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Acoustic emission during fatigue of Ti-6Al-4V:
incipient fatigue crack detection limits and
generalized data analysis methodology
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The fundamentals associated with acoustic emission monitoring of fatigue crack initiation and
propagation of Ti-6Al-4V were studied. Acoustic emission can detect and locate incipient
fatigue crack extensions of approximately 10 pm. The technique therefore can serve as a
sensitive warning to material failure. There are three distinct stages during which acoustic
emission is generated. These stages are: crack initiation, slow crack propagation and rapid
crack propagation. The distinction between the stages is based primarily on the rate of
acoustic emission event accumulation. These three stages of acoustic emission correspond to
the three stages of the failure process that occurs during fatigue loading. That is, changes in
acoustic emission event rate correspond to changes in crack extension rate. Acoustic emission

event intensities are greater during crack initiation than during slow crack propagation and
greatest during rapid crack propagation. In a given fatigue cycle, event intensities increase

with increasing stress and most high-intensity events occur near or at the maximum stress.
Acoustic emission may therefore be used with confidence to detect, monitor and anticipate

failure, in real-time.

1. Introduction

Fatigue processes may be separated into two stages:
crack initiation and crack propagation. These stages
are often controlled by different mechanisms. The
optimal microstructure for maximizing crack initi-
ation resistance is often the microstructure that is least
resistant to crack propagation. Therefore, differenti-
ating between initiation and propagation allows one
to determine whether microstructural changes that
improve either initiation or propagation resistance
should be used to improve fatigue strength.

Acoustic emission (AE) is suitable for detecting
incipient fatigue cracks, differentiating between fatigue
crack initiation and propagation, and analysing mech-
anisms of failure [1-3]. For titanium and its alloys,
AE has been measured during tensile and compressive
deformation [4-8], fracture toughness testing [9, 101,
fatigue [2, 3, 11, 12] and stress corrosion cracking [3].

In this study, the characteristics of AE generated
due to fatigue cracking of Ti—6Al-4V were investig-
ated. AE techniques were employed to detect incipient
fatigue crack formation and to analyse fatigue crack
propagation in Ti-6Al-4V. Data determining the de-
gree of sensitivity with which AE can be used to detect
and locate fatigue crack initiation in Ti—6Al1-4V are
presented. In addition, a generalized AE data analysis

methodology which could be used in future studies is
also presented. In a companion paper [13], the meth-
odologies presented here are employed to analyse the
effect of material variables and failure mechanisms on
AE during fatigue loading of Ti-6Al-4V.

2. Methods and materials

2.1. Materials and specimens types

Specimens were obtained from 3.2 mm thick forged-
annealed, extra low interstitial (ELI) Ti-6Al-4V plate
material with an equiaxed microstructure. The chem-
ical composition of the as-received material (Table I)
conformed to ASTM F-136 [14]. Specimens were
machined so that the direction of loading was parallel
to the rolling axis of the plate. The dimensions of the
specimens are indicated in Fig. 1. Double-edge
notched specimens were used to promote fatigue
cracking at a specific location.

2.2. Fatigue testing procedure and AE data
acquisition

Tension-tension fatigue tests (R = 0.1} were per-

formed using a closed loop servo-hydraulic mechan-

ical testing machine (Instron Model 1331). Tests were
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TABLE I Chemical composition of as-received Ti-6A1-4V

Element As-received (wt %) ASTM F136-84 (wt %)
N, 0.015 0.05 (max.)

C 0.010 0.08 (max.)

H, 0.007 0.012 (max.)

Fe 0.150 0.25 (max.)

0, 0.112 0.13 (max.)

Al 5.90 5.50-6.50

\% 3.50 3.50-4.50

Ti Balance Balance

Chemical analysis of Ti—6A1-4V supplied by Titanium Industries
Central Service Center, Shaumburg, IL.
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Figure | Schematic illustration of AE specimen design, with dimen-
sions.

conducted under load-controlled mode, with a sinus-
oidal load cycle, at different frequencies ranging from
0.01-1.0 Hz. For most tests, the maximum stress was
70% ultimate strength of the material (600 MPa).
Prior to the first fatigue cycle, the specimens were
statically loaded (under stroke-controlled mode, at a
rate of 0.05 mmmin~!) to determine if there were any
flaws in the material which might be sources of AE.
The amount of damage accumulation from these flaws
during the initial loading was therefore determined.
Table II summarizes the different tests performed.

