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In situ microstructural observations on slip lines and microfracture processes have been 
coupled with mechanical deformation to investigate the acoustic emission of Ti-6AI-4V, 
a two-phase alloy. The material has been subjected to several different heat treatments to 
produce various microstructures and grain sizes. The dependencies of acoustic emission 
(AE) characteristics, such as the AE events amplitude, the rate of AE, location of the AE 
sources and the total events of AE in each deformation test, on work hardening, grain size, 
second phase content and morphology, and strain rate have been explored: The presence of 
the second phase, beta, existing in either an intergranular network or thin plates, was found 
to have little influence on the AE of this material. Furthermore, it was found that the 
dependencies of the AE characteristics on work hardening, grain size, second phase and 
strain rate could be explained in terms of the operation of Frank-Read dislocation sources. 

1. Introduct ion 
During the last two decades acoustic emission (AE) 
from composite materials has been utilized to detect 
initiation and the location of the source of damage, to 
monitor damage accumulation, to track damage pro- 
gression, to determine damage severity, and to identify 
the major failure mechanisms and processes. The at- 
tractiveness of the AE technique results from these 
multiple applications and the fact that results can be 
obtained in real time. Each of the applications listed 
above has been extensively investigated on a variety of 
composite systems including metal-matrix/1-4],  ce- 
ramic-matrix [5-7], and polymer-matrix [8-12] 
composites with varying success. Among these ap- 
plications, the identification of specific failure mecha- 
nisms and processes has been the most challenging 
task in the application of the AE technique. The com- 
plexity in this area is due to the fact that many damage 
mechanisms (e.g. plastic deformation of matrices, 
matrix cracking, matrix twinning, interracial debon- 
ding, interracial friction, delamination, fibre breakage, 
etc.) cause AE and may occur simultaneously. This is 
further complicated by similar AE characteristics for 
some different damage processes and by the aniso- 
tropic properties of composites. Notwithstanding 
these difficulties, several attempts have recently been 
made to identify mechanisms of AE in composite 
materials [1, 11, 13, 14]. For example, using in-situ AE 
monitoring with simultaneous scanning electron 
microscope recording, Siegmann and Kander [13] 
have divided AE amplitude distribution of a polymer- 
based composite into three ranges corresponding to 
matrix damage, fibre-matrix debonding and fibre 

breakage. Working with replicates and a closed-circuit 
television system for in-situ monitoring of the damage 
evolution, Bakuckas et al. [1] attempted to relate AE 
to the failure mechanisms in titanium [321S-SIC com- 
posites and suggested that direct correlations between 
damage mechanisms (i.e. matrix plastic deformation, 
matrix cracking, fibre-matrix debonding, cracking 
of brittle reaction zone and fibre breakage) and 
AE events amplitude do exist in this composite 
system. Despite these efforts, the identification 
of the major failure mechanisms and processes 
through the AE technique is still in its early stage of 
development. 

Obviously, one approach to establish the corres- 
pondence between AE events and composite failure 
mechanisms is to diagnose the composites by inves- 
tigating the AE characteristics of matrices alone, com- 
paring these with the AE response from model com- 
posites such as single-fibre composites, and finally 
addressing real composites. The first two phases are 
necessary for establishing the basic response charac- 
teristics for prediction of the acoustic response from 
the real composites. Hence, a program containing 
these three phases aimed at monitoring the damage 
progression in Ti-based continuous-fibre reinforced 
composites using AE technique has been developed. 
Such a three-phase program is necessary, especially 
for metal-matrix composites because AE during the 
deformation of metals alone could be quite complic- 
ated. Sources of AE during the deformation of metals 
include moving dislocations, twinning, grain bound- 
ary sliding, the fractureand decohesion of inclusions, 
intergranular microfracture, cleavage microfracture, 
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and microvoid coalescence [15]. Because of the com- 
plexity of matrix deformation alone, this study, as the 
first phase of the program, reports only the AE re- 
sponse of T i -6AI-4V matrix (a two-phase alloy) with 
various processing conditions and microstructures at 
a fixed composition. 

