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A new method to evaluate material
fatigue behavior

GANG QI,ENG TEIK NG
Department of Mechanical Engineering, The University of Memphis,
Memphis, TN 38152-6576, USA

A new technique, the wavelet-based AE technique, was developed to investigate material
fatigue behavior. In this study, an analog model was established using “clean” AE signal.
The model was linearized to find the corresponding material constants. Specimens of
Palacos R cement fabricated using both HM and VM methods were tested to demonstrate
the proposed model. It was found that the material constants (the slopes of the test curve)
were consistent regardless of the fabrication methods. However, there was a significant
difference between the intercepts of the test curves when AE techniques were used,
whereas the classical fracture mechanics approach failed to distinguish this difference. It
was found that the slope and intercept of a test curve can be used as indicators to evaluate
material fatigue behavior. In addition, the results showed that the proposed method
provided a more accurate estimation of the material constant (slope) in the fatigue model.
© 2001 Kluwer Academic Publishers

1. Introduction pects of mechanical tests and are generated by surface
Although acoustic emission technique (AE) has beeriouching during the physical motion of the specimen.
used extensively to study material fracture/fatigue beAn example of this type of noise is the fretting be-
haviors and considered as a promising technique sonteen open surfaces associated with fatigue tests. It
thirty years ago, there are several factors preventing theas claimed to be one of the most difficult noises to be
advancement of the technique. One of the most imporeliminated/reduced [9].
tant factors is the presence of noise in detected signals. Presently, the techniques to remove noise were lim-
Under the influence of these factors, the AE technique igted to the use of threshold values for quantities such
criticized as being unpredictable and unreliable. In thisas amplitude, energy, and frequency contents. Environ-
paper, the authors developed a new approach by takingental noise can be satisfactorily removed from mate-
the advantage of advancement in the applied mathetal characterization tests. The internal noise is in the
matics. This new approach was demonstrated in théorm of wave energy released during the loading pro-
area of fracture toughness study in the author’s earliecess of the material. It is identified as a form of noise
work [3-8]. The objective of the current work is to ex- because it has the signal with jumbled time order due to
tend the previous work to the area of material fatiguethe fact of reflected and refracted waves. It needs to be
behaviour study. The method used in this approach ipointed out that the internal noise will usually not affect
discrete wavelet analysis. material characterization test because this type of noise
The core of the new approach is to identify the noiseds actually from the cracks/failures. The only differ-
and to eliminate them from the signal. There were threence between internal noise and “good” signal is that
types of AE noises [1, 4]: environmental, internal, andthe former has a slightly mis-ordered time sequence.
special. Environmental noise is commonly known asHowever, this type of noise can be a significant source
the noise generated by external factors such as eleof error when locating AE sourcés.
tronic instrumentation, load train, and other unidenti- The special noise, on the other hand, may or may not
fied sources introduced from the test environment. Théntroduce errors in AE source location computations
internal noise originates in waves other than the directlepending on the specific nature of each mechanical
P- and S-waves, such as reflected and refracted waveest. However, it will definitely affect the material char-
Their importance will depend, to a large extent, on theacterization test. For example, in a mechanical fatigue
nature of the specimen investigated; the more heterdest, AE signals are commonly associated with fret-
geneous the model the higher the likelihood that thiding noise. It is not an easy task to identify and remove
kind of noise will be a problem. The last one is the this noise. In general, the crack tip region is the place
special noise which are associated with particular aswhere most fretting is expected. The fretting activities

T More discussions of the effects of this type of noise on an AE source
* More information is provided in other publication of the author [1, 2].  location test is provided in author’s other publication [1, 2].
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may include the physical contact between the fatiguedinder different processes. It is the interest of this paper
surfaces and acoustic signals generated by the secotwlstudy the behavior of these two parameters and use
hand debris touching/cratching at the material surfacethem to characterize fatigue processes.
These activities in turn can significantly enhance the Following the same token, the relationship between
AE signal from the region of interest. It must be noted AE count rate and Mode | stress intensity factor range
that the special noise is not in any form of stress/strainn the conventional AE method is given by [12, 13]:
energy release during loading. Therefore, itis of no in-
terest to include the special noise in the AE material dn 8
characteristic evaluation. dN — BAK, ®)

In this paper, the authors developed a wavelet-based
AE technique to study material fatigue behavior. Thewheren is the total AE counts anB andg are param-
test specimens used to examine the technique wersters related to material properties to be determined.
Palacos R bone cement. Similar effort is utilized to find the undetermined

parameter® andg:

2. Fatigue analog models

Fatigue behavior of material is described by the rela-
tionship between crack propagation rate and stress in-
tensity factor. This relationship was established by the 9 in Equation 5 is the AE count rate over fatigue

dn
Ind—NzﬁInAK|+InB (6)

. dN : :
Paris Law [10] to be: cyclic numbers. The count rate is measured simply by
counting the number of AE signals which are above
da the predetermined thresholding value. The method is

dN ALK @ easy to implement. It consequently becomes the pri-
mary method being used in most AE fatigue studies.
wherea is the crack lengthlN is the number of fatigue However, the frequency range of AE signal can vary

cycles, andA anda are material constanta K| isthe  from afew kHz to 2 MHz. A simple time domain thresh-

Mode | stress intensity factor range given as [11]: old setting is not sufficient to eliminate various noises
and disturbances in an AE test. This becomes the mo-
AK, — AP f(@) @ tive of the authors to seek a new method to compensate
1= BVW the disadvantages of the existing fatigue AE models.

It is not difficult to analogize that the wavelet-based
where f () is called shape function and is determinedAE parameter follows the same pattern defined in Equa-

by: tions 1 and 5 to be
dE(t
f(a) = d—N() = hAaK] @)
(2+ ) (0.886+ 4.64a — 13.320% + 14.720° — 5.6a%)
(1— )32 Whereg—ﬁ is the AE energy ratéh andt are material

(3) constants in the wavelet model. It is the main purpose
of this work to determine these parameters. Linearizing

wherea = &, W is the width of the specime isthe ~ the above equation, it follows:
thickness of specimen, adP = Pyax— Pmin.

Although the parameters\ ando, in Equa_ltion_:} can In d_E = 7InAK, 4+ Inh 8)
be solved theoretically under extreme simplification,

they are more commonly determined empirically by o
linearizing the equation as Itcan be seen that the main difference between Equa-

tion 5 and Equation 7 is the rate to measure the crack
da propagation. Instead of using a simple count rﬁﬁepf
In — =alnAK; +InA (4)  AE signal, a new parametefs, is proposed. This pa-
dN . N’ : ;
rameter inlcudes not only the information of AE signal
where % and AK, are obtained via experiments. In inthe _tlme domain but the information in the frequency
-~ dN : : domain as well.
the linear form of Paris Law is the slope of the equa- . .
. . . . ; Instead of using raw AE signals, the proposed method
tion, wheread\ is the intercept of the equation with the ; . .
: . decomposed them into a series of subsignal band. Each
vertical coordinate system. In other words, the shapée

(or the material nature) of the relationship between theSUb.S'gn.""I band has Its certain frequ'ency range. The res-
lution in each subsignal band varies according to the

crack propagation rate and the stress intensity factor i tequency value. It is one of the advantages of wavelet

dominated byx. The parameteA, on the other hand, " . .
controls the starting level and position of the materialdecompos'tIon that the higher the frequency content is

testing curve in this relationship. It can be seen that
although bothw and A are called material constants, * To complete the train of thought, only a brief description is provided.

they'are not _equa”_y importam- This fact b_ecomgs €S- More detailed treatment of the procedure is provided in other publica-
sential when investigating the same material fabricatedtions [4, 14, 15].
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the finer the resolution in the corresponding subsignal m Load Cel

band. This statement is expressed as [6]: Semsoq g |
b O Preamplifier
ft)=fO0+ Y0+ + ) (9 {mﬂc _—
Instron O ] Agpse3zie ———\ .
The energy in each subsignal is measured by e £ Prampiier | Wavetorm
Sensor *_
Channel 2
T
EO1) =3 (fO(r))? (10)
; L— Actuator Wavelet Anal
T 3\80?1p£21”),zer
=() 1) — 1) 2
E (t) - ; (f (T)) (11) Figure 2 Experimental setup.
I: long thin precrack was cut using a thin blade in order
E(K)(t) _ Z (f(K)(T))Z (12) to guide the crack to the instrumented area. The width
— ratio,ag/ W, of the crack was equal to 0.5.
All specimens were subjected to a tension-tension
with the total energy rate given as fatigue load using a close loop servo-hydraulic testing
machine (Instron Model 8500) at room temperature.
EM(t) = Z El (13)  The stress ratiR was 0.1 for all tests. The loading
j