Two AE sensors were mounted, equidistant from
the notch, on to the two neck regions of the speci-
mens (Fig. 1). After cleaning the specimens with acet-
one, the sensors were coupled to the specimens with a
water soluble acoustic couplant (Dunegan/Endevco
AC-WS) and fixed in place by using duct tape.

AE was monitored with Physical Acoustics Cor-
poration (PAC) 3000/3004 instrumentation. The
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TABLE II AE testing matrix: S = 0,,,/0,,; f is the loading
frequency

Specimen no. S S(Hz)
EA-1 0.8 0.01
EA-2 0.7 0.01
EA-3 0.7 0.01
EA-4 0.6 1.0
EA-5 0.5 1.0

TABLE IIT AE Instrumentation and operating parameters

Transducers: PZ Type R-15

150 kHz resonance frequency
Model 1220A

40 dB fixed gain

100-300 kHz filter

Pre-amplifier:

Post-amplifier: 40 dB gain
Threshold 10V
Dead time 1 ms
Time base 0.1 frequency ™' s
let—— Event ——
duration
J—. R:iSC
time
; 11
Peak / . Energy
amplitude envelope
‘ - -—H T i HF\ - Threshold
Reference nunu voltage
voltage L UU U J

\.J

Figure 2 Schematic illustration of AE event waveform and charac-
teristics.

pertinent operating parameters are listed in Table II1.
AE data were processed with a two-channel AE dis-
tribution analyser/locator. Data were collected,
stored and analysed using PAC software on a PAC
3000 computer. Results include linear source location,
analysis of the number of acoustic waves (AE events)
and the intensities of the AE events. Event intensities
are a collective térm for event amplitude, number of
threshold crossings, defined as counts per event, event
duration, event energy counts, and event rise time
(Fig. 2). The linear source location provides the site at
which AE events were generated. Source location is
determined by the AE system calculating the time
difference between the arrival of the same acoustic
wave at the two sensors. The smaller the time differ-
ence, the closer was the source to the notch tip. A
detailed description of the event intensity analyses is
given in Section 2.4. l
Monitoring of fatigue crack propagation was also
performed optically through a closed circuit television
system (CCTV). A video camera (Panasonic Intralux
6000, 30 frames s ') with a high magnification ( x 125)
microscope zoom lens was used to monitor visually



fatigue crack propagation. The camera was mounted
on an electrically controlled, movable platform which
had a 25 mm vertical span and a 50 mm horizontal
span. Thus, the full width and length of the notched
region could be visually inspected for surface cracks.
Fatigue crack propagation was recorded onto a video
cassette recorder for post-test correspondence with the
AE data.

2.3. Correspondence between onset of AE
and fatigue crack initiation

AE sensitivity to incipient fatigue cracking was estab-
lished by relating the cycle number of the first AE
event to the cycle number of the first evidence of a
fatigue crack as observed visually via the CCTV.
Crack length measurements were taken from the
CCTYV when the specimen was under maximum stress.
Crack extension was defined as the distance from the
previously measured crack tip to the furthest continu-
ous visible point of damage. The total crack length
was the sum of the piecewise continuous linear crack
segments.

2.4. AE data analysis techniques

The following AE parameters were recorded and ana-
lysed: number of events, E, event amplitude, 4, counts
per event, C, event duration, D, and event energy
counts (EN counts). Subsets of the recorded events
were created, based on event location, fatigue cycle

number, and stress range at which the events were
generated. Also, AE events were analysed in terms of
their intensities, and subsets of event intensities gener-
ated within different ranges of location, fatigue cycle
number and stress level were established.

Spatial filtering of events was performed to elim-
inate extraneous emission. Only events generated
within the central 60% of the gauge length were
analysed. Additional spatial filtering was performed to
analyse only events generated at the crack tip.