2. Experimental procedure 
Ti-6A1-4V sheets with a thickness of 1.524mm 
(0.06 inch) were supplied by RMI Titanium. The as- 
received sheets were in an annealed condition (i.e. hot 
rolled starting at 927 ~ annealed at 730 ~ for 4 h 
and furnace-cooled). The sheets received were first cut, 
using an electro-discharge machine, into dog-bone 
shaped tensile specimens with a gauge length of 22 or 
28 mm, and then subjected to heat treatment to exam- 
ine the microstructure effect on the AE of this mate- 
rial. The heat treatment temperatures and cooling 
rates were selected in such a way that various grain 
sizes and second-phase morphologies could be ob- 
tained and evaluated. The heat treatment was conduc- 
ted using a box-type furnace. The specimens, which 
were wrapped with tantalum foil and encapsulated in 
quartz tubes with back-filled argon, were subject to 
one of the following heat treatments: (a) annealed at 
925 ~ for 1.5 h and furnace-cooled to room temper- 
ature (with a cooling rate of ca. 8 ~ min-  1); (b) 960 ~ 
for 1.5 h and furnace-cooled; (c) 1010 ~ for 1.5 h and 
furnace-cooled; and (d) l l 00~  for 1.0 h, cooled to 
700~ at 2~  -1, and then furnace-cooled to 
room temperature. In order to avoid acoustic noise 
from any oxide layer on the surface of the dog-bone 
specimens, each specimen, after heat treatment, was 
ground with SiC abrasive paper to 320 grit and 
cleaned with acetone. Some specimens were further 
polished to 1 pm diamond paste and then elec- 
tropolished in an electrolyte (6% perchloric acid in 
a mixture of methanol and 2-butanol) with a 20 V d.c. 
at - 50 ~ for 30 min. The polished surface allowed in 

s i tu  optical observation of the slip lines and various 
microfracture processes during tensile tests. 

Tensile tests were performed using a servo-hydrau- 
lic machine at ambient temperatures. The tests were 
displacement controlled with a nominal strain rate of 
2.9 x 10 -3,  2.9 x 10 -4 or 3.8 x 10 -s s -1. A knife-edge 
extensometer was mounted to monitor the strain with- 
in the gauge as a function of load throughout the test. 
In order to relate the microscopic damage of the tested 
materials to AE, some tensile tests were conducted 
using a micro-straining stage built in this laboratory. 
This micro-straining stage allows in s i tu  observation 
of the slip lines and various microfracture processes 
during testing with an optical microscope. 

AE was monitored using an AE Data Acquisition 
System. Care was taken to standardize all experi- 
mental procedures so that valid comparisons could be 
made between different tests. Two piezoelectric trans- 
ducers, sensitive to acoustic signals with frequencies 
from 10 KHz to 1 MHz, were attached to the shoul- 
ders of the specimens by a thin layer of vacuum grease, 
under a constant pressure applied by a rubber band. 
The output signals from the sensors were amplified 

by pre-amplifiers with a gain of 40dB and a 
100 400 KHz bandpass filter. The post-amplifier gain 
was 20 dB and the hit definition time used to distin- 
guish between separate events was set to 200 pm for 
the dimension of the present specimens. After the 
installation of the transducers, a pencil lead break 
procedure (ASTM E976) was used for AE location 
calibration. A mechanical pencil with a 0.5 mm dia- 
meter 2H lead was used and the lead was broken at 
three locations within the gauge length of the speci- 
men with one location near sensor 1, another near 
sensor 2 and the last one at the centre of the specimen. 
The location of AE events with the origin designated 
at sensor i was calculated as follows: 

x = (L + At V)/2 (1) 

where L is the distance between the two sensors, 
A t  = t l  - t2 with tl and t 2 being the arrival time of 
sensors 1 and 2, respectively, and V is the acoustic 
velocity. 

Several precautions were taken to avoid extraneous 
acoustic noise. First, the amplitude threshold was set 
at 45 dB, which was found to be very effective in 
limiting the acoustic noise because most of the noise 
had amplitudes < 45 dB. Second, the spatial filtering 
of AE events through post-test data reduction was 
performed to exclude the AE from outside the gauge 
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Figure 1 The extension dependence of the amplitude of discrete AE 
events during tensile deformation of a Ti 6A1-4V sheet annealed at 
730~ and furnace-cooled. (a) AE before the filtering and (b) AE 
after the filtering of the unpaired AE events and AE events outside 
the gauge length and from the middle of the two transducers. (Strain 
rate: 2.9x lO-4s 1.) 
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length and precisely at the middle of the two trans- 
ducers. AE from outside the gauge length may come 
from computer terminals, the hydraulic servo valve, 
motors and slip of the specimen relative to the grips. 
AE precisely at the middle of the two transducers may 
be due to electronic noise spikes which essentially 
appeared simultaneously on both transducers. Thus, 
eliminating simultaneous triggers eliminated elec- 
tronic noise spikes, although valid AE from the speci- 
mens precisely at the middle of the two transducers 
were also eliminated. Finally, unpaired acoustic events 
were filtered out from the final data. It was found that 
before any loading AE was detected only by the trans- 
ducer close to the grip which was directly connected to 
the driving shaft of the motor, while the other trans- 
ducer exhibited no acoustic emission. This phenom- 
enon was not clearly understood. However, this was 
very likely due to the attenuation of the specimens. 
The effect of these precautions is clearly seen in Fig. 1, 
which shows the extension dependence of the ampli- 
tude of discrete AE events before and after the elimina- 
tion of unpaired AE events and AE events outside the 
gauge length and from the middle of the two trans- 
ducers. Thus, unless noted, all AE events detected 
have been screened through the spatial filtering and 
unpaired-event filtering, and only AE events within 
the gauge length will be presented in the following 
text. 

