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Abstract

The work undertaken in this project consisted of example, in load-controlled high-cycle fatigue
research into the use of magnetic inspection tests, it has been found that the plastic strain and
methods for the estimation of fatigue life of coemivity accumulate logarithmically during the
nuclear pressure vessel steel. The rationale for fatigue process. Thus a quantitative relationship
this work was thatthe mechanical and magnetic between coercivity and the number of fatigue
propertiesof ferromagnetic .materials are closely cycles could be established based on two evapirical
interrelated, and therefore the measurements of the coefficients, which can be determined from the test
magnetic properties could be used to monitor the conditions and material properties. Also it was
evolution of fatigue damage in these specimens as found that prediction of the onset of fatigue failure
they were subjected to cyclic loading, in steels was possible under certain conditions. In

strain-controlled low cycle fatigue, critical changes
The results of the work have shown that it is in Barkhausenemissions, coercivity and
possible to monitor the fatigue damage non- hysteresis loss occurred in the last ten to twenty
destructively by magnetic techniques. For percent of fatigue life.
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1 Overview

1.1 Objective state on fatigue life andmagnetic properties.

The objective of the research undertakenin this 1.4 Approach
project was to investigate the application of new
advanced magnetic inspection techniques to the I nc research extended the techniques developed at
detection of fatigue damage in steels used in the the Center for NDE at Iowa State University to the
nuclear industry, and to demonstrate the problem of inspection of fatigue damage in steel
possibility of in situ evaluation of the changes in components of nuclear systems. Since the
the mechanical co.nditionof the steel using ultimate goal is to inspect the nuclear power
magnetic methods, generating system for assessment of reliability or

remaining service life, the laboratory
1.2 Potential Benefits measurements provided basic magnetic property

data underwell controlled fatigue conditions.
If methods can be identified which can accurately
determine accumulated fadgue damage in a Measurements of magnetic properties of A533B
material, and thereby give an estimation of the steel were made throughout the whole fatigue life.
remaining fatigue life, the impact on the cost of These laboratorytests were designed to investigate
maintenance and safe operation of nuclear power whether the magnetic properties changed as a
plants will be enormous. Currently destructive result of fatigue.
tests are used on specimens which axe removed
from components in service. This clearly has The work was divided broadly into three parts:
detrimental effects on the components, even when
repairs are made, and the situation is all the more (1) Fatigue damage studies
unsatisfactory when the sample which was
removed proved to be in good condition for (2) Comparison of different magnetic
continued service. The cost of these destructive measurement techniques
tests is also not to be underestimated. Therefore
the present work was designed to identify (3) Correlation of the variation of magnetic
magnetic measurements which could be used to properties with fatigue damage
assess the condition of steel components without
removal of any material from the component. The fast part involved sample preparation, various

fatigue tests and measurements of mechanical and

1.3 Summary of Main Tasks magnetic properties. Forty tensile specimens weremachined along with two specially designed

In order to show a correlation between the fatigue inspection heads which were contoured to the
damage accumulation and the variation of magnetic shape of the test samples. Tensile tests and
properties, the project consisted of the following hardness tests were performed, followed by
tasks: preparing the A533B fatigue samples intensive fatigue testing under different conditions
(tensile specimens); performing both low cycle both in the low cycle and the high cycle fatigue
and high cycle fatigue; taking magnetic hysteresis regions. Magnetic properties were measured by a
measurements at predetermined fatigue cycle portable magnetic inspection system, the
intervals; performing magnetic Barkhausen Magnescope [1].
measurements and comparing the results with
hysteresis measurements; undertaking The second part involved the identification of
metallographic investigation to correlate fatigue suitable magnetic NDE techniques for evaluation
damage with the magnetic measurements; of remaining lifetime. Both magnetic hysteresis
performing fatigue tests on prestrained samples to measurement techniques and Barkhausen
investigate the influence of the initial mechanical measurement techniques were reported as good

candidates for detecting changes in the mechanical
1 NUREG/GR-0013



Overview

condition of these steels. In this project, we have 1.5 Personnel
assessed the relativeadvantagesof Barkhausen
systems Ce.g.,"Stresscan" [2]) and hysteresis Duringthe past two years, two professors, one
systems (e.g., Magnescope), in termsof our postdoctoralfellow and one graduatestudent were
abilityto interpretresults,the repeatabilityof involvedin the project. Dr. D.C. Jiles,a senior
results andthe ease of measurement, physicist atAmes Laboratoryand a FullProfessor