Each subset of events was analysed in four ways: (1)
average event intensities; (2) cumulative number of
events. as a function of cumulative number of fatigue
cycles (E—-N curves); (3) two-dimensional location dis-
tribution histograms (LDH) of events and intensity
distribution histograms (IDH) of events and (4) three-
dimensional LDH and IDH of events. Location and
intensity distributien histograms are general terms for
the distribution of events and event intensities as
functions of location, cycle number and/or applied
load. Fig. 3 is a flowchart of the general data analysis
methodology employed.

2.5. ldentification of friction emission

Generally, a significant amount of emission can be
generated from grating between existing fracture sur-
faces. This emission, defined here as “friction emis-
sion”, is distinct from the emission generated by actual
damage progression. Friction emission discrimination
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Figure 3 Flowchart of AE data analysis techniques. (E = AE events, P = load, x = location, N = number of fatigue cycles, I = AE event
intensity, LDH = location distribution histogram of events, IDH = intensity distribution histogram, of events, CCTV = closed circuit
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was based upon analysing specific subsets of events,
mentioned above, and also whether events occurred
during loading or unloading. For this purpose, the
recorded events were separated into two subsets, de-
termined by the stress ranges in which they were
generated: events generated between 10% and 60%
maximum stress and events generated between 95%
and 100% maximum stress. In this study, it was
assumed that at the lower stress range, most of the
emission was generated by grating and not by actual
damage.

Threshold intensities characteristic of friction emis-
sion, referred to as “FRET” (friction emission thresh-
old) values, were identified by screening IDHs of
events for low level values of event intensities.

Event intensities representing friction emission were
also determined by performing friction verification
tests. In these tests, a maximum stress of 0.7 ultimate
tensile strength (UTS) was applied until a fatigue
crack propagated to a length sufficient to generate
emission from both crack extension and crack closure.
The maximum stress was then lowered to a level that
was insufficient to produce further visual crack propa-
gation (0.2 UTS). All of the AE events generated at the
lower stress level were therefore assumed to be due to
crack opening and closing only. The intensities of the
events recorded during fatigue cycling at the lower
maximum stress level determined the FRET values.
The fatigue stress amplitudes were alternated several
times (Table IV) to determine the average event in-
tensities representing friction emission.

3. Results and discussion
3.1. AE source location and correspondence
with fatigue crack initiation

A curve of cumulative number of events versus the
number of fatigue cycles (E-N curve) for a represent-
ative test (EA-2) is shown in Fig. 4a. From this curve,
the occurrence of the first AE event (at cycle number
88) is easily seen. At this fatigue cycle number, a
fatigue crack approximately 32 pm Jong was optically
observed (Fig. 4b). The correspondence between this
AE result and the progression of damage, detected
optically, is indicative of AE sensitivity to fatigue
crack initiation. Similar correspondences were made
for all other specimens (Table V). Listed in the table
are the fatigue cycle numbers at which AE initiated for

TABLE IV Loading sequence for friction verification test.
§ = Gpax/Oun; [ = loading frequency

Step S f(Hz) Number of cycles
1# 0.7 - -

2A 0.2 0.1 100

2B 0.2 1.0 1000

3 0.5 0.1 51

4 0.2 1.0 986

5 0.5 0.1 93

6 0.1 1.0 1000

7 0.5 1.0 248

® Crack initiated during initial static loading, therefore loading at

0.7UTS was skipped, to avoid catastrophic faiture.
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250

Events

Figure 4 (a) Curve of cuamulative number of events versus number of
fatigue cycles (E-N curve) for specimen EA-2, showing the onset of
AE at N = 88. (b) Photograph showing a crack approximately
32 um long at the notch-tip of specimen EA-2 at N = 88.

each specimen, the cycle numbers at which fatigue
crack initiation was first observed optically, and the
corresponding crack lengths.

