the 
driving force for the transformation) to 
the RMS value of acoustic emission signals 
(a measure of the intensity of AE signals). 

Many researchers have demonstrated 
the potential for acoustic emission moni
toring of welding. Jolly (Ref. 7) investi
gated the possibility of acoustic emission 
for in-process inspection of welds. His ex-
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perimental results showed that cracks and 
porosity in the welds emit acoustic emis
sion signals during and after solidification 
of the weld, and some weld discontinui
ties not detected by radiography were 
detected by AE. Acoustic emission mea
surements during electron beam welding 
of nickel-base alloy were made by Dick-
haut and Eisenblatter (Ref. 8). Two differ
ent types of acoustic emission were found: 
the background noise caused by weld so
lidification, and flaw formation indicated 
by single-burst signals having a much 
higher amplitude than those due to solid
ification. Kumar (Ref. 9) applied acoustic 
emission to gas metal arc weld monitoring. 
He concluded that selective filtering could 
increase the signal-to-noise ratio so that 
cracks could be detected during real-time 
welding of A-514 steel. However, the 
acoustic emission rate from porous welds 
was of the same magnitude as that from 
the welding arc noise and would be diffi
cult to detect during real-time welding. 

Prine has made substantial contributions 
to acoustic emission monitoring of arc 
welding. He studied several flaw types, 
including cracks, slag inclusion, porosity, 
incomplete penetration and incomplete 
fusion. The results of Prine's work (Ref. 10) 
have indicated the detectability of two 
primary discontinuities using AE: cracks 
and slag inclusion. However, his work did 
not include the formation of martensite. 
No significant research has been under
taken to monitor martensitic transforma
tion from welding, and hence, is the 
primary scope of this investigation. 

Pattern recognition technique has been 
used to distinguish various types of AE 
signals. Linear discriminant function analy
sis of acoustic emission signals for cutting 
tool monitoring was done by Kannatey-
Asibu and Emel (Ref. 11) in which frequen
cy-based pattern-recognition concepts us
ing linear discriminant functions have been 
used in analysis of acoustic emission sig
nals from sources such as chip formation, 

Welding Gun 

Oscilloscope 

Fig. 1 — Experimental setup for monitoring AF signals from welding. 

tool fracture and chip noise. Acoustic 
emission signals obtained during sub
merged arc welding of a plain carbon steel 
were classified using pattern recognition 
methods by Chan, et al. (Ref. 12). The 
classifiers were able to clearly distinguish 
between normal process noise and AE 
signals due to internal discontinuity gener
ation during unsound welding conditions. 

Experimental 

A gas metal arc welding system was 
utilized for the experiments, with speci
mens consisting of 1.5-in. (38-mm) diame
ter 1018 and 4340 steel bars, 28 in. (711 
mm) in length. The welding conditions in
cluded a welding current of 300 A, voltage 
of 30 V, 13.1 f t /min (4 m/min) wire feed 
rate, Vi6-in. (1.6-mm) mild-steel wire di
ameter, 17.7 in./min (7.5 mm/s) welding 
speed, and a welding time of 20 s, using 
argon (Ar) as the shielding gas. The piezo
electric transducer used was a wide-band 
PAC WD-445, which was mounted on the 
surface at the end of the bar. The signals 
were first preamplified by 40 dB and then 
further amplified by 15 dB during welding, 
and 35 dB after welding. They were 
band-pass filtered between 30 and 1000 
kHz, and then recorded with a modified 
video recorder for later analysis. An oscil
loscope was used to monitor the signals 
while the AE RMS voltage was sampled at 
30 Hz using a 12-bit data-acquisition sys
tem—Fig. 1. On play back, the recorded 
AE signal was passed through a gating unit 
where a 16.7-ms length of the signal was 
clipped for sampling, with the recorder 
put in a pause mode at a desired location 
of the tape. To avoid saturation, the signal 
was then passed through an attenuator to 
reduce the amplitude to a level between 
—254 and -F254 mV compatible with the 
8-bit high-speed waveform digitizer, 
which was set at a sampling rate of 4 MHz. 
Sixteen kbytes sample data points were 
used for analysis, covering a time period 
of 4 ms. 

Three types of experiments were un
dertaken promoting the following three 
as-welded conditions: 1) martensite for
mation, 2) porous weld and 3) sound 
weld. Each set of experiments was con
ducted under essentially the same condi
tions. AISI 4340 steel was used to ensure 
martensitic transformation, since a nearly 
complete transformation occurs at cool
ing rates greater than 6°C/s (Ref. 4). Po
rosity was introduced by shutting off the 
Ar gas supply during the welding of a 1018 
steel. For a sound weld, 1018 steel and Ar 
gas were used during welding, and no 
porosity was found on the surface or in
side the specimens. Since 1018 steel has 
very low hardenability, no martensite 
formed. 