of MaterialsScienceand Engineeringand
The thirdpartof the investigationwas to interpret ElectricalEngineeringand Dr. S.B. Biner, an
the variationof magneticpropertiesin terms of AssociateMetallurgistat AmesLaboratoryand
fatiguedamagecausedbycyclic loading. AssistantProfessorof MaterialsScience and
Althoughthe actualmechanismby which fatigue Engineeringwerethe principalinvestigators of this
influenced magnetic propertiesremains project. Dr.Govindaraju,a metallurgistwith
problematic,the test results obtainedand the expertisein materialcharacterization,was hiredfor
modelsdevelopedduringthis projecthave ledto a the postdoctoralposition. A graduatestudent,
betterunderstandingof this problem,andshould Zhao-JunChen,workingfor a Ph.D. in Electrical
leadto thedevelopmentof viablemagnetic NDE Engineering,was hiredasresearchassistant and
technology, performedlaboratoryfatigue tests and magnetic

measurements. Also Dr. J. Kameda, a
metallurgistat AmesLaboratory, was involved in
metaUographicstudiesandinterpreting the test
results. The combinationof the people with
expertisein differentareasmadea teamwith broad
experiencewhichcarriedthis projectto a
successfulconclusion.
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2 Background

2.1 Magnetic Inspection Methods 2.2 Sensitivity of Magnetic
Properties to Fatigue

MagneticNDE methodsarecurrentlyundergoing
anunprecedentedexpansion. Therearetwomain Recentlymagnetictechniquesforinspectionof the
reasons:ferriticsteels arewidely usedas a mechanicalpropertiesof ferriticsteels have
constructionalmaterialandtheirmagnetic developed very rapidly. This has been shown
propertiesarehighlysensitiveto theirmechanical throughthe workof groupsin the UK (Harwell
state.Investigationsin magneticNDE Laboratory),Canada(Queen'sUniversity),
technologieshavebeenreviewedrecently[3,4] Germany(FraunhoferInstitute,Universitatdes
andthisshowedthatthetechniquessuchasthe Saarlandes)andUnitedStates(CenterforNDE,
Barkhauseneffect[5,6,7],magnctoacoustic IowaStateUniversity).Notonlyaretechniques
emission[8,9,10]andmagnetichysteresis suchasBarkhauseneffect,magnetoacoustic
[11,12,13]havebeenusedtoevaluatethe emissionandmagnetichysteresisviable,theyare
mechanical conditionof materialsincludingstress also highlysensitiveto changesin mechanical
effects [14], plasticdeformation[15],creep conditionandrepresentmethodswltha high
damage[16]andfatiguedamage[17]. potentialfor successful industrialexploitation.

As a resultof progressin these techniques,andin The resultspresentedhereareconsistent with
view of the accumulationof fatigue incomponents earlierresults[18,19]which showedthat the
of nuclearpowersystems, it was expected thatthe magneticinspectionparametersarestrongly
utilizationof ourknowledgeof magnetismcould influencedby the mechanicalconditionof the
be advantageouslyturnedtowardssolving at least material.It is also shown thatundercertain
a significantpartof the problemof monitoring conditions,quantitativeestimationof fatigue
nuclearpowersystem for fatiguedamage, damageis possible.

It is well-known thatfatiguefailuresareavery In conjunctionwith thecurrentproblemof fatigue
seriousproblemdueto the insidiousnatureof the in componentsof nuclearpowersystems, it is
failure. Fatiguedamagestudieshave shownthat appropriatethatmagneticinspectionmethodsbe
magnetichysteresismeasurementscanbe usedfor given highpriorityin a searchfor reliablemethods
continuousmonitoringof fatiguedam_.gein steels for assessmentof remaininglifetimeof nuclear
andthatthecoercivityandremanenceappearto be pressurevessel steel. The presentresearchproject
particularlysensitive to remaining life in the last has investigatedtwo of these methods,
10% of fatigue fife. This sensitivity, which is Barkhauseneffect and magnetic hysteresis
manifested as suddenchanges in magnetic measurements,with the objective of understanding
parameters such as coercivity and remanence, the effects of fatigue on the magnetic properties.
occursbefore any visible signs of impending This project has assessed the suitability of these
failure arise in the materials [AppendixAI.4]. methods for dcterr0i,"ningthe fatigue life of nuclear

pressure vessel, and has explored design
modificationsof the existing magnetic measuring
equipment to meet the needs of on-site inspection.
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3 Fatigue Studies on Materials Under Laboratory Conditions

