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Acoustic emission behaviour during stage II fatigue
crack growth in an AISI type 316 austenitic stainless
steel
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Division for PIE and NDT Development, lndira Gandhi Centre for Atomic Research,
Kalpakkam 603 102, India
Abstract. Acoustic emission (AE) behaviour during fatigue crack growth (FCG) in a
ductile AISI type 316 austenitic stainless steel is reported. The two substages in the stage
II Paris regime of FCG could be distinguished by a change in the rate of acoustic activity
with increase in crack growth rate. The transition point in the cumulative ringdown count
plot coincides with that in the da/dn plot. The AE activity increases with increase in
AK during stage ila and decreases during stage lib. The major source of AE during stage
lla is found to be the plastic deformation within the cyclic plastic zone (CPZ) as compared
to the phenomena such as monotonic plastic zone (MPZ) expansion, ductile crack growth,
crack closure, etc. The increase in AE activity with increase in AK during stage lla is
attributed to the increase in the size of the CPZ which is generated and developed only
under plane strain conditions. The decrease in AE activity during stage lib is attributed
to the decrease in the size of the CPZ under plane stress condition. The high acoustic
activity during the substage lla is attributed to irreversible cyclic plasticity with extensive
multiplication and rearrangement of dislocations taking place within the CPZ. The AE
activity is found to strongly depend on the optimum combination of the volume of the
CPZ, average plastic strain range and the number of cycles before each crack extension.
Based on this, an empirical relationship between the cumulative RDC and AK has been
proposed and is found to agree well with experimentally observed values.

Keywords. Acoustic emission; ringdown counts; fatigue crack growth; cyclic plastic zone;
AISI type 316 stainless steel.

1.