A total of 18 experiments were con
ducted, with each class having six exper
iments. For each experiment, about 15 
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Fig. 2 — RMS voltage during and after welding of a 4340 steel with 65 dB 
gain. 
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Fig. 3 - RMS voltage during (55 dB) and after (75 dB) welding of a 4340 
steel. 

samples w e r e obta ined for martensite 
fo rmat ion , porous and sound welds. They 
w e r e sampled at about un i fo rm t ime 
intervals. 

Results and Discussion 

RMS Voltage of AE Signals 

Figure 2 shows the AE RMS voltages 
obta ined dur ing and after we ld ing of a 
4340 steel specimen using an ampli f icat ion 
gain o f 65 dB. The signal in the first 20 s 
comes f r o m arc noise (during welding) 
and has large f luctuations in ampl i tude 
since the we ld ing current itself f luctuates. 
The average ampl i tude is about 0.6 V , 
wh ich is much higher than the martensitic 
t ransformat ion signal, wh i ch has an ampl i 
tude o f about 0.1 V. Consequent ly , it is 
qui te diff icult t o detect the martensit ic 
t ransformat ion signal direct ly dur ing w e l d 
ing. Martensi t ic t ransformat ion begins at 
the M s (martensite start) tempera ture . The 

signal generated depends on the cool ing 
rate and the amount of material invo lved 
(Ref. 13). The tempera tu re and cool ing 
rate for a w e l d e d specimen in turn de
pend on the we ld ing condi t ions such as 
arc vo l tage, current , we ld ing t ime, size o f 
the spec imen, etc. Martensit ic t ransforma
t ion normal ly occurs b e l o w 4 0 0 ° C (752°F) 
in many steels (Ms = 3 0 0 ° C / 5 7 2 ° F fo r 
the 4340 steel). Since the w e l d deposit 
generally cools s lowly, the t ransformat ion 
can be de tec ted after we ld ing is c o m 
p le ted. For a multipass we ld ing process, 
detect ion of martensit ic t ransformat ion 
after each pass w o u l d p rov ide a warn ing 
to the we ld ing system, enabl ing p roper 
act ion to be taken be fo re the next pass. 
For the 6-in. (152-mm) w e l d beads in our 
exper iments, the t ransformat ion was 
f o u n d to occur fo r a per iod o f about 4 0 -
60 s after comple t ion of the w e l d . Signals 
f r o m martensite fo rmat ion are cont inuous 
t ype , giving a s m o o t h RMS vo l tage curve. 
Compar ing Figs. 3 and 4, w e not ice that 

the spiky RMS vol tage dur ing the first 10 
s after we ld ing is associated w i t h sound 
we ld ing signals. A l though martensi te is 
t ransforming dur ing this t ime per iod , w e 
only started sampling martensite fo rma
t ion signals about 15 s after the arc was 
s topped so as t o minimize all o ther signal 
sources. A porous we ld (Fig. 5) generates 
signals w i t h ampl i tudes greater than a 
sound w e l d (Fig. 4), and they bo th have 
burst signals super imposed o n cont inuous 
signals. The spikes in the RMS vol tage 
curves are f r o m burst signals, wh ich may 
come f r o m oxide cracking or microcrack
ing dur ing cool ing o f the specimen. Since 
burst t ype signals have large variations in 
ampl i tudes, it is better t o utilize the c o n 
t inuous signals f r o m b o t h processes, and 
samples w e r e taken at about un i fo rm t ime 
intervals. The system's total gain was in
creased to 75 dB immediately after w e l d 
ing in order to obta in large enough signal 
ampl i tudes fo r pat tern-recogni t ion analy
sis. By compar ing Figs. 3 -5 , w e can see 
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Fig. 4 — RMS voltage for sound welding of a 1018 steel. 
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Fig. 5-RMS voltage for a porous weld of a 1018 steel. 
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Fig. 6 — Normalized mean spectra for three classes of signals. Fig. 7 —Feature space plot for martensite formation-porous weld. 

that the fo rmat ion of martensite and po 
rosity resulted in larger ampl i tude signals. 
H o w e v e r , signals f r o m the porous w e l d 
decrease quickly to the background noise 
level in about 15 s after the we ld ing p ro 
cess stops. Since martensit ic t ransforma
t ion occurs in the tempera ture range of 
3 0 0 ° - 8 0 ° C (572° -176°F) , w e are able t o 
observe martensite fo rmat ion signals over 
a relatively long per iod o f t ime. The sound 
we ld ing process also generates signals 
right after we ld ing , but their ampli tudes 
are smaller and diminish w i th in 15 s. 