frequency was chosen from 2 Hz to 10 Hz. The experi-
mental setup is shown in Fig. 2.
where fO(7), fW(¢), ..., and f K)(z) are the levels In the tests, two wide band AE transducers were in-
of the decomposed signal. Each component in the destalled equidistantly on the specimen from the notch
composition represents a portion of the original signaline using duct tape after cleaning the specimens with
with certain frequency range in the entire time domain.acetone. The interface between the transducers and the
It was proved later that the slope of the test curvespecimens was filled with a couplant (2211 Silicone
remain consistent regardless of the methods because®ompound). The AE instrument used was Physical
represents an intrinsic nature of the material. The interAcoustics Corporation (PAC) Mistras 2001 system. All
cept depends mainly on the sensitivity of the methodsest parameters were determined by trial and error to se-
because it represents the difference due to the fabricéect the most suitable settings. These parameters were
tion processes. summarized in Table I. The collected AE signals were
passed through a 40 dB preamplifier before entering
AE instrument. The AE parameters such as counts, du-
3. Experimental setup ration, amplitude, and energy were recorded during the
Palacos R material was used to produce the cememésts. In addition, signal waveforms were retained for
block. The cement blocks were prepared via both hanghe analysis of wavelet based AE technique.
and vacuum mixing methods. The cement blocks were The crack length was measured separately by a re-
machined to the standard compact tension specimengular crack propagation gage. The gage was bonded
according to the ASTM standards E399-90 [11]. Theto the tip of the initial notch using M-bond AE 10 ad-
dimension ofthe specimenwas givenin Fig. 1. A16 mmhesive. The crack propagation signals shared the same
trigger as AE equipment. In other words, both AE sig-

Load nals and the crack propagation data were collected
T S g nH1$elS)iameter .
16 mi] | / TABLE | Testparameter setup for fatigue test
Hardware Setup Values

Sensor 2
Parameter Types HM Cement VM Cement
Thresholding Type Float Float
Thresholding Values 42 dB 42 dB

38.4 mm _C Peak Definition Time (PDT) aus 45 us
Hit Lock Time (HLT) 150 us 150 us
L a Hit Definition Time (HDT) 300 us 300 us

Sample Rate 2 MHz 2 MHz

sensor 1 Pre-triger 20 ms 20 ms
Hit Length 1k 1k
Cycle Counter Threshold 2.0 Volts 2.0 Volts
Filter on Board (low) 10 kHz 10 kHz

€ 32mm ——> Filter on Board (high) 1.2 MHz 1.2 MHz
< 40 mumt 30 Hz Low Pass Filter No No
Load Front End Filter No No

Delta-T Front End Filter Yes Yes

Figure 1 Compact tensile test specimen.
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26 T ; T T T TABLE |l Comparison of crack propagation behavior for both

specimens
24 HM Specimen VM Specimen
Types 180N 230N 300N 180N 230N 300N
22
z FDC (cycles) 24000 18200 1600 110000 12000 9600
£ TCL (mm) 25.8 23 24 24 24 23
§"20 Total Cycles 85000 18500 2800 430000 55000 11600
k: (cycles)
© Type of Curve SOP SOP SOP SOP SOP SOP
8 Fitting
R? 0.7235 0.8134 0.9013 0.9296 0.8903 0.8622

FDC: First detectable crack; TCL: total measured crack length; SOP:
second order polynomial.

3
Number of Cycles

Figure 3 HM specimens crack length vs. cycle number using classical 2

fracture mechanics approach.
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4. Results and discussions P Ao 007 Abremmiuis A nav 4
The increment of the crack versus fatigue cycle num- 4 o b omges
bers for HM and VM specimens are given in Figs 3 ° * % * gk 0 Y % %% T

and 4, respectively. The comparison of first detectable
crack, total measure crack Iength and correlation CoFlgure 6 VM specimens AE counts vs. cycle number using conventional
AE approach.
efficients are provided in Table Il. The correspond-
ing accumulative AE counts for both HM and VM
specimens are given in Figs 5 and 6. The discretglopes and intercepts defined in Equations 4, 6, and 8,
wavelet analysis was applied to the AE waveforms. Theespectively. These results were normalized for com-
wavelet-based AE results for these specimens are prggarison purposes. Table Ill summarizes the test results
sented in Figs 7 and 8. Figs 9-11 show the resultingrom the three different approaches.
It was found that the slopes determined by three dif-
5 . - ferent approaches were consistent in the following as-
Although the crack propagation data does not require high sampllngpects First, there was no S|gn|f|cant difference between
frequency because of its low resolution, 2 MHz was used to maintain!
the Nyquist's sampling frequency and to assure not to miss the signain€ values of the slopes from the test results of either
from crack size as small as 19mm. specimen. This statementis obviously true because both
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TABLE IIl Material constants determined by various methods