Introduction

D e v e l o p m e n t o f a reliable non-destructive method for detection, location and
measurement o f the p r o p a g a t i o n rate o f d y n a m i c subcritical flaws is useful for
predicting the integrity o f a c o m p o n e n t thereby increasing its duration o f safe
operations. Acoustic emission technique (AET) is w i d e l y used for understanding
plastic deformation m e c h a n i s m s (Heiple and Carpenter 1987) and crack growth
m e c h a n i s m s (Mori et al 1980; Daniel Smith and Carpenter 1988). A study by M o r i
et al (1980) showed that acoustic emission (AE) act[vity can be correlated to
various sources such as plastic d e f o r m a t i o n near the crack tip, m i c r o c r a c k i n g ,
intergranular facet formation etc. A n o t h e r study by Smith et al (1988) on the
analysis o f A E energy and frequency content o f A E signals reveals that the sources
p r o d u c e distinct A E signatures (wave characteristics). It is p o s s i b l e to identify the
type o f A E sources such as fracture o f inclusions, transgranular and intergranular
c l e a v a g e etc from these signatures. Several attempts have been m a d e to use A E T
for m o n i t o r i n g crack g r o w t h in materials and components manifesting h y d r o g e n
e m b r i t t l e m e n t and stress corrosion (Dunegon and T e t e l m a n 1971; H a r t b o w e r et al
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1972; Hideo Kusanagi et al 1980). It has been observed that AET gives useful
information for studying crack growth and giving new insight into fracture
mechanisms. The feasibility of using AET for crack growth measurement has been
studied by Gerberich and Hartbower (1967) and Hartbower et al (1968). But, these
investigations on AE from fatigue crack growth (FCG) have been confined mainly
to crack growth rates greater than 10-s m/cycle which is towards the higher end
of crack growth rates encountered in engineering structures. A study by Dunegan
et al (1968) showed a power law relationship between total number of AE signals
(N) resulting from the plastic deformation near the crack tip and the stress intensity
factor (K) as N = AK~. Experimental results show that the value of m ranges from
4 to 8 for different materials. This study established that it should be possible to
continuously monitor slow crack growth by AE, if we could establish the parameters
A 'and m for a g i v e n material of particular thickness. Followed by these investigations,
several attempts have been made to use AET for studying high cycle fatigue crack
growth on different materials. These studies have resulted in establishing relationships
between AE parameters such as cumulative AE ringdown counts, count rate
(counts/cycle) with fatigue parameters such as stress intensity factor range (AK),
crack growth rate (daldn) etc (Dunegan et al 1970; Morton et al 1973; Harris and
Dunegan 1974; Lindley et al 1978; Mori et al 1980; Ohira et al 1980; Hamel
et al 1981). All these investigations suggest that AET has a great potential for its
use as an in-service inspection method. AET, which gives information on the
dynamic changes such as plastic deformation and crack propagation, can be applied
for continuous monitoring of fatigue crack growth.
Many researchers have reported that the FCG behaviour differs between the initial
and later parts of the linear stage II Paris curve (Birkheck et aI 197l; Gurevich
and Edidorich 1974; Moorthy et al 1991). It has been suggested that stage II region
can be divided into two substages, IIa and IIb (Masuda et al 1980; Grinberg 1984).
Stage IIa corresponds to structure sensitive slow crack propagation and constitutes
a microcrack advance after a certain number of cycles. During stage IIb, the crack
propagation is insensitive to submicroscopic structural features and the crack
propagates with every load cycle. Hence, a significant difference in the FCG rate
and the associated acoustic emission (AE) behaviour between stages IIa and IIb is
expected.
In the earlier acoustic emission studies, the phenomena such as crack growth
(Harris and Dunegan 1974; Paul Mclintire 1987), crack closure (Wang et al 1992)
and plastic deformation occurring near the crack tip (Palmer 1973; Lindely et al
1978) have been considered as the sources of AE. In most of the earlier studies
on AE during FCG (Morton et al 1973; Harris and Dunegan 1974; Ohira et al
1980; Hamel et al 1981), only the AE signal generated near the peak load was
used for analysis, considering that crack growth occurs only near the peak load.
However, it is well known that the ductile crack growth is a very weak source
of AE (Palmer 1973; Paul Mclintire 1987). Also in the pure FCG process, the
damage is not induced b y Km~, but only by the relevant AK (Moura Branco et al
1989). The damage induced by AK in any one cycle will be added to the damage
accumulated during the previous cycles and it is due to this additive process that
FCG occurs after attaining critical strain at the crack tip. In the case of ductile
materials, the cyclic plasticity is considered as the main damage process (Davidson
and Lankford 1983). The irreversible cyclic plasticity within the cyclic plastic zone
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occurs even at lower load level throughout the fatigue cycle. The plasticity is
associated with extensive dislocation generation and rearrangement. Hence, collecting
only the peak load AE is not likely to give information about the overall AE
sources which contribute to the fatigue damage mechanism. Therefore, particularly
for ductile materials, the AE generated during the entire fatigue cycle should be
acquired to get the information from all possible sources of AE. This data acquisition
is thought to be essential to analyze the extent of contribution from all the possible
AE sources and finally to establish the main source of AE so that a better insight
into the relationship between AE behaviour and fatigue mechanisms can evolve.
Authors are not aware of any such attempts reported by any other investigators.
Also, there is no study reported in the literature to analyze AE behaviour during
the two substages IIa and IIb. The objective of the present investigation is to study
the AE behaviour during stage II FCG in an AISI type 316 stainless steel and
establish the major source of AE during fatigue crack propagation, by collecting
and analyzing AE generated throughout the loading cycle. It is also intended to
predict the relationship between the AE parameter and the cyclic stress intensity
factor AK.