The smallest crack lengths that could be reliably
detected optically were approximately 10 um. In all
specimens tested, emission initiated prior to, or at the
same time as the optical detection of fatigue crack
initiation. It should be noted that optical observations
can reveal only surface damage, while emission is
generated throughout the entire thickness of the speci-
men. Therefore, it can be concluded that the AE



TABLE V Summary of AE and CCTV sensitivity for fatigue tests

Specimen Omax/ OuTs Omax(MPa)  f(Hz) Cycle of Cycle of Crack length (um)  Cycles to  Total events
Ist AE event 1st optical at 1st optical failure at failure
observation observation
EA-1 0.8 717 0.01 10 13 10 14 11
EA-2 0.7 607 0.01 88 88 32 415 200
EA-3 0.7 607 0.01 8 102 56 175¢ 267
EA-4 0.6 530 1.0 74 133 40 171 40
EA-5 . 0.5 453 1.0 2 24 10 790 125

? Specimen not tested to failure.

technique can serve as a sensitive early warning
method for detecting incipient fatigue cracks even
smaller than 10 um long. In other words, based on the
data in Table V, the AE technique is more reliable to
monitor fatigue cracking than conventional tech-
niques, which use optical observations.

3.2. AE data analysis methodology

The E-N curves, such as the one shown in Fig. 5a, are
defined by three separate regions: (I) early emission,
indicative of fatigue crack initiation; (II} a relatively
stable crack propagation phase, as indicated by the
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Figure 5 (a) Curve of cumulative number of events versus number of
fatigue cycles for specimen EA-5, showing three stages at which AE
is generated: crack initiation (I), slow crack propagation (II) and
rapid crack propagation (III), (b) Superposition of curves of {(A)
cumulative number of events versus cumulative number of fatigue
cycles and (@) cumulative crack length versus cumulative number
of fatigue cycles for specimen EA-S.

lower emission rate; and (III) an increase in the
amount and rate of emission as unstable crack propa-
gation and catastrophic fracture occur. The onset of -
unstable crack propagation is seen from the rapid
increase in the event rate at fatigue cycle number 770.
The increase in emission rate coincided with an in-
crease in the rate of the actual crack extension, as
observed optically.

Changes in the rate of emission followed changes in
the rate of crack extension. This result is evident when
a comparison is made between the measurement of
crack length as a function of the number of fatigue
cycles (a—N curves) and the E-N curves (Fig. 5b).
Measurements of the fracture surface in the SEM
showed that the length of the fatigue region of this
specimen was approximately 6 mm. In comparison,
the crack length measured with the CCTV just prior
to catastrophic failure was 6.4 mm. Thus, it can be
concluded that in addition to detecting incipient
fatigue cracks of less than 10 pm, AE also offers the
ability to detect and anticipate fatigue crack propaga-
tion accurately and provide early warning to cata-
strophic fracture.

By recording the source location of all AE events, a
location distribution histogram (LDH) of events can
be plotted. This method of representing the data
provides a more graphical documentation of the in-
creased AE activity. It thereby reveals the location of
material damage accumulation and enables fracture
sites to be anticipated in real-time. The LDH of all
events accumulated during the fatigue life of sample
EA-2 (Fig. 6) shows that, initially, most of the emission
was generated at the notch tip (i.e. location 50). As the
fatigue crack grew, additional emission was generated
from other locations along the specimen length, indic-
ating failure progression. It should be noted that the
few events generated away from the notch tip during
the initial phases of the fatigue cycling may have been
caused by surface imperfections.

3.3. Friction emission discrimination methods
The repeated grating between existing fracture sur-
faces during long portions of the fatigue cycling can
generate emission repeatedly at a given material point
(i.c. at the same location and at the same stress level).
Grating can occur when crack faces come into contact
during the unloading phase of the load cycle or, due to
the ruggedness of the fracture surfaces (Fig. 7), when
crack faces slide over one another during reloading.
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Figure 6 Location distribution histogram (LDH) for specimen
EA-2 (o = 607 MPa, E = 200 events).

max

Figure 7 Photograph of sliding between crack surfaces and the
potential for friction emission.

In contrast, material damage and the resultant AE are
singular. In other words, a wave is generated only
once, at the time the damage is created in that specific
volume of material. The data presented in Figs 8 and
9, further support the occurrence of friction emission.
Analysis of these data outlines how AE caused by
grating can be distinguished from AE caused by dam-
age progression.