3.1 Fatigue Testing The magnetic properties were measured by
interrupting the fatigue test at predetermined

In order to correlate fatigue damage accumulation intervals in the fatigue lifetime. (l'he intervals
with magnetic properties and the influence of were chosen at both linear and logarithmic
initial state of the material on fatigue behavior, increments). The Magnescope was used to
fatigue studies were conducted on both as-received measure hysteresis parameters while a
and prestrained specimens, commercially available instrument Stresscan was

used to detect Barkhausen amplitude. These
The as-received specimens were tested in both magnetic parameters were recorded for correlation
high-cycle and low-cycle fatigue regimes. The S- with the expended fatigue life. Some specimens
N, e-N curves were generated and stress-strain were subsequently metallographically examined.
loops also were recorded for the material under Fatigue damage and nucleation of fatigue cracks
appropriate fatigue regimes. The fatigue tests were investigated using both scanning electron
were conducted by using a computer controlled, microscopy(SEM) and optical microscopy.
20KIPS, servo hydraulic MTS testing system at
Ames Laboratory. The unit was interfaced with 3.2 Fatigue Analysis
data acquisition and control cards via a personal
computer. The software was designed to carry out The fatigue life has been defined as the number of
fatigue tests under load or strain amplitude control cycles needed for either complete failure of the
as well as to record load and strain data. Since the specimen in load-controlled fatigue tests or over
data acquisition and control were achieved 50 percent decrease in load in the strain-controlled
simultaneously, the test variables (load or strain fatigue tests. The fatigue life was used to interpret
amplitudes) were always kept constant, using the the resistance of the material to stress and load
recorded test data to set the control signals, cycle.

The magnetic signature was found to be very During the tests, the load, and strain data were
sensitive to external testing conditions. A fatigue continuously recorded. Due to the formation of
test stop at a down-stroke or an up-stroke could stable microcracks at the later stages of fatigue life,
make a significant difference in the measured a decrease in load level in strain-controlled fatigue
magnetic properties. To maintain the tests and an increase in the strain data for load-
comparability of results, the MTS control software controlled fatigue tests usually occurred as a result
was modified to start and stop the tests with of loss of stiffness. This information was
completion of a full fatigue cycle. For both low recorded to compare with magnetic measurements
cycle and high cycle fatigue tests, load or strain in order to identify the source of variation in
were sinusoidal and the frequency was between 1 magnetic parameters, and thus to study the
and 4 Hz. sensitivity of magnetic NDE technology for fatigue

damage evaluation.

NUREG/GR-0013 4



4 Results

The results of this study may be summarized as flux coil for measuring magnetic induction, a
follows: significant changes in magnetic Hall probe for measuring magnetic field, and a
properties were observed during fatigue tests both power coil.
under strain control and load control. Magnetic 4. Initial fatigue tests were conducted focusing on
hysteresis parameters showed a sudden change in low cycle fatigue with strain amplitude of
the last 10-20% of fatigue fife in strain-controlled 0.003. The variation in magnetic properties
tests, however, their changes were continuous in during the tests are shown in the results
load-controlled tests. Barkhauscn effect section, together with a discussion of the
measurements showed that the Barkhausen underlying mechanism behind the observed
amplitude change_ continuously in both cases, changes. Fatigue tests at other strain levels
Furtherdetailed studies showed that during the were also performed. The results of magnetic
load-controlled high cycle fatigue, the magnetic measurement were similar.
hysteresis parameters, such as coercivity, 5. Barkhausen measurements were performed
remanence and hysteresis loss changed linearly using a portable commercial Barkhausen effect
with the logarithm of the number of fatigue cycles, instrument Stresscan 500C. Barkhausen
Therefore a quantitative relationship between signals were compared with hysteresis
coercivity and fatigue life can be given based on parameters.
two empirical coefficients. Also metallographic 6. Metallurgical studies were performed by
studies showed that inclusions in A533B steel observing the surface condition of the fatigue
could have an important effect in fatigue crack damaged samples under SEM. Optical
initiation, microscopy pictures were also taken to

evaluate the morphology of the material.