2. Experimental
Nuclear grade AISI type 316 stainless steel compact tension (CT) specimens of 25
mm and 12.5 m m thicknesses and having chevron notch were fabricated according
to the ASTM standard E647-86 (1986). Two different thickness specimens were
used to study the influence of specimen thickness on the AE behaviour. Typical
chemical composition of the steel is as follows: Ni: 12.43%, Cr: 16.46%, Mo:
2.28%, C: 0.054%, Mn: 1.69%, Si: 0.64%, S: 0.006%, P: 0.02%, Fe: Rest. All the
specimens were solution-annealed at 1323 + 5 K for 1 h in vacuum better than 10-5
torr (133 x 10-5 Nm-Z). The average grain size of the microstructure is 50 ~m. The
yield stress and ultimate tensile stress of the material were measured as 270 MPa
and 580 MPa respectively. All the specimens were fatigue precracked according to
the ASTM standard E 647 (1986) in a MTS model 811 closed loop servo hydraulic
testing, system. The precracked specimens were subjected to constant amplitude
tension-tension cyclic loading in the load range of 1-10 kN at 25 Hz frequency.
The surface crack length was measured to an accuracy of 0.01 mm using a 10 x
travelling microscope at different stages of its propagation. The test was interrupted
for this purpose.
The AE generated during the fatigue test was acquired using a 375 kHz resonant
piezoelectric sensor. This sensor frequency was found to be optimum with minimum
interference from the servo hydraulic system noise. Teflon coated loading pins were
used in order to reduce the noise due to rotating pins. The constant force spring
loaded sensor was coupled to the surface of the specimen with high vacuum grease.
The acquired AE signals were amplified by a 40riB fixed gain preamplifier. A
bandpass filter having a range of 250-500 kHz was used. The preamplified and
filtered AE signals were further amplified and analyzed using model AET 5000
AE system. The overall gain selected was 65 dB. The threshold selected was 0.8 V
which was just above the background noise level. A dummy CT specimen without
notch was fatigue cycled between 1 - 1 0 k N load range at 25 Hz frequency. This
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dummy test showed that the contribution from external noises such as rotating pins,
grip noises etc to the recorded AE is insignificant under the experimental conditions
selected. This is attributed to the low frequency of AE signals generated by these
noise sources as compared to the resonant frequency of the sensor used. The AE
ringdown counts (RDC) were used for correlation of AE activity with FCG behaviour.
The cyclic stress intensity factor AK is calculated from the standard expression
used for CT specimens (ASTM standard 1986). The crack growth rate (da/dn) and
the cumulative RDC (N) were measured at different number of cycles (n).
3.

Results and discussion

Figure 1 shows a typical plot of cumulative RDC (N) as a function of number of
cycles (n) tbr one of the specimens. Almost negligible AE activity recorded in the
initial stage (up to 50000 cycles) indicates that the interference of mechanical noise
is insignificant. Figures 2a and b show the plots of log (da/dn) and log (N) as a
function of Iog AK for two specimens each in 25 mm and 12.5 mm thicknesses,
respectively. The variation in log (da/dn) with log AK shows a linear behaviour for
all the specimens. This linear behaviour has been fitted according to the Paris
equation,
daldn = C(AK) m ,

(1)

where C and m are constants.
The C and m values for different specimens estimated from the above equation
are given in table 1. The variation in log (N) with log(AK) shows a two-slope
behaviour for all the specimens. This two slope behaviour indicates a change in
the crack growth mechanism within the linear Paris regime, and suggest that the
AE parameter like cumulative RDC can be used to distinguish the two subdivisions
of the stage II crack propagation.
The presence of two substages IIa and IIb in stage II can be observed when
one plots the variation in log (daldn) with log (n) (Gurevich and Eidorich 1974).
Figures 3a and b show the variation in log (daldn) and log (N) as a function ~of
log (n) for all the specimens. These figures show a two-slope behaviour for crack
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Figure I. Typical variation of cumulative rtngtlov, fl counts (N) as a function or number
of fatigue cycles (n).
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Figure 2. Variation of cumulative RDC and crack growth rate (da/dn) as a function cyclic
stress intensity factor (AK) for ( a ) 2 5 m m a n d ( b ) 1 2 . 5 m m thick specimens.

propagation rate (da/dn) and AE cumulative RDC (N) during stage II FCG. The
transition from stage IIa to IIb can be observed from the sharp increase in the
slope of da/dn and a sharp decrease in AE activity after a certain number of
cycles. The two slope behaviour shown by both the crack growth rate and AE
activity itself is a direct evidence for a two-stage fatigue process during stage II.
Some of the earlier studies (Morton et al 1973; Paul Mclintire 1987) showed a
linear relationship between AE count rate (counts/cycle) and AK. This may be due
to collection of only peak load AE activity. Dunegan et al (1974) and Ohira
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et al (1980) observed a transition in peak load AE activity over a small range of
AK in aluminium and steel and the same was attributed to the stress state change
from plane strain to plane stress. Dunegan et al (1974) also showed that, after the
transition, again AE activity increases as the AK increases. This occurs even though
the plane stress condition dominates at higher AK. They could not explain the
presence o f this transition behaviour over a small AK range. Ohira et al (1980)
attributed the high AE activity at lower AK to fracture events induced by the
triaxial state of stress under plane strain condition. This explanation does not fully
explain the scenario as the fracture events can also occur at higher AK. In fact,
the crack growth rate sharply increases only under plane stress condition at higher
AK. Also, the tensile deformation study on stainless steel using AET, reveals that
the events like microvoid coalescence and microcrack growth occurring during
necking process under triaxial state of stress do not generate detectable AE signals
(Baldev Raj and Jayakumar 1991). In none of the FCG studies reported, the
transition in AE behaviour was correlated in detail with the crack growth behaviour.
In this study, an attempt has been made to relate the transition in AE behaviour
with that o f crack growth behaviour in the AISI type 316 stainless steel.
3.1