Pattern-Recognition Analysis 

Signal discrimination is fundamenta l t o 
AE moni tor ing of processes. The high 
sensitivity inherent in the AE technique 
leads to prob lems in distinguishing be 
t w e e n signals o f interest and those that 
are not desirable, i.e., noise. Dur ing w e l d 
ing, martensite fo rmat ion , porosi ty and 
the sound w e l d all generated intense AE 

Fig. 8 —Decision 
space plot for 

martensite 
formation-porous 

weld. 

signals. The pat tern-recogni t ion technique 
provides a means by wh ich posit ive signal 
sort ing, classification and source ident i f i 
cation can be obta ined. The background 
on the pat tern-recogni t ion scheme used 
for classifying the AE signals is presented in 
an earlier paper (Ref. 11) and wil l not be 
repeated here. 

A pat tern-recogni t ion system requires 
three essential steps (Ref. 11): 

1) Sampling or scanning the input signal 
to p roduce the pat tern space. 

2) Extraction of the features, wh ich of
ten involves t ransformat ion o f the signal 
f r om the pat tern into the feature space, 
f r o m wh ich useful in format ion can be o b 
ta ined, and subsequent reduct ion of the 
data size. 

3) Classification of the feature space to 
permit identi f icat ion o f the individual sig
nal sources (classes). 

A total of about 300 samples of signals 
f r om martensite t ransformat ion, porosi ty 
and sound welds w e r e obta ined indepen-
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dently. The super imposed burst signals 
w e r e used for pat tern-recogni t ion analy
sis because those are most likely noise sig
nals f r o m oxidat ion. 

The sampled data w e r e t rans formed 
into a feature space via Fourier t ransform. 
This t ransform p rov ided a clear physical 
interpretat ion of the results and fast algo
rithms are readily available. In order t o 
minimize distort ion of the original signal 
t ransform, a relatively large data (16 
kbytes) size was used. Large data blocks 
increase spectral resolut ion but require 
more t ime for computat ions. To improve 
the computat iona l eff ic iency, the data size 
was reduced by averaging over a f re
quency band o f 60 kHz and eliminating 
the spectral componen ts that contain less 
in format ion about the system. Figure 6 
shows the normal ized mean spectra o f 
the three classes of signals in the f re
quency range 30 k H z - 1 M H z . The total 
p o w e r of a signal and the magni tude of 16 
normal ized spectral componen ts w e r e 
used as features. The class mean scatter 
cr i ter ion was used for feature selection. 
The number of features used is very 
impor tant , since in addi t ion t o reducing 
computat iona l eff ic iency, a high d imen
sionality requires a large number o f ex
per imental data sets fo r training the sys
tem and deve lop ing the classifier. This is 
because the adequate number of training 
data sets has to be about four or more 
times the number of features. H o w e v e r , 
an excessive number of data sets adds to 
the cost w i t hou t necessarily improv ing the 
system per fo rmance. O n the other hand, 
a small training set wil l result in an inade
quate evaluat ion of the classifier we igh t 
ing funct ions. 

T w o of the best features for martensite 
fo rmat ion and porous w e l d signals are 
p lo t ted in Fig. 7, and it is ev ident that there 
is some over lap b e t w e e n these t w o sig
nals, and that can cause misclassification. 
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Fig. 9 — Decision strategies for classification of AE signals. 
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Further transformation of the patterns 
from the feature space to a decision space 
using a transform that relocates the pat
terns such that all patterns that belong to 
a specific class are positioned in a region 
distinct from other classes, results in a de
cision space that facilitates classification — 
Fig. 8. 

The linear discriminant function ap
proach involves developing a set of linear 
functions, one for each class of interest. 
An unclassified signal or pattern is used to 
calculate the value of each function, and 
the signal is assigned to the class with the 
largest function value. The last step, that 
of classification, can be implemented in 
one of several ways. A common ap
proach is to determine all function values 
at the same time and compare, i.e., simul
taneous decision strategy —Fig. 9A. An
other way is the binary decision strategy 
(Fig. 9B) in which we first classify the AE 
signals into sound weld signals, and mar
tensite formation/porous weld signals, 
and then further distinguish between the 
martensite formation and porous weld 
signals. 