formed along several sets of planes. As such, Widman- 
statten colonies generally had a smaller size than the 
prior beta grains and their average size was ca. 
150 gm. When the annealing temperature was further 
increased to 1100~ and cooled with a very slow 
cooling rate (i.e. 2 ~ min-1), both alpha and beta 
plates became coarser. Under this condition, the alpha 
plates had a typical width of 7 ~tm, while beta plates 
were typically 1 gm wide. The prior beta grain size 
became ca. 500 gm with an average Widmanstatten 
colony size of 200 gm. 

3.2. Effect of work hardening 
The microstructural change and stress-strain curve 
during tensile deformation of Ti-6AI-4V sheet an- 
nealed at 730 ~ is shown in Fig. 4. The letters along 
the stress-strain curve indicate the locations at which 
the test was interrupted to take micrographs. The load 
in these micrographs was applied vertically. Note that 
the orientation of the tensile stress axis was coinciden- 
tally in such a direction that it was almost parallel to 

3. Results and discussion 
3.1. Microstructure 
Microstructures of Ti-6A1-4V for the as-received and 
heat treated conditions are presented in Fig. 2; the 
cross-sections shown in the figure are all perpendicu- 
lar to the travel direction of the hot rolling. In the 
as-received condition (i.e. annealed at 730~ the 
microstructure consisted of elongated alpha grains 
(grey) and intergranular beta (light). The average al- 
pha grain size was 3 gm along the short axis and 
10 gm along the long axis. After annealing at 925 ~ 
the alpha phase (grey) became less elongated with an 
average grain size of 7 gm along the short axis and 
10 ~tm along the long axis. Meanwhile, beta phase 
(light) became more continuous along the grain 
boundaries of the alpha phase. As the annealing tem- 
perature increased to 960~ the alpha phase (grey) 
became more or less equiaxed with an average grain 
size of 10 gin. At this temperature, the beta phase 
(light) became almost continuous along the grain 
boundary of the alpha phase. When the alloy was 
annealed above the beta transus temperature, a sub- 
stantial change in microstructure was observed. For 
the condition of annealed at 1010~ and furnace- 
cooled to room temperature, a typical Widmanstatten 
alpha resulted. The width of the alpha plates (grey) 
was typically ca. 2 ~tm with thin beta plates (light being 
< 0.5 ~tm. The prior beta grain size outlined by the 

alpha that was first to transform (Fig. 3) was ca. 
250 ~tm. As can be seen from Fig. 3, in some prior beta 
grains the alpha plates formed along one set of prefer- 
red crystallographic planes of the prior beta matrix, 
while in the other prior beta grains the alpha plates 
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Figure 2 Secondary electron images ofTi-6A1 4V microstructures: 
(a) annealed at 730 ~ and furnace-cooled; (b) annealed at 925 ~ 
and furnace-cooled; (c) annealed at 960 ~ and furnace-cooled; 
(d) annealed at 1010~ and furnace-cooled; (e) annealed at 
1100 ~ cooled to 700 ~ at 2~ rain-1 and then furnace-cooled. 

Figure 3 Optical microstrncture of Ti 6A1-4V annealed at 1010 ~ 
for 1.5 h and furnace-cooled, showing the prior beta grain bound- 
aries. 

the long axis of the elongated alpha phases for all the 
tests. From point A-C, the surface of the specimen 
looked the same as shown in Fig. 4b. When point 
D was reached, some slip lines were observed, as 
indicated by the arrows in Fig. 4c. As plastic deforma- 
tion continued, more and more slip lines were ob- 
served, as indicated in Fig. 4d and e. It is noted that 

most of the slip lines were oriented at an angle ranging 
from 40 to 80 ~ with respect to the tensile axis. Further- 
more, these slip lines did not cross alpha grain bound- 
aries, suggesting that the grain boundary is an effective 
barrier to dislocation motion. Since the average alpha 
grain size was 3 btm perpendicular to the tensile axis 
and 10 tam along the tensile axis, the alpha grains 
behaved as 3 btm grains in terms of being a barrier to 
dislocation motion. The phenomenon that slip lines 
did not cross the alpha grain boundary has also been 
observed in other specimens which had a microstruc- 
ture of elongated or equiaxed alpha with intergranular 
beta, as shown in Fig. 5. 