Transition f r o m stage lla to lib

The coordinates for the transition point for changeover from stage IIa to IIb are
given by the following two equations (Tanaka et al 1981):
AK0 = 10 Eb ~/2 ,

(2)

(da/dn)o = 103b,

(3)

where AKo is the stress intensity at transition in MPa~-m-m, E the Young's modulus
in MPa and b the Burger's vector in m and (da/dn) o the crack growth rate at
transition in m/cycle.
The values of A/t o and (da/dn)o for AISI type 316 stainless steel, predicted from
the above equations using E = 193 GPa (ASM Handbook 1968) and b = 2-5 x 10-I°
m, are 30.5MPa~-m and 2.5 x 1O-Tm/cycle respectively which are close to the
observed values as shown by table 2. The transition from stage IIa to lib has been
observed to occur in this material when the crack growth rate reaches a value of
~ 10-7 m/cycle which is in general agreement with the reported crack growth rate
values at the transition (Grinberg 1982, 1984).
Table 1. Fatigue constants C and m for different
specimens.
Specimen
No.
T6
F6
SA2
SA3

Thickness
(mm)
25
25
12.5
12.5

Fatigueconstants
m
C
2.82

2.92
3-26
3.01

10-12
8 × 10-Iz
6 × 10-12
1.3 × l0-'l
9 ×
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Figure 3. Variation of cumulative ringdown counts (IV) and crack growth rate (da/dn) as
a function of number of fatigue cycles (n) for (a) 25 nun and (b) 12.5 mm thick specimens.

The transition shown by the plots log (N) vs log (n) matches with that of log
(da/dn) vs log (n) plot. Therefore, it can be reliably concluded that AET can be
utilized for identification of the transition from stage IIa to IIb using log (IV) vs
log (n) plot during structural integrity monitoring applications where obtaining crack
growth information is difficult in order to use the log (da/dn) vs log (n) plot. The
information on AE signals thus greatly helps in recognizing the transition essential
for assessing the fatigue damage.
Figures 4a and b show the log-log plots for variation in the RDC generated per
unit crack extension (AN/A•) with cyclic stress intensity factor AK for different
specimens. AN~A• was calculated by dividing the ringdown counts between two
adjacent crack length measurements by the corresponding increment in the crack
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Table 2. Observed values of transition coordinates
(AK)o and (da/dn)o for different specimens.

Specimen

Thickness

AKo

(mm)

F6

25
25

29.24
28-05

12-5

28-16

12.5

30.39

T6
SA2
SA3

(da/dn)o

(MPa~-m-m) (m/cycle)

No.

2.4 x
2.25 x
3-7 x
3.08 x

10-7

10-7
10-7
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function of cyclic stress intensity factor (Aft) for (a) 25 mm and (b) 12.5 ram thick specimens.
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length. AN/Aa goes through a maximum with increase in AK indicating a transition.
These plots also suggest that the log (N) vs log (AK) plots in figures 2a and b
appear flat during stage IIb due to the logarithmic scale selection. It should be
noted that significant AE is generated even during stage IIb. But, contrary to the
sharp increase in da/dn there is a decrease in the rate of increase in N after the
transition point for all the specimens. This implies that the mechanism responsible
for stage IIa gives higher AE as compared to the mechanism responsible for stage
IIb. In order to understand this difference in AE behaviour, it is necessary to
discuss the mechanisms of FCG and identify the major source of AE.
According to Laird-Smith (1967) model, FCG during stage II occurs by crack
tip blunting and resharpening mechanism during loading and unloading part of the
fatigue cycle respectively. The crack growth mechanism is associated with plastic
deformation, crack closure and crack jump near the crack tip. All these phenomena
can contribute to AE. In order to establish a better relationship between FCG
behaviour and the AE behaviour, it is necessary to find out the major source of
AE among these.
3.2 Mechanisms of fatigue crack growth
It has been observed that during the early part of stage II, each striation is formed
not in one but in several loading cycles as against matching striations with number
of loading cycles in the later part of stage H (Grinberg 1984). This difference in
FCG behaviour has been explained by the following two mechanisms taking place
in the early part (stage IIa) and later part (stage IIb) of stage II.
3.2a FCG mechanism during stage Ila: The effective stress intensity, K,n at the
crack tip is given by
Kaf = Kin,~- K~,