For simultaneous decision strategy, 
there is a large overlap between marten
site formation and porous weld signals in 
the feature space —Fig. 10. However, be
tween sound weld signals and martensite 
formation/porous weld signals, the over
lap is small. All 17 features had to be used 
in order to achieve relatively good classi
fication rates of 96.4, 70 and 100% for 
martensite formation, porous weld and 

sound weld signals, respectively - Ta
ble 1. 

From Fig. 10, we observe that binary 
decision would result in better classifica
tion, since the overlap between sound 
weld and martensite formation/porous 
weld is small. Classification rates of 100 
and 99.1% were obtained for sound weld 
and martensite formation/porous weld 
signals, respectively (Table 2), with the 
eight best features, while between mar
tensite formation and porous weld signals, 
classification rates of 96.4 and 76.0% were 
achieved. With additional features, classi
fication rates between martensite forma
tion and porous weld signals increased in
significantly—Table 2. It is interesting to 
note that successful classification between 
sound weld and martensite formation/ 
porous weld signals depends to a great 
extent on the signal power, and that 
increasing the number of features does 
not produce a significant improvement in 
classification when there are more than 
eight features. 

Conclusions 

Experiments were done to monitor AE 
signals from martensitic transformation 
during welding. The signals are relatively 
small in amplitude compared with arc 
noise during welding. For multipass weld
ing, the detection of martensitic transfor
mation signals between passes will enable 
appropriate action to be taken to mini
mize defect formation. In addition to 

Table 1—Simultaneous Decision 
Strategy—Independent Data Test 

No. of 
Features 

5 
8 

11 
14 
17 

Martensite 
Formation 

80.0 
67.3 

100 
98.2 
96.4 

Porous 
Weld 

38.0 
40 
60 
62.0 
70.0 

Normal 
Weld 

95.6 
97.8 
97.8 

100.0 
100.0 

Table 2—Binary Decision 
Strategy—Independent Data Test 

Number 
of 

Features 

1 
2 
5 
8 

11 
14 
17 

Martensite 
Formation/ 

Porous 
Weld vs. 

Normal Weld 

99.1 
100 
97.1 
99.1 

100 
100 
100 

86.7 
88.9 
95.6 

100 
100 
100 
100 

Martensite 
Formation vs. 
Porous Weld 

92.7 80.0 
94.6 74.0 
90.9 78.0 
96.4 76.0 
94.6 80.0 
96.4 76.0 
92.7 76.0 

transformation signals, other signal sources 
such as weld porosity and sound weid also 
generate acoustic emission signals. Dis
criminant functions were obtained for 
each of these sources using the magnitude 
of normalized spectral components in the 
frequency range of 30 KHz-1 MHz, and 
the power as features formed the basis for 
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classification. For simultaneous decision, 
17 features have to be used for better 
classification. For binary decision, eight 
features are appropriate for classification, 
first between sound weld and martensite 
formation/porous weld, and then be
tween martensite formation and porous 
weld. The coefficients of the discriminant 
functions were obtained by training the 
system using signals generated by each of 
the sources of interest. The results showed 
a classification rate of 96.4, 70.0 and 100% 
for martensite formation, porous weld 
and sound weld signals, respectively, with 
17 features and a simultaneous decision 
strategy. For binary decision with eight 
features, 100 and 99.1% between sound 
weld and martensite/porosity formation 
signals, and 96.4 and 76.0% between 
martensite and porosity signals were ob
tained. 
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were made to make them current. A new section has been included on Dynamic Stress Criteria which 
emphasizes the importance of this technology. A new section has also been included on Dynamic 
Restraints that primarily addresses snubbers, but also discusses alternatives to snubbers, such as limit 
stop devices and flexible steel plate energy absorbers. 

Publication of this report was sponsored by the Subcommit tee on Dynamic Analysis of Pressure 
Components of the Pressure Vessel Research Commit tee of the Welding Research Council. The price of 
WRC Bulletin 336 is $20.00 per copy, plus $5.00 for postage and handling. Orders should be sent with 
payment to the Welding Research Council, Suite 1301, 345 E. 47th St., New York, NY 10017. 
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Programming and Control of Welding Processes—Experience of the USSR 

By V. Malin 

This report is an in-depth look at technical welding studies and their implementat ion in the USSR, a 
country that has a long history of welding automat ion development. More than 300 articles published in 
the USSR over the last three decades were examined, and 177 are referenced in this report. 

Publication of this report was sponsored by the Interpretive Reports Commit tee of the Welding 
Research Council. The price of WRC Bulletin 355 is $35.00 per copy, plus $5.00 for U.S. and $10.00 for 
overseas postage and handling. Orders should be sent with payment to the Welding Research Council, 
345 E. 47th St., Room 1301, New York, NY 10017. 
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