A typical acoustic response and the corresponding 
stress strain curve of Ti -6A1-4V sheets annealed at 
925 ~ for 1.5 h are shown in Fig. 6. Note that because 
AE recording started synchronously with tensile test- 
ing, there is a direct relation between the strain and 
loading time. Several features about AE events can be 
seen from this figure. First, no AE events were detec- 
ted during elastic deformation. Second, AE events 
started being detected before and near the yield stress, 
which is defined in this text as the yield strength with 
0.2% plastic deformation. Third, the amplitude of AE 
events rose sharply to a maximum near the yield 
stress, and then decreased gradually as the plastic 
strain increased. Fourth, after a certain amount of 
plastic strain the acoustic events amplitude fell below 
the threshold (45 dB), leading to no detectable AE 
events. Fifth, the acoustic event's amplitude suddenly 
increased just before final fracture. 

The acoustic response exhibited by the specimens 
annealed to 925 ~ can be explained in terms of dislo- 
cation motion. It is commonly accepted that the sud- 
den strain increment that results from the unpinning 
of dislocations or from the activation of dislocation 
sources can result in observable AE ]-16-26]. By ap- 
plying elastodynamic theory, Scruby et  al. [-19, 20] has 
obtained a formula describing the peak normal sur- 
face displacement beneath the transducer, u, due to the 
expansion of a glissile dislocation loop from starting 
radius of zero to a final radius (r), i.e.: 

u = B r  / (2) 

where u is the peak normal surface displacement, ~ is 
the velocity at which the dislocation loop expands, 
and B is a coefficient related to the shear and longitu- 
dinal wave speeds, depth of the dislocation source and 
Burger's vector of the dislocation loop. For  an AE due 
to the expansion of a dislocation loop to be detected, 
the peak normal surface displacement should be larger 
than the displacement sensitivity of a transducer (e.g. 
10-1~ m). It is clear from Equation 2 that the displace- 
ment amplitude is proportional to the distance of 
dislocation propagation, and to the velocity at which 
it moves. Furthermore, if large numbers of disloca- 
tions are closely spaced and move synchronously, 
their emitted wave fields add. In this case, the peak 
normal surface displacement becomes: 

u = n B r  i (3) 

where n is the number of moving dislocations. Based 
on this simple model, the present measurements can 
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Figure 4 The mic ros t ruc tu ra l  change  and  stress s t ra in  curve dur ing  tensile de fo rmat ion  of T i -6A1-4V sheet annea led  at  730 ~ The let ters 
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specimen surface co r re spond ing  to points  C ,D,  F and  G are shown in (b), (c), (d) and  (e), respectively. 

be explained as follows. The few AE observed before 
and near the yield stress can be attributed to micro- 
yielding of the specimen. At the yield stress, many 
closely-spaced dislocation sources (such as 
Frank-Read  sources) are activated synchronously, 
generating a large number of dislocations. Many of 
these dislocations can move a distance of about 
a grain size at this stage, therefore producing many 
high amplitude AE (large n and r in Equation 2). As 
plastic deformation proceeds, work hardening reduces 
the mean free path of moving dislocations, leading to 
AE events with lower amplitudes (smaller r in Equa- 
tion 2). After a certain amount of plastic strain the 
mean free path is so small that the acoustic events 
amplitude falls below the threshold (45 dB), resulting 
in few events being detected. Near the final fracture, 
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the acoustic events amplitude suddenly increases be- 
cause of microvoid coalescence and shear fracture. 
A similar explanation of the strain dependence of the 
AE events amplitude has a l so  been proposed in 
Ref. 15. 

The operation of Frank-Read sources as a source 
of AE can also be examined from the strain depend- 
ence of AE events frequency and the rate of AE (i.e. 
the number of AE events per unit time). As the defor- 
mation increases, AE signals are expected to become 
richer in high frequency components because of the 
reduction of the mean free path between sessile dislo- 
cations, which therefore decreases the lifetime of the 
sources [17, 27]. However, our current sensors did not 
allow for frequency analysis because of their narrow 
band characteristics. Nevertheless, the analysis of the 



Figure 5 S e c o n d a r y  e l ec t ron  i m a g e  of  a T i - 6 A I - 4 V  spec imen  an-  
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Figure 6 The extension dependence of the stress and the amplitude 
of discrete acoustic emission events during tensile deformation of 
a Ti-6A1 4V sheet annealed at 925 ~ for 1.5 h and furnace-cooled. 
(Strain rate: 2.9 • 10-4s-1 . )  

rate of emission did provide insights into the strain 
dependence of dislocation motion. Fig. 7 shows the 
rate of emission as a function of the loading time along 
with the corresponding stress-strain curve and the 
curve of the AE events amplitude for a T i -6A1-4V 
specimen annealed at 960 ~ Note  that the AE events 
amplitude for the specimens with this processing con- 
dition behaved like those annealed at 925 ~ (Fig. 6), 
i.e., near the yield stress AE events amplitude exhib- 
ited a maximum, and it then decreased gradually as 
the material work hardened. The rate of emission was 
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Figure 7 The extension dependency of (a) the stress, (b) the ampli- 
tude of AE and (c) the rate of AE per unit time for a specimen 
annealed at 960 ~ and deformed at a strain rate of 2.9 x 10 4 s -  1. 

found to increase sharply near the yield stress and 
continue to increase gradually as the material work 
hardened. An explanation of this phenomenon can be 
suggested in terms of the decrease of the mean free 
path with the increase of the plastic deformation. 
A decrease in the mean free path requires the activa- 
tion of more dislocation sources to keep up with the 
externally applied constant displacement rate. As 
such, as the material work hardens, more AE events 
O c c u r .  