(4)

where Kmax is the stress intensity at maximum load,/'max and K,x the stress intensities
needed for crack extension.
For crack to extend, K~tf > 0. Even in tension-tension fatigue cycle, compressive
stresses are generated at the crack tip due to the displacement/stress field associated
with the dislocations (Louat et al 1993). The region with compressive stress is
known as reversed plastic zone or cyclic plastic zone (CPZ) (Suresh 1991). During
stage Ha, because of presence of compressive stress at the crack tip, Kmx < Kcx
and /(eft < 0. Therefore, crack is unable to extend in the immediate next loading
cycle. With progressive fatigue cycles, the compressive stress at the crack tip
decreases slowly and becomes tensile after certain number, of cycles. At this stage,
the K~ff becomes > 0, thus enabling the crack to extend in the subsequent loading
cycle.
3.2b FCG mechanism during stage lib: At the transition point from stage IIa to
IIb, the monotonic plastic zone size (MPZ) increases sharply. This results in
microplastic instability produced by change in the degree of plastic constraint, i.e.
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from plane strain to plane stress condition. Under this condition, Km~, is sufficiently
larger than Kcx and hence, the crack growth is essentially controlled by Am,x value.
The compressive stress at the crack tip can easily be overcome during loading part
of each cycle and therefore crack extension occurs in each cycle (Grinberg 1984).
Hence, the crack growth rate sharply increases during stage Iib.
3.3

Various sources o f acoustic emission during fatigue crack propagation

3.3a Ductile crack extension as a source o f AE: If the crack jump is considered
as the main source of AE, the cumulative RDC (N) vs AK plot would have shown
a linear relationship during entire stage H regime. But during stage lib, the AE
activity decreases (figure 4). If we calculate the minimum crack extension for a
detectable AE signal to be emitted by a mierocraek for a stainless steel, according
to the theory suggested by Scruby et al (1981), it would be approximately 1 btm.
It is generally observed that for iron and steels, the striation spacing is less than
0.5 I.tm for daldn < 10-7 m/cycle (Roven et al 1991) which is smaller than minimum
needed for generating detectable AE. Pickard et al (1975) also had observed that
the microcrack growth rate in AISI 316 SS is =0.52~tm/cycle at AK=28MPa~--m.
The fracture process is found to occur within the process zone near the crack tip.
The length of the process zone in the direction of crack propagation is given by
(Moura Branco et al 1989),

Rpz= AK2/SE Gy¢

(5)