Many events occurred at lower stresses and were of
lower intensities (Fig. 8). The distribution of event
intensities generated during a representative test
(Fig. 5b) are shown as functions of the number of
fatigue cycles (Fig. 8a—d) and stress (Fig. 8e—h). These
distributions are referred to as “point plots”. Each
point in a “point plot” indicates that an evenf of a
given intensity occurred at a given fatigue cycle num-
ber or stress level, respectively.

It is interesting to note that most events are gener-
ated at the low stress ranges, indicating that AE occurs
primarily due to grating among existing fracture sur-
faces. In ‘order to illustrate this point, events are
separated into three subsets: (1) the total number
of events generated; (2) events generated within
10%—60% maximum stress; and (3) events generated
within 95%-100% maximum stress. The E-N curves

3138

for events generated in these stress ranges (Fig. 9), are
representative of all the specimens tested. These curves

“clearly indicate that, most often, events were generated

in the lower 60% of the stress cycle and they accumu-
lated continuously. Although the emission generated
at low stresses is more continuous than the emission
generated at high stresses, it is clear from the E-N
curves that events generated in the low stress range
also have an intermittent nature. The reason for the
intermittent nature is that as a fatigue crack propa-
gates, the notch-tip geometry changes, resulting in
changes in the nature and amount of grating.

Events that were generated at the low stress range
were accumulated during consecutive cycles of the
fatigue loading, whereas the events generated at the
higher stress range occurred more intermittently
(Fig. 9). These more continuous event accumulations
correspond to the continuous grating among existing
fracture surfaces. The more intermittent events, gener-
ated at the higher stresses, correspond to sudden crack
growth. A further indication of friction is that events
were generated at progressively lower stresses with
increasing fatigue cycle number (Fig. 10). The reason
for this trend in the AE data is because as a crack
grows, a lower load is required to cause the crack faces
to come into contact with each other.

Friction emission is generated provided a crack has
propagated to a sufficient length. This fact explains the
finding that, in a given test, initially, most events were
generated at the high stress range and, as the fatigue
loading progressed, more events were generated at the
lower stress range. For example, for the specimen
whose E-N curve is shown in Fig. 5a, low stress events
occurred only after 150 fatigue cycles, at which stage
the fatigue crack was approximately 100 pm long.
This interpretation of the AE data is supported by
work on short crack growth in titanium alloys, which
showed that crack closure effects are negligible for
short (@ < 100 um) cracks [15, 16].

Although material damage and friction both release
energy, it should be expected that emission produced
by the formation of new material surfaces releases
more energy than fretting among existing fracture
surfaces. Therefore, friction emission shouid be
characterized by low level event intensities, which
occur throughout the entire range of cyclic stresses.
The intensity distributions (Fig. 8) show that most of
the event intensities were below certain threshold
values. These friction emission threshold (FRET) in-
tensities, are: A = 50 dB, EN = 20 counts, C = 20 and
D =120 ps.

It should be noted that grating can occur at both
the lower and upper stress ranges. Therefore, emission
generated at the upper stress range cannot necessarily
be attributed to damage. In other words, emission
caused by damage cannot be identified by simply
differentiating events based on the stresses at which
they were generated. Consequently, the friction emis-
sion which occurs at the upper stress range is identi-
fied by its event intensities.

The data shown in Table VI illustrate the above
argument. A specimen was subjected to the fatigue
loading sequence outlined in Table IV. Prior to the



100 1 E— — —
o
- -’
2 »
~2 4. [
-é-'_ 4. . 3
=1 SRR B
: :
30 Sy e . S v
0 800
(o) Cycles
300 e — . —
21 - '
s 1.
c 4
w -
O:‘,n_'__'._'_a.'._-.__n.h_.__._n.-d_r
0 800
{b) Cycles
700- _e . s 2 A - A A "y
[ - L
e 4. .
s 't
5 1° o F
o 4 ® . - . o
0 dp s il
0 800
{c} Cycles
150 - * S
t 1. )
2 . ]
(-4 - .
< o . 1
3 P S — '-.-‘Lf
0 800
(4) Cycles

Figure 8 “Point plots” of (a—d) event intensities versus fatigue
(Opmax = 450 MPa, N = 790, E = 125 events).