The increase of the rate of emission with work 
hardening was also observed in the specimens an- 
nealed at 1010 ~ However, the specimens annealed 
at 925 ~ exhibited the opposite trend, i.e. the rate of 
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Figure 8 The extension dependency of the rate of acoustic emission 
of the specimen shown in Fig. 6. 

emission decreased as plastic deformation increased 
(Fig. 8). The discrepancy can be explained as follows. 
As plastic deformation increased, more dislocation 
sources were activated to compensate the reduction of 
the mean free path, but each of the dislocation loops 
expanded a smaller distance. As such, more AE events 
with lower amplitudes resulted. For  the specimens 
annealed at 960~ and 1010~ their starting AE 
events' amplitudes near the yield stress were high, and 
their amplitudes were still high enough to pass the 
threshold even though some decrease in the amplitude 
occurred with work hardening. Therefore, more AE 
events with lower amplitudes were detected as plastic 
deformation increased. In contrast, the specimens 
annealed at 925 ~ had low AE events amplitudes 
near the yield stress. As the material work hardened, 
the AE events amplitudes became even lower and 
fell below the threshold. Thus, even though more 
AE events occurred with the increase of work harden- 
ing, less events were detected due to their low 
amplitudes. 

Finally, it should be pointed out that the rate of AE 
near the yield stress for the specimens annealed at 
925 ~ was higher than those annealed at 960 ~ as 
shown in Figs 7 and 8. This is believed to be a reflec- 
tion of the fact that small grained specimens have to 
activate more dislocation sources than large grained 
specimens to compensate for their shorter mean free 
path at the beginning of plastic deformation. 

3.3. Location of AE sources 
The deformation process of T i -6A1-4V can be better 
understood if the AE event's amplitude and arrival 
time are plotted against the locat ion of AE events. 
Two sets of these curves corresponding to the speci- 
mens in Figs 1 and 6 are shown in Figs 9 and 10, 
respectively. Because the loading time of the tensile 
tests was also the arrival time for AE events, the 
relation between Figs 1 and 9 and Figs 6 and 10 can be 
found based on the time scale. Fig. 9a suggests that 
yielding occurred first at the location near sensor 
t and then spread out towards the location near 
sensor 2. Fig. 9b shows that the location of the final 
fracture was near sensor 1 because high amplitude AE 
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Figure 9 (a) The arrival time and (b) the amplitude of AE events 
as a function of the spatial location within the gauge length 
of a specimen annealed at 730 ~ and furnace-cooled. The origin of 
the position is set at one end of the gauge length and is next to 
sensor 1. 

events ( > 98 dB) occurred near sensor 1. Similar infer- 
ence can also be made from Fig. 10, i.e. yielding occur- 
red first at the location near sensor 1 and the final 
fracture was also located near sensor 1. These inferen- 
ces are in agreement with the common observation 
that yield occurs at certain locations within the gauge 
length and spreads out to the whole specimen [26]. 
The current results also suggest that a weak cross- 
section in T i -6A1-4V is usually the location where 
yielding occurs, and where fracture initiates. 

Although the accuracy to locate the AE sources was 
calibrated to be within + 2 mm before each test, the 
final fracture location could be detected away from the 
real position by _+ 5 m m  (e.g. Figs 1, 6, 9 and 10) or in 
the worst case the AE signals from the final fracture 
were not paired in the two sensors (e.g. Fig. 7 in which 
there are no AE events with amplitudes > 98 dB right 
before the fracture). This was caused by the instant 
separation of the specimen into two parts. Thus, at the 
moment  of the final fracture the two sensors were 
connected to two pieces of the specimen. Nevertheless, 
the experimental results in the present study indicated 
that either the AE signals of the final fracture were 
unpaired or they were detected within • 5 mm from 
the real fracture location. As such, the conclusion 
made above regarding the location of the final fracture 
is valid. 
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Figure lO (a) The arrival time and (b) the amplitude of AE events 
as a function of the spatial location within the gauge length of 
a specimen annealed at 925 ~ and furnace-cooled. The origin of the 
position is set at one end of the gauge length and is next to sensor 1. 