where 6yc is the cyclic yield stress.
From the above equation, the size of the process zone itself is -_-1grn at
AK---25 MPa~m and the number of cycles required for the complete failure of
the process zone is few tens of cycles. Hence, the crack extension at any instant
is expected to be much smaller than 1 I.tm during stage IIa. Therefore, it is inferred
that ductile crack growth process does not generate detectable AE during stage IIa.
However, it has the possibility to contribute to AE activity at higher AK during
stage lib.
3.3b Crack closure as a source o f AE: Generally, the crack closure phenomenon
is observed to be dominant near the threshold and stage I FCG regions. Its effect
is less pronounced during stage H propagation under mode I loading condition.
The plasticity induced crack closure is considered essentially as a plane stress effect
(Arthur McEvily 1988) and its effect can be observed under plane strain only when
the R ratio approaches zero. During stage Ha, the major portion of the thickness
is under plane strain condition. Hence, this type of closure is only a surface
phenomenon. Recently, Louat et al (1993) have shown from an analytical estimation
using dislocation theory that the plasticity induced crack closure cannot occur during
unloading part of the cycle. Asperity or roughness induced crack closure results
from the mismatch between the two crack surfaces during unloading (Arthur McEvily
1988). This is promoted by low AK when the size of the process zone is less than
the grain size and in presence of microstructure consisting of coarser grains,
shearable and coherent precipitates (Suresh 1991). In this study, a nuclear grade
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316 stainless steel with almost negligible inclusion content was used under solution
treated condition. Therefore, the contribution from this roughness induced crack
closure is likely to be absent or negligible. The lower AE activity at the early
part of the fatigue cycling (figure 1) also clearly supports the fact that the influence
of crack closure on AE is not significant in the present study. It is clear from the
above discussions that the ductile crack extension or the crack closure are not
likely to be the major sources of AE during stage II FCG. Hence, the plastic
deformation near the crack tip as a major source of AE needs serious consideration.
3.3c Plastic deformation as a source o f AE: It has been suggested that spontaneous
dislocation generation (Rice and Thompson 1974), and higher mobility of the
dislocations (Neumann et al 1979) near the crack tip leads to the crack tip blunting
and subsequent crack propagation in a ductile manner. Thus, crack propagation is
highly sensitive to dislocation mechanism that is occurring near the crack tip region.
The plastic deformation zone ahead of a fatigue crack can be divided into three
regions (Guerra Rosa et al 1984): (i) monotonic plastic zone (MPZ), (ii) cyclic
plastic zone (CPZ) which lies within the MPZ, and (iii) process zone or crack tip
opening displacement (CTOD) affected zone within the CPZ.
(i) Monotonic plastic zone as a source o f AE: Under both plane stress and plane
strain conditions, the size of the MPZ is proportional to the square of AK under
fatigue loading (Suresh 1991). Therefore, if the deformation in the MPZ is considered
as the main source of "AE, the AE activity should increase with increase in AK
even during stage IIb like that observed in stage IIa. However, it is observed
experimentally during the "present study that the RDC per unit crack extension
decreases (AN/An) with increase in AK during stage IIb (figure 4). The deformation
in the MPZ can be considered to obey the Kaiser effect (Palmer 1973), i.e. the
AE can be generated only from the region where the stress value increases over
previous value due to the crack extension. Therefore, the AE activity from the
MPZ expansion can arise only from a thin zone at the elastic-plastic boundary.
But in FCG of metals, even during stage IIb at a crack growth rate of 1 gm per
cycle, the increment in the size of MPZ after each crack extension (a) is less than
1 ~un and hence, is too small to generate detectable AE. In addition, during stage
IIa of FCG, since, crack growth is not expected to occur in each cycle, the MPZ
expansion does not occur m each loading cycle. Therefore, the occurrence of higher
AE activity in stage IIa as compared to stage IIb indicates that the MPZ expansion
may not be the major source of AE during FCG.
(ii) Cyclic plastic zone as a source o f AE: In FCG process of metallic materials,
cyclic plasticity is supposed to occur only within CPZ (Moura Branco et al 1989).
An element in the material within this zone is subjected to hysteresis loops similar
to those observed in a low cycle fatigue test. The size of the CPZ is given as
(Guerra Rosa et al 1984),

Roo, =

~o ( m ~ " / % ) ~ ,

(6)

where ays is the monotonic yield stress and ~c is the coefficient of CPZ. As a
source volume of AE, the size of the CPZ is much larger than the crack growth
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area, crack closure area and the increment in the MPZ volume after each crack
jump. Earlier studies (Hahn et al 1972; Guerra Rosa et al 1984) have shown that,
in the Paris regime of FCG, the CPZ generally experiences strain cycles with
plastic strain range between 10-3 and 10-t. Eventhough the size of the CPZ is
smaller than the size of the MPZ, the cyclic plasticity within the CPZ occurs
during each cycle and is associated with extensive dislocation generation and
rearrangement. There is a continuous dislocation substructure development within
the CPZ associated with the variation in the cyclic saturation stress and the plastic
strain range. The substructure evolution with increasing number of cycles is well
investigated by Roven and Nes (1991). The substructure evolution occurs in various
stages from the CPZ boundar~ to crack tip: first the development of dislocation
walls and veins near the CPZ boundary, then tO a labyrinth structure, dislocation
cells inside the CPZ and finally to banded cells and subgrains in the regions close
to the crack tip. This involves extensive dislocation mobility within the CPZ.
Tensile deformation study on cold worked AISI 316 stainless steel has shown that
the deformation in the presence of the dislocation substructure generates higher AE
activity as compared to a solution annealed material during pre-yield deformation
(Moorthy et al 1994). It has been observed that the pre-yield AE activity increases
with increase in percentage prior to cold work. This behaviour has been explained
using the composite deformation model applied for the deformation of dislocation
substructure. Therefore, dislocation substructure deformation during the cyclic
plasticity within the CPZ could be a major source of AE during FCG.