fatigue loading, the specimen was loaded quasi-stati-
cally to 70% ultimate strength, causing a crack of
approximately 3.8 mm. During loading steps 2A, 2B, 4
and 6, no new'damage is expected to occur, and in fact,
no detectable crack propagation was optically ob-
served during these steps. Yet, a large number of
events was generated. These events are attributed to
the grating among the fracture surfaces of the existing
crack (a = 3.8, 3.9, 5.2 mm) at the beginning of steps 2,
4 and 6, respectively. The average intensities of these
events were all relatively low (Table VI). In contrast,
the events generated in steps 3, 5, and 7 (Table VI),
during which the specimen was loaded to a higher
maximum stress, were all of higher intensities. The
average intensities attributed to grating were derived
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cycles, and (e-h) event intensities versus stress for specimen EA-5

from the intensities of the events generated in the low-
load steps, and determined to be: A = 51 dB, EN =6
counts, C = 6 and D = 29 us.

The fact that event intensities increased with in-
creasing stress range has therefore been demonstrated
in two ways: by analysing the intensity distributions
(Fig. 8) and by alternating the maximum stresses ap-
plied (Table VI). It should be noted that the FRET
values differ slightly, depending on which method was
used to determine these values. Analysis of the infens-
ity distributions yields threshold values, or the max-
imum event intensities attributed to grating. On the
other hand, alternating the maximum stresses yields
average intensities accumulated over the course of the
loading cycle, and these values are therefore lower. It
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Figure 10 Three-dimensional plot of generated events as a func-
tion of stress and fatigue cycle number for specimen EA-2
(02 = 607 MPa, E = 200 events).
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should also be noted that, in general, FRET values
may change with the quality of the fracture surface,
applied load and loading frequency.

The three-dimensional plots shown in Fig. 11 reveal
that for the events generated during step 3 (Table VII),
emission occurred at specific locations and stresses,
during specific fatigue cycle ranges. Because this emis-

PP PTTL ST T I

Events

0
(b) Stress (MPa)

Figure 11 Friction verification plots from low-loading step of
FRET test: three-dimensional plots of generated events as a func-
tion of (a)location and fatigue cycle number and (b)stress and
fatigue cycle number (6,,, = 207 MPa, N = 100, E = 100 events).

sion occurred repeatedly at specific fatigue cycles, at
the same location, same (low) stress and was charac-
terized by the same (low) intensities, it must have been
caused by friction. These plots are therefore referred to
as “friction verification plots”.

Another important consideration with respect to
differentiating between damage and friction emission
is that in a given fatigue cycle, events due to material
damage may be generated to non-peak stresses. The
AE resuits shown in Fig. 12 indicate that under certain

TABLE VI Results of friction verification test: average event intensities as a function of stress and frequency

Step Max. stress (MPa) f(Hz) Cycles Events Amplitude  Counts Duration EN (counts)
(dB) (ns)
12 - - - - - - - -
2A 0.2UTS (207) 0.1 100 188 49 8 36 8
2B 0.2UTS (207) 1.0 1000 934 49 4 16 3
3 0.5U1S (517) 0.1 51 735 56 30 180 33
4 0.2UTS (207) 1.0 986 279 55 7 36 7
5 0.5UTS (517) 0.1 93 489 57 27 146 46
6 0.1UTS (104) 1.0 1000 3 - - - -
7 0.5UTS (517) 1.0 248 - 2687 56 34 199 63

2 Crack initiated during initial static loading, therefore loading at 0.7UTS was skipped, to avoid catastrophic failure.
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Figure 12 Three-dimensional plot of events generated as a function
of stress and event amplitude. Many events were generated at lower
stresses. (Gu,, = 730 MPa, N = 6492, E = 2026 events).
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loading conditions, high-intensity events may also be
generated at the lower stress range. In other words,
event intensitics greater than the FRET intensities are
generated. These events are not necessarily caused by
the grating, but rather by plastic flow. It has been
shown that the plastic zone growth which precedes
crack propagation can occur at stresses lower than the
peak stress [ 17]. Additionally, as demonstrated above,
friction emission can be generated at the upper stress
ranges. Therefore, provided the maximum stress is
sufficient to cause crack propagation, both damage
and friction emission may occur at all stress levels.
Analysis of these events and determination of FRET
values should therefore be based on event intensity
levels as well as stress levels, and not just stress levels,
as is traditionally done.