3.4.  S t r a i n  rate  d e p e n d e n c e  
The effect of strain rate on the acoustic response is 
shown in Fig. l 1, where the specimens annealed at 
1010~ were deformed at a nominal strain rate of 
2.9 x 10- 3, 2.9 x 10 .4  and 3.8 x 10- s s -  1. It is obvious 
that the AE event's amplitude near the yield stress 
increases with strain rate. The strain rate dependence 
of the maximum AE events amplitude near the yield 
stress, the rate of emission near the yield stress and the 
total AE events in each test are summarized in Table I. 
Also included are the mechanical data and the data 
from the specimens annealed at 730 ~ which were the 
other set of speci, mens subject to deformation with 
different strain rates. Only a few discrete AE events 
were detected for the specimens annealed at 730 ~ at 
three deformation rates. Thus, the comparisons be- 
tween the rates of emission near the yield stress and 
between the total AE events in this sample series were 
not reported in the table. Nevertheless, the data 
clearly indicate that the rate of emission near the yield 
stress increased with strain rate for the specimens 
annealed at 1010 ~ Furthermore,  it is noted that the 
maximum AE events amplitude near the yield stress 
increases with strain rate for both sets of the specimens 
tested. Similar phenomena have also been observed 
with aluminium, aluminium alloys, copper, copper 
alloys, magnesium and iron [21, 27, 28]. It  is believed 
that the increase of the AE events amplitude with 
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Figure 11 The strain rate dependency of the acoustic response 
for the specimens annealed at 1010 ~ and furnace-cooled. (a) De- 
formed at a nominal  strain rate of 2.9 x 10- s s -  1; (b) deformed at 
2.9 x 10-~s  - t; and (c) deformed at 3.8 x 10 s s -  t 

strain rate is due to the increase in the population of 
moving dislocations and/or in the velocity of moving 
dislocations (n and/or i increases in Equation 2) in 
order to keep up with high strain rates. The increase in 
the rate of emission with strain rate has been at- 
tributed to a greater frequency of mechanism opera- 
tion rather than the change of the mechanism [20]. 

It  is interesting to note that the total AE events 
in each test are almost the same for the specimens 
tested at a strain rate of 2.9 x 10 .3  and 2.9 x 10-~s  - t .  
This result indicates that although high strain rates 
increase the rate of AE, the total AE events do not 
increase. The fact that the specimen tested at 
3.8x 10-hs  -1 did not follow this pattern was 
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T A B L E  I Strain rate dependency of AE and mechanical properties with Ti-6A1 4V 

Strain rate 
(S - 1) 

Ti-6AI-4V annealed at 1010 ~ 

Maximum AE Rate of emission 
amplitude near the near the yield stress 
yield stress (dB) (events s-1) 

Total AE events Elongation Tensile strength 
(%) (Mea) 

Ti-6A1 4V annealed at 
730 ~ 
Maximum AE 
amplitude near the 
yield stress (dB) 

3.8 x 10 .5 68 ca. 3 ca. 170 32 980 No AE 
2.9 x 10 -* 75 ca. 10 ca. 2320 24 1000 47 
2.9 x 10 -3 88 ca. 300 ca. 2350 20 1020 60 

T A B L E  I I  Acoustic response of Ti 6A1-4V with different heat treatments (strain rate = 2.9 x 10 -4 s 1) 

Heat treatment Effective grain size 
condition (gm) 

Maximum AE amplitude 
near the yield stress (dB) 

Total AE events Rate of emission 
near the yield stress 
(events s 1) 

Annealed at 3 47 ca. 30 Near zero 
730~ 
Annealed at 7 60 ca. 720 ca. 160 
925~ 
Annealed at 10 68 ca. 1680 ca. 50 
960 ~ 
Annealed at 150 75 ca. 2320 ca. 10 
1010~ 
Annealed at 200 No AE near the ca. 425 0 
1100 ~ yield stress 

probably due to its non-detectable AE events which 
had low amplitudes. Nevertheless, the results from 
strain rates of 2.9 x 10 -3 and 2.9 x 10 .4  s 1 suggest 
that in this strain rate range the AE mechanisms do 
not change. The difference between these two rates is 
the high rate of emission over a short period of time 
versus the lower rate of emission over a longer period 
of time. 

3.5. Grain size effect 
The effects of grain size on AE are summarized in 
Table II. The grain sizes listed in the table are the 
effective grain sizes, i.e. the dimensions which acted as 
barriers to dislocation motion in the present tensile 
tests. For  example, it is shown in Fig. 4 that although 
the specimen annealed at 730 ~ had elongated alpha 
grains with 3 ~tm along the short axis and 10 ~tm along 
the long axis, the alpha grains behaved like 3 ~tm in 
size in terms of being a barrier to dislocation motion. 
Specimens annealed at 1010 and l l 00~  had Wid- 
manstatten microstructures. However, in situ micro- 
structural observation during tensile tests showed that 
slip lines crossed alpha and beta phases within indi- 
vidual colonies rather than being limited in an alpha 
or beta phase (Fig. 12). Thus, for the specimens with 
Widmanstatten microstructure, the effective grain size 
was considered to be the size of their Widmanstatten 
colonies. It can be seen from Table II that the current 
set of specimens, except for the specimens annealed at 
1100 ~ showed several general trends: (a) the maxi- 
mum AE events amplitude near the yield stress in- 
creased with grain size; (b) the total events of AE in 
each test increased with grain size; and (c) the rate of 
emission near the yield strength decreased with grain 
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Figure 12 Secondary electron image of a specimen annealed at 
1010 ~ and deformed with a strain of 4%. 