3.4 A E betiaviour during stages lla and lib
It is observed from figures 2 and 4 that the AE activity increases with increase
in AK during stage IIa and decreases during stage IIb. The detailed discussions
made earlier point towards the interpretation that CPZ could be a major source of
AE during FCG in this material. It has been observed that the CPZ in a FCG
process is always generated and developed' under plane strain conditions (Moura
Branco et al 1989). The measurements of CPZ sizes using etching technique in
Fe-3%Si steel (Hahn et al 1972) and that using microhardness technique in medium
strength steel (Guerra Rosa et al 1984) have indicated that the coefficient of CPZ
size ctc has larger value under plane strain conditions than that under plane stress
conditions. The size of CPZ computed from the effective strain range distribution
in aluminium alloy (Davidson and Lankford 1983) has also indicated that the size
of the CPZ decreases with increase in AK under plane stress condition. Therefore,
for a given AK, the size of the CPZ under plane strain condition is larger as
compared to that under plane stress condition.
During stage IIa, the plane strain condition dominates the major portion of the
specimen thickness. As the coefficient of CPZ size increases under plane strain
condition, the net volume of the CPZ is expected to increase with AK. Hence, the
AE activity increases during stage Ha. The plane stress condition dominates when
the size of the monotonic plastic zone becomes greater than one fourth of the
specimen thickness (Hamel et al 1981; Grinberg 1984). This occurs at
AK = 30MPa~m--m for the stainless steel specimens .studied by us. The transition
from stage IIa to IIb also occurs around the same AK value. Due to decrease in
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the coefficient of CPZ size under plane stress condition, the increment in volume
of the CPZ cannot be large enough to emit significant AE. The siz~ of the CPZ
would also decrease with increase in AK under plane stress conditions as observed
by Davidson and Lankford (1983). In addition, the plastic strain range in CPZ
increases at higher AK values (Roven and Nes 1991). It is also known that as~the
crack length increases, strain intensification occurs in the plastic zone (Navarro
and De Los Rios 1992). Therefore, the mobility and mean free path of the
dislocations are much reduced at higher AK. Hence, there is a reduction in the
extent of cyclic plasticity. As a result, the AE activity is expected to decrease
during stage IIb. It can thus be concluded that the AE behaviour during stage II
FCG depends to a significant degree on the increment in the size of CPZ and the
strain range within CPZ.
According to cumulative damage theory of FCG, the material near the crack tip
strain hardens progressively with number of cycles until the stress at the crack tip
reaches a critical value for crack extension (Davidson and Lankford 1983). The
strain hardening near the crack tip region mainly occurs by cyclic deformation. It
is also observed that the number of cycles required for each crack extension
decreases with increase in AK (Roven and Nes 1991). This is due to the fact that
the plastic strain range at the crack tip is strongly dependent on AK and therefore,
more number of cycles are required to attain the critical strain for crack extension
at lower AK. Therefore, during stage IIa, we can expect that more energy is
dissipated by the cyclic plasticity which results in more AE activity. Since, strain
intensification occurs progressively in the plastic zone as the crack length increases,
the critical strain near the crack tip can be reached in each cycle during stage l i b .
At higher AK, the crack growth is essentially controlled by K=~ value. Therefore,
the energy dissipation by plastic deformation is reduced and hence, the AE activity
also decreases. From the above discussions, it becomes obvious that AE during
FCG strongly depends on the size of CPZ, the plastic strain range and the number
of cycles required for each crack extension.
3.5 An empirical model to relate AE and AK during stage lla
Detectable AE activity is generated only in the presence of substantial dislocation
mobility, which exists under the condition of optimum plastic strain range (of the
order of 10- 3 to 10-2). Very low as well as very high strain could not generate
detectable AE due to reduced dislocation mobility. The cyclic plasticity occurs with
the cyclic strain range of 10-3 to I0 -1 (Guerra Rosa et al 1984). The optimum
combination of volume of CPZ and the plastic strain range to generate significant
AE prevails only during stage IIa. Therefore, AE RDC generated at a given AK
before each crack jump should depend on the product of volume of CPZ and the
plastic strain range with which the cyclic plasticity occurs. Since, the number of
cycles required to attain critical strain for crack extension is a function of AK, AE
RDC generated at given AK can be assumed to be proportional to the number of
cycles required before each crack extension.
The volume of CPZ is given as
V~pz = ~ * R~px* B,