4.1 Milestone Progress Review 7. Fatigue tests under load-controlled condition at
different load levels were performed. The

1. Two pieces of A533B steel with dimensions of magnetic parameters were measured using the
10cm x 10cm x 30cm and 10cm x 10cm x Magnescope and are shown in subsequent
20era were received from Oak Ridge National sections.
Laboratory. These pieces were broken halves 8. Prestrain fatigue tests were performed and test
from the Heavy Section Steel Technology results were compared with the results of the
(HSST) shallow-crack program. The larger unprestrained tests.
piece was from the HSST-CE plate material 9. Two interim reports have been submitted
and the smaller piece was from HSST plate dttring this research program. The first was
13B. Characterization information on these submitted after one year (November, 1992)
two heats of material was also received at the and the other one was after a year and a half
same time. 40 smooth fatigue specimens in (May, 1993).
"hour glass" shape with 6 mm diameter and 51
mm gauge length, parallel to the rolling 4.2 Mechanical Property
direction were machined from the material. Measurements

2. Tensile tests to determine the strength
characteristics of the steel were conducted. Tensile tests were performed on two specimens
The material exhibited 0.2% yield strength in cut from HSST-CE plate material in order to
the range of 356 to 381 MPa with ultimate determine both yield strength and ultimate tensile
tensile strength of 517 to 555 MPa. Hardness strength of the test material. The results are
tests were also performed and the average shown in Figs. 1-2. From the data, the following
Rockwell hardness was about 88 RB. properties were determined by averaging the

3. Two inspection heads were carefully designed results on the two specimens.
to have a close fit to the geometry of the test
samples. Each inspection head contained a

5 NUREG/GR-0013



Results

Yieldstrength=368MPa 4.3 Strain-Controlled Low Cycle
0.2% yield strength = 369 MPa Fatigue TestUltimate tensile strength = 536 MPa

Fatigue tests were initially performe_ at different
Rockwell hardness tests were performed on strain levels from 0.0015 to 0.00% Mechanical
broken pieces of these two samples. The average hysteresis loops were obtained after a
Rockwell hardness was 88 RB. predetermined number of fatigue cycles. These

loops could be used to determine whether the
fatigue test was conducted under low cycle fatigue
conditions or under high cycle fatigue conditions,
and could also be used to find the onset of the

_.-.,_: ,_.=_, formation of macrocracks on observing theYtmdWm_h: STO._ItWa

'_'® °_"_="_ ='"_" distortionoftheloop.A typicalS-N curveis

_, ,_® / _ showninFig.4 andaseriesmechanicalhysteresis
loops for Sample EP05 with strain amplitude of

_® 0.003 are shown in Figs. 4 - 10. From Fig. 4, itcan be seen that under low cycle fatigue,
_o= mechanicalhysteresisoccurredveryearlyinthe

fatigue life. From Fig. 9 it canbe seen that a
_® macrocrackbegantopropagatebefore16,000

"' ,®.® stress cycles. Similar fatigue test results at smaller
strain amplitude of 0.0018 for Sample MP03 are

0 .........,.........,.........,.........,... showninFigs.11- 19.ItcanbeseenthatinO.OO 0.10 020 0.10 0.40

Engineering strain Sample MP03, under high cycle fatigue testing,
the macrocrackformedbefore110,000stress
cycles.

Fig.1 Stress-straincurvefor1stspecimenof
A533B steel.

i FATIGUETEST:LOAD-CYCLE
I SAMPLE:EP05,STRAIN:10.003I

-6

=o.ooE _v_.,,,,,,_:,=e.==,. _ _ ,,v.,,,'=b'_ iTM
UlUm__ tlr_gth: S17.2t_,

_ -9 ., _ '6

.lo,_;;;p...,,__'_"_ ,,=o L
300.00 -11;, '2

"¢_ _4_t._ ,f..H_....... . .........
c_ -12' " .............. 0_1OO.00
•_ 0 5 10 15 20 25 30
LU CYCLE No.

Ioooo- (Thousands)

:" [-4*-- LOADmirvN ---*-- LOADmax-N J0 . ,*A I_...J J t.= li ,=._._.. j..tjl ...... _,j,
o.= o._o o_o o_o o.4o

Engineeringstrain

Fig. 3 Variation of tensile and compressive
load with expendedfatigue life for
Sample EP05 with fatigue strain

Fig. 2 Stress-strain curve for 2rid specimen of amplitude of 0.003.A533B steel.
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FATIGUETEST:LOAD-STRAIN FATIGUETEST:LOAD-STRAIN
SAMPLE:EP05;STRIN= [0.003 [ SAMPLE:EP05;STRIN= [0.003 [

15 10

o ..,.... ....._ .