size. The specimens annealed at 730 ~ did not exhibit 
the highest rate of emission near the yield strength, 
and this is believed to be due to their low amplitude 
AE. The exception of the specimens annealed at 
1100 ~ was found to be related to a change of the 
deformation mechanism, which will be discussed in 
the next section. 

Some investigators have also found that AE power 
increases with grain size [20], while others have found 
that AE power increases first and then decreases with 
increasing grain size [16, 18, 20]. Despite this discrep- 
ancy, the current results can be explained solely in 
terms of the operation of Frank Read sources. In- 
creasing grain size increases the largest radius the 
dislocation sources can expand, and therefore in- 
creases the maximum amplitude of AE near the yield 



stress. Large grained specimens have more detectable 
AE because of the high amplitude of these AE. Thus, 
the total events of AE in each test increases with 
increasing grain size. The longer distance for the dislo- 
cation sources to expand in the large grain specimens 
would lead to a lower frequency of mechanism opera- 
tion for an externally constant strain rate. As a result, 
at the constant strain rate and specimen volume the 
rate of emission near the yield stress would decrease 
with increasing grain size. 

3.6. Plastic deformation versus cracking 
and fracture 

Fracture surfaces of the specimens with different heat 
treatments are shown in Fig. 13. The dimple appear- 
ance of the specimens annealed at 925 and 1010~ 
suggests that these specimens had a ductile fracture. 
The specimens annealed at 730 and 960 ~ also exhib- 
ited fracture surfaces with dimple characteristics. Re- 
call that specimens annealed at 1010 ~ had a Wid- 
manstatten microstructure, while the other three heat 
treatment conditions (730, 925 and 960 ~ annealing) 
gave microstructure of elongated or equiaxed alpha 
plus intergranular beta. Nevertheless, the final fracture 
of these specimens involved a similar mechanism, i.e. 
microvoid coalescence. It is, therefore, concluded that 
the sudden increase of AE just before the final fracture 
in different specimens was due to microvoid coales- 
cence. The amplitude of AE due to this process varied 
from specimen to specimen, and ranged from 45 to 
90 dB without including the final fracture which usu- 

ally had an amplitude of 99 dB. No clear rules have yet 
been found to govern the amplitude of AE from 
microvoid coalescence. However, the current results 
indicate that Ti-6A1 4V, a material with high yield 
strength and limited work hardening capacity, could 
produce high amplitude AE during microvoid coales- 
cence; this is in agreement with other studies [15]. As 
summarized in Ref. 15, materials with low yield 
strength and high work hardening capacity do not 
usually produce detectable AE because the decrease in 
net load supporting area is balanced by the increased 
flow stress of the deforming intervoid ligament. In 
contrast, for materials with high yield strength and 
limited work hardening capacity, microvoid coales- 
cence proceeds by an alternating shear coalescence 
because the loss of load supporting area cannot be 
compensated by work hardening. Thus, these mater- 
ials are likely to produce detectable AE. 

The fracture of the specimens annealed at 1100 ~ 
exhibited a quasi-cleavage appearance. The crack 
propagation paths could not be clearly deduced from 
the fracture surface. However, in situ microstructural 
observation during tensile tests suggested that some of 
the microcracks propagated along the alpha-beta in- 
terface, while others propagated along the colony 
boundary or cut though the alpha and beta phases 
within individual colonies. Accompanied with the 
change of fracture surface, the acoustic response of 
these specimens was also changed. A typical 
stress-strain curve and acoustic response from 
these specimens are shown in Fig. 14. It can be 
seen that near the yield stress there was no AE and 
that it was only detected after ca. 3% strain. The in situ 