(7)
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using (6) for Rcpz,
Vop, = ~ • B * oc~ • ( A N / G y ) '

,

(8)

where R~p, is the radius of CPZ, ¢tc the coefficient of CPZ size, B the thickness
of the specimen and Gys the yield stress.
The plastic strain range within the CPZ is given as (Jacques Lantegne and Jean
Paul-Bailon 1981)
0.4 (1 - v 2) AK2
aep = n q 3 . c . x . % , . E

(9)

'

where x is the distance from the crack tip, c is a triaxiality factor, v the Poisons'
ratio and cry, the monotonic yield stress. Eventhough the plastic strain range is a
function of the distance from the crack tip, as a simplification, we assume that
this is an average plastic strain range:
Let us assume that each crack jump occurs by complete rupture of the process
zone. The number of cycles required for the failure of the process zone is given
by

Nf = Rpz/ (da/dn),

(I0)

where, Rpz the size of the process zone is given by (5).
It follows that the number of RDC generated by the cyclic plasticity before the
next crack jump is given as

N ~ (V~,* A%)* N,.

(11)

Substituting for Vcpz, A~p and Nf from (8), (9) and (10) respectively, we get,
N *~ (A/f* * AK2) * AK2 / (da/dn).
Considering that da/dn
N * ' A K 5.

=

CAN 3

(12)

for this material (table 1),
(13)

The crack propagation process can be considered as a cumulative growth process
due to incremental increase in crack length. After each crack jump, there is an
increment in AN. It represents only the cumulative effect. The increment in AK
gives rise to an increment in the volume of CPZ and hence, an increment in AE
counts. Therefore, it is more appropriate to relate the cumulative AE ringdown
counts with AK. As already mentioned, the number of cycles required for each
crack extension is more than one during stage Ha and is equal to one during stage
IIb. Therefore, for a given increment in crack length, the counts per cycle will
always give lower value during stage Ha as compared to stage IIb. Hence,
counts/cycle is not an appropriate parameter. According to (13), during stage Ha,
the plot of cumulative RDC vs AK should show a slope of 5. Since, the transition
from stage IIa to IIb is found to occur at ~ AK = 30MPax/-mm. The data up to
= 30 MPa~m-m have been considered for the calculation of the slope and is shown
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in figures 5a and b for all the samples. The value of the slope and the correlation
coefficient of the best fit for different samples are shown in table 3. There is a
good agreement between the experimentally observed values and the predicted value
of the exponent in (13). Even when we co~sider the statistic:at behaviour of AE
activity, the correlation coefficient indicates that the fit is reasonably good.
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Figure 5. Variation .of cumulative ringdown counts (N) as a function of cyclic stress
intensity factor (AK) during stage IIa FCG for (a) 25 mm and (b) 12.5 mm thick specimens.
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Table 3. The slope of log cumulative RDC vs log AK plot
daring stage lla for different samples.

Specimen
No.
T6
F6
SA2
SA3

Thickness
(mm)

Slope of
cumulative
RDC vs AK plot

Correlation
coefficient

25
25
12.5
12.5

4,99
5.22
4.54
5-39

0.83
0.81
0.97
0.90

4. Conclusions
Acoustic emission technique has been used for detecting the transition from stage
IIa to IIb in the Paris region. As there is no need for crack growth measurement
for determining the transition, use of AET during structural integrity monitoring
can effectively predict the sharp increase in crack growth rate and ensures avoidance
of catastrophic failures. Among the various possible sources of AE, detailed
discussions presented in this paper have established that the cyclic plasticity within
the cyclic or reversed plastic zone is the main source of AE during FCG. Considering
AE activity dependence on the volume of cyclic plastic zone and the plastic strain
range, it has been predicted as well as experimentally observed that the cumulative
RDC is proportional to the fifth power of AK during stage IIa.
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