"°i-+"+ j ",;:--".i"_._ .0.oo3.o.,_ .o._ o o._ o._ 0.oo3 o._ ".o._ .o._ .o._ .o._I o o._ o._ o.o03 0.o04
STRAIN STRAIN

l_--.-51 I-'-""°°°1

Fig. 4 Load.strain curve rot Sample EPOS at Fig. 6 Load-strain curve for Sample EP0$ at
fatigue cycle # 5. fatigue cycle # 4000.

FATIGUETEST:LOAD-STRAIN FATIGUETEST:LOAD-STRAIN
SAMPLE:EP05;STRIN= [0.0031 SAMPI F:EP05;STRIN= [0.003[

10 _ 10000

_._,_. _j r _..._.. ...,,.r j

5 ,,,,,,,,.- j..,_ +ooo _,,p.,4000, -" _"-

< '_ _ 2o00 a" .."

._. f .._- I
-;s.... lix_o iliJ'l" I-o.oo,,.o._ .o.__.oo,o o.oo,0.002o._ 0.0o4 .0.0o4.o._ .o._.o.oo,o o.oo_0.oo20.0030.004

STRAIN STRAIN

I-'-"=2°°°! I-"-"='_ 1

Fig. $ Load-strain curve for Sample EP05 at Fig. 7 Load-strain curve for Sample EP05 at
fatigue cycle of 2000. fatigue cycle # 12000.
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FATIGUE TEST: LOAD-STRAIN FATIGUE TEST: LOAD-STRAIN
SAMPLE:EP05;STRIN= 10.0031 SAMPLE:EP05;STRIN= 10.0031

10000 1000

6000 ,.,/e..- r _ 0 _-I
400o . .," ..a" -_ooo
200o .,." ,.,r "J_

-2C00 _ j -4(X_
-4000 -_ -50_

-0.01N -0.003 -0.002 _.001 0 0._1 0.002 0.003 0.11(14 -0.004 _._3 -0.002 41.11111 0 0.001 0.002 0.003 0.01N
STRAIN STRAIN

I-IP-N=140(X] I I-_'N=18000 ]

Fig. 8 Load-strain curve for Sample EP05 at Fig. 10 Load-strain curve for Sample EP05 at
fatigue cycle # 14000. fatigue cycle # 18000.

FATIGUE TEST: LOAD-STRAIN FATIGUE TEST: LOAD-CYCLE
SAMPLE:EP05;STRIN= 10.003] SAMPLE:MP03;STRAIN= 10.0018I

3000 -,8 :12

moo _ .8.s "" :1o

•- .II '_-_00
_ _000 II _lr _ -6 _t-4o0o -f_ _fl

-5000 ##- o i 4 9
-IN_. _ _ -2

-8000 '_ -10.5, _ 0
-0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004 0 50 100 150 200 250 300

STRAIN CYCLE NO.
_s)

I-'-_- N=16OOO I l-- COAOmin.N -- LOADmax-N I

Fig. 9 Load-strain curve for Sample EP05 at Fig. 11 Variation of tensile and compressive
fatigue cycle # 16000. load with expended fatigue life for

Sample MP03 with fatigue strain
amplitude of 0.0018 .
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FATIGUETEST: LOAD-STRAINLOOP FATIGUETEST: LOAD-STRAINLOOP
SAMPLE:HFMP03,STRAIN=10.00181 SAMPLE:.HFMP03,STRAIN=10.00181

15 r 10000 __..Im

. 4oo0 _'q-._

"_z _ ""- _ 20o0 "4r'--"-.s. -'_ .20o0 . .r_"-, _
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-15 -10000
-OJ I01-0.0(X)5 0 0.0005 0.001 0.0015 0.002 O.(XJ25 -0.002 -0.0015 -0.001 ,0.0005 0 0.0005 0.001 0,0015 0.002

STRAIN STRAIN

I I

Fig. 12 Load-strain curve for Sample MP03 at Fig. 14 Load-strain curve for Sample MP03 at
fatigue cycle # 5. fatigue cycle # 20000.