Figure 13 Fracture surfaces of the specimens with a condition of (a) annealed at 925 ~ and furnace-cooled; (b) annealed at 1010 ~ and 
furnace-cooled; (c) annealed at 1100 ~ and cooled at a speed of 2 ~ min-1; and (d) the same processing conditions as (c), but a lower 
magnification to show the overall fracture surface. The letter "c" indicates the location where (c) was taken. 
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Figure 14 The extension dependence of the stress and the ampli- 
tude of AE of a specimen annealed at 1100 ~ and cooled at a speed 
of 2 ~ rain- 1. The letters a-e along the stress-strain curve indicate 
the stress levels at which the respective micrographs in Fig. 15 were 
taken: (Strain rate: 2.9 x 10 _4 s - 1) 

dislocation motion, and the presence of beta merely 
reduced the volume fraction of the alpha phase. In the 
latter case, dislocation motion in the alpha phase 
could not be interrupted by the presence of the beta 
phase, as suggested by the continuous slip lines within 
individual Widmanstatten colonies (Figs 12 and 15). 
The beta phase, which has a bcc crystal structure and 
a crystallographic relationship with the alpha plates, 
also deforms plastically and is too soft to be an effec- 
tive barrier to dislocation motion [29]. As a result, AE 
in this case behaved as though there were no beta 
phase, i.e. it was again dominated by the deformation 
behaviour of the alpha phase. 

The current observation agrees with other studies 
[30,31]; these studies have shown that when the se- 
cond phase precipitates are strong, widely spaced and 

microstructural examination of these specimens re- 
vealed that microcracking had occurred near the yield 
strength, as shown in Fig. 15. The reason for the 
change in deformation mechanism is not well under- 
stood. However, the disappearance of AE near the 
yield strength is believed to be related to the micro- 
cracking. Factors favouring the detectability of AE 
due to microscopic fracture sources are high ambient 
stress, large crack radius and fast crack speed [15]. 
Thus, the microcracks observed must propagate slow- 
ly because no AE was detected. Another evidence for 
the stable propagation of these microcracks was 
a reasonably large elongation of 6% shown by four 
specimens with this processing condition. At the later 
stage of deformation, both microcracks and slip lines 
were easily observed (Fig. 15d and e). The appearance 
of detectable AE at this stage was most likely related 
to the operation of dislocation sources, as shown in 
Fig. 15d and e. 

3.7�9 S e c o n d  p h a s e  e f f e c t  
The second phase, beta, in the present specimens exis- 
ted in two morphologies: one was in an intergranular 
form and the other in plate form. In the former case, 
the grain boundaries of the alpha phase were effective 
barriers to dislocation motion. Thus, the presence of 
beta at the grain boundaries had little influence on the 
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Figure 15 The microstructural change and microcracking during 
tensile deformation of a specimen annealed at 1100 ~ and cooled at 
a speed of 2 ~ min-  ~. The stress levels at which the micrographs 
(a)-(e) were taken are shown in Fig. 14. Note that micrographs (b) 
and (c) were taken at the same stress level but at different areas, as 
were (d) and (e). 

incoherent with the matrix, only moderate levels of 
AE are detected. However, when the second phase 
precipitates are weak, closely spaced and coherent 
with the matrix, dislocations may shear them, giving 
rise to intense AE. The beta plates in Widmanstatten 
colonies are weak and coherent with the alpha plates, 
and thus dislocations can shear them, producing de- 
tectable AE. Otherwise, the dislocation motion would 
have been limited within individual alpha phases, 
leading to a very small mean free path and AE with 
very low amplitudes. 

Based on the above discussion, it can be concluded 
that a weak ductile phase embedded in another ductile 
phase in a small amount with a morphology of either 
an intergranular network or thin plates which are 
coherent with the matrix could have little influence on 
the AE of this two-phase material. 

4. Conclusions 
The AE of Ti-6AI-4V, a two-phase alloy, has been 
studied using an in situ microstructural observation 
technique coupled with mechanical deformation. Based 
on this study, the following conclusions related to the 
deformation and AE of Ti 6A1-4V can be offered. 

1. The amplitude of AE events exhibits a maximum 
near the yield stress and decreases gradually as the 

material work hardens. This strain dependence of AE 
is attributed to the operation of Frank-Read  sources 
and the decrease in the mean free path between sessile 
dislocations with the increase in work hardening. 
2. An increasing strain rate increases the AE events 
amplitude and the rate of AE. The increase in the 
amplitude is related to an increase in the population of 
moving dislocations and/or the velocity of moving dis- 
locations, while the increase of the rate of AE is at- 
tributed to a greater frequency of dislocation operation. 
3. Increasing grain size results in: (a) an increase in the 
amplitude of AE events near the yield stress; (b) an 
increase in the total events of AE in each deformation 
test; and (c) a decrease in the rate of AE near the yield 
stress. These changes are due to the change in the 
largest radius the dislocations can expand. 
4. Microvoid coalescence contributes to the sudden 
increase in the AE events and amplitude just before 
the final fracture of this material. 
5. The beta phase exists in a morphology of either an 
intergranular network or thin plates. However, both 
of the morphologies exhibit little influence on the AE 
characteristics of this material because of the deforma- 
bility of the beta phase. 
6. Location analysis of AE sources suggests that 
a weak cross-section in Ti-6A1-4V is usually the loca- 
tion where yields first and initiates fracture. 
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