3.4. Analysis of AE from material damage

Generally, events generated during crack initiation
are of higher ~maximum intensities (4 = 70 dB,
EN =180 counts, C =75, D =400 us) than those
events generated during stable crack propagation
(A = 54dB, EN = 10 counts, C = 40, D = 240 ps). This
is evident from analysing the intensity distributions
(Fig. 8). Based on the point plots shown in Fig. 8(a—d),
most of the events were generated during final frac-
ture. In addition, the maximum intensities of the
events generated during final fracture (4 = 72 dB,
EN =202 counts, C = 113, D = 629 us) were higher
than the intensities of the events generated during
stable crack propagation. Moreover, most of these
higher intensity events occurred at the higher stresses
(Figs 8e~h). However, based on the relative number of
“points” in the “point plots” shown in Figs 8e-h, most

events occurred at lower stresses. Further analysis of
these events (not shown here), indicated that this trend
is especially true for those events generated during
stable crack propagation.

Continuous crack propagation was observed opti-
cally, yet, as indicated in Fig. 9, events generated in the
upper stress range occurred intermittently, possibly
indicating that AE sensitivity to crack growth is iess
than AE sensitivity to crack nucleation. Events gener-
ated at different stress ranges may also be due to
different source mechanisms, such as plastic zone
extension, crack propagation and friction. The aver-
age AE event intensities are higher at the uppermost
stress ranges (Table VII). This is explained by the fact
that events generated in the high stress range may
mostly be attributed to plastic flow and crack propa-
gation, while events generated in the low stress range
may be indicative of grating among fracture surfaces.
It has been shown, above, that events generated from
crack face grating are of lower intensity than events
generated from damage extension.

In summary, the three stages of fatigue crack pro-
gression (crack initiation, stable crack propagation
and rapid crack propagation) are readily detected and
analysed by AE analysis. However, detailed character-
ization of the AE events and event intensities indica-
tive of these three stages is only possible if the emission
from the grating of the fracture surfaces is character-
ized first.

4. Conclusions

1. AE can detect incipient fatigue crack extensions
of 10 um, or less, in Ti-6Al-4V; it therefore can serve
as a sensitive warning method for analysing material
failure.

2. There are three distinct stages during which AE
is generated: crack initiation, slow crack propagation
and rapid crack propagation. The distinction between
these stages is based primarily on increases in the rate
of AE event accumulation. The rate of AE event
accumulation corresponds to actual crack growth, as
observed optically, and can therefore be used to anti-
cipate failure.

3. AE data are interpreted by separating the re-
corded events into subsets, according to location,
ranges of fatigue cycles, stress range and event in-
tensities. Material failure mechanisms follow from the
analysis of AE events in terms of their intensities and
variations in intensities with location, fatigue cycle
number and stress level.

4. A large number of events were generated by
grating. These events are generally of low intensity.
Friction emission threshold (FRET) intensity values
were determined: A = 50dB, EN = 6-20 counts,
C =6-20 and D = 30-120 ps.

TABLE VII Average intensities of AE events generated during different load ranges

Load range (% Oy Events Amplitude (dB) Counts Duration (s) EN (counts)
0-100 199 51 12 57 14

10-60 166 50 9 37 7

95-100 21 57 40 209 62
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5. AE event intensities are greater during crack
initiation (4 = 70dB, EN counts = 180, C =75,
D =400 ps) than during slow crack propagation
(A =54dB, EN =10counts, C =40, D = 240ps)
and are greatest during rapid crack propagation
(4 = 72dB, EN = 200 counts, C = 110, D = 625 us).
Event intensities also increase as the maximum stress
increases, because more material damage is created at
higher stresses.

6. By monitoring AE during fatigue loading of
Ti-6Al-4V, the sequence of failure processes can be
easily monitored and catastrophic fracture can be
anticipated.
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