HM Specimen VM Specimen
Intercept, mm/cycle Intercept, mm/cycle

Method Max LoadN Slope,S (MPa,/m)—S Slope,S (MPa,/m)~S
Fracture 180 4.5668 1.035710~* 3.9430 2.366% 104
Mechanics 230 3.6412 3.3053104 4.2369 8.1026« 10°°
Approach 300 4.5896 8.573310°° 3.8729 1.278% 10°°
AE 180 7.0896 3.0092 5.6618 2.7097102
Approach 230 7.8372 3.7558 6.0219 1.831502
300 6.3079 4.9530 6.3179 2.078 102
Wavelet- 180 5.5774 9.95%610* 5.6562 1.6966¢ 10-4
Based AE 230 7.8362 3.483310°4 6.0145 1.5824 10°°
300 5.2922 1.5034 1073 6.3241 1.325% 10°°
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Figure 7 HM specimens AE energy vs. cycle number using wavelet- Figure 9 Linear regression between lafdiN and InAK : classical frac-
based AE approach. ture mechanics approach.
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Figure 8 VM specimens AE energy vs. cycle number using wavelet-

based AE approach. Figure 10 Linear regression between IndiN and InAK : conventional

AE approach.

HM and VM specimens were made by the same ma-

terial. Second, it was found~ g — 2 for the conven- for the conventional AE. In other words, the slope de-
tional AE andx ~ t — 2 for the wavelet-based AE ap- termined by wavelet-based AE was closer to the ones
proaches. The slopes remained consistent regardlessalftained from classical fracture mechanics approach.
the methods. However, errors were existed when the rdnterestingly, the errors of conventional and wavelet-
sults obtained from the classic fracture method was useblased AE approaches for VM specimens were signifi-
as a base line of comparison. For instance, the slopeantly small. Although it was unclear the cause of er-
determined by the wavelet-based AE approach had arors, the factors such as special and internal noises in
error of only 0.49%, whereas the error was over 12%the tests of HM specimens may play some roles which
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TABLE |1V Comparison of the slope calculated by various methods
Paris Model AE Model Wavelet Based AE Model
Specimen o Er B Er=£=+2 » 100% T Er="=+2 ,100%
HM 4.2659 0 7.0782 12.9638 6.2353 0.4883
VM 4.0176 0 6.0005 0.2094 5.9983 0.3207
10° = into the signal. It again answers the question that why

the wavelet-based AE technique is needed. With these
facts, the question of inconsistent intercepts determined
by the classical fracture mechanics and AE techniques
approaches can be answered in the following manner.
The intercept is a material constant which does not de-
termine the shape of the function of the material fatigue
behavior. It is a constant to set the starting point and
the position of the material fatigue function. In other
words, it sets the material fatigue function’s position in
a coordinate system. In a material fatigue test, it can be
an indicator to point out the differences between vari-
ous fabrication processes of the material (for example,
the bone cement), or some other processes which are
10’ R s not related to the change of material’s nature. In the
petiak (Pam™) case of bone cement, the classical fracture mechanics
method failed to realize the difference of intercepts be-
tween HM and VM specimens. This shortcoming may
explain the contradictory research findings found in the
literature [16—19] to some extend.

contributed to this error. As a result, the AE activities
may be overcounted.

It was understood that the slopes should remain cor®- Summa.rv _
sistent because the specimens were made from the sarii@ SUmmarize, this paper demonstrated a new approach
material as it was proved in the tests. It was found, howin the study of material fatigue behavior. There are
ever, that the vertical intercepts were statistically inconfWo main conclusions of the present study. First, the
sistent between the different approaches. Examininy/avelet-based AE approach provides a powerful tool to
Table IIl, it was observed that there was no significant€liminate the noises in AE signal. It, therefore, provides
difference between the intercept values of HM and VM@ more accurate approximation of material property,
specimens obtained by the classical fracture mechanid@mely, the slope which is used to establish the rela-
approach. On the other hand, there was a significant difionship between crack propagation and stress intensity
ference when the AE techniques were used. Apparentijactor range. Second, AE techniques provide a way to
there exists an inconsistency between classical fracturglentify the difference of various material fabrication
mechanics and AE techniques. The authors believeBrocesses. AE techniques overcome the shortcoming
that this inconsistency was due to the natural shortOf the classical fracture mechanics’ insensitivity to the
coming of the classical fracture mechanics approach. ifnicrostructural change in the material.
was because the classical fracture mechanics approach
provided a macro-view of the material fatigue behavior
in terms of the fatigue cycle numbers. The resolutionAcknowledgement
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