FATIGUETEST: LOAD-STRAINLOOP FATIGUETEST: LOAD-STRAINLOOP
SAMPLE:HFMP03.STRAIN=,0.0018[ SAMPLE:HFMP03,STRAIN=10.0018[

,oooo ! L_---, ,oooo, 1__8000 8000
6000- I_-

4000-- ,,_ =,#"1 - 6000 .="3._
_ _x_--- --'" -"' 4000 . -

o.- --'" -''- _ 2oo0 -_, J
< _. r" ._." _" o "_'" -_"

.. £ ._oo--- .jr" ...- o -2ooo "=- " "--4o0o --' _.,,m". --"
•ooo -"J"" .4o0o _...#...

-10000
4_.0_ -0.0015 4).001 -0.0005 0 0.0005 0.001 0.111115 0.002 4)._ 4).0015 -0.001 -0.0005 0 0._5 0.001 0.(_i5 0._

STRAIN STRAIN

l_ N=10000 I l + N=80000 I

Fig. 13 Load-strain curve for Sample MP03 at Fig. 15 Load-strain curve for Sample MP03 at
fatigue cycle # 10000, area within fatigue cycle # 80000.
loop indicating micro-yielding of
material.
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FATIGUE TEST: LOAD-STRAIN LOOP
SAMPLE:HFMP03,STRAIN= 10.00181

FATIGUE TEST: LOAD-STRAIN LOOP 4_ I I_.....SAMPLE:HFMP03,STRAIN= I0.00181 2ooo _
o

..._m,,-_ _ ._ ._ _"-
.... ..__ _ .,_

,,,.-
v

_._ _- .1_ •0.002 4).0015 -0.001 -0.0005 0 0.0005 0,111110.0015 0.002

WI_.__.o.,__.o.,_._ o o._ o._,o.®,,°.002

Fig. 18 Load-strain curve for Sample MP03 at
fatigue cycle # 120000.

Fig. 16 Load-strain curve for Sample MP03 at
fatigue cycle # 100000.

FATIGUE TEST: LOAD-STRAIN LOOP
SAMPLE:HFMP03.STRAIN= 10.00181

2000

1000._0 _

FATIGUE TEST: LOAD-STRAIN LOOP = _ ..,,'-
SAMPLE:HFMP03,STRAIN= 10.00181 ,-, _.d"

sooo , _-¢oo Jr
4000 "-_ _ -5000 r

-/2000, ._ _" ._.

_ ._ _'_ _._ _._,,_.o.,_._,_,o o._ o.o.,o.®,_o.002

___ " I+N''_ IliP"

.o._ .o._s .o._ .o._s o o._ o.ool o._s 0.0o2
STRAIN

Fig. 19 Load.strain curve for Sample MP03 at

[-_- N-I_OOOO[ fatigue cycle # 150000.

The strainamplitudeof 0.003 was chosen as a
convenientconditionfor a systematicstudyof the
effectsof lowcycle fatigueon magnetic properties

Fig. 17 Load-strain curve for Sample Me03 at of these steels. At this strain level, plastic strain
fatigue cycle # 110000. was evident from the mechanical hysteresis curve

(Fig.4), andthefatigue life was typically around
15,000cycles before failure.
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Results

Magnetic hysteresis parameters were measured
using the Magneseope at predetermined intervals

throughout the whole fatigue life. Test results for FATIGUETEST,SAUPt_:EPII
specimen EPI I with strain amplitude of 0.003 are STaAIN:10.003I
shown in Figs. 20 - 21. Similar results for a ,3.s _" L._ '*

--It,., "_.,_ _ '39.Sdifferent specimens EP09 and EP10 are shown in ,3, _.....q: x..-.lFigs. 22 - 25. It can be seen that the coercivity ,z_. D_

decreased moderately in the early stage of fatigue 12. \ I:'5_
life, as a result of fatigue softening. Then the _, | 1,.5.. "_ "-""- "_/'-"_' "" '37s|
ceercivity and other magnetic properties remained _ 1,i/ ]'- .37"g_

I-1quite stable over most of the fatigue life. This 1"_i [ , .=,._stable region amounted to 80-90% of the lifetime. ._
Finally in the last 10-20% of fatigue life, the '°1 A
magnetic properties changed dramatically, os i _ .ss.s"O 10 2() 30 4_0 SO 60 70 80 90 135

Accordis_gto the load profile, the final stage which FATIGUEUFE(%)

correspondedto the formationof a macrocrack,
was accompanied by a decreasing load that was [4_ ,, _.__, ]
needed to obtain the constant stt_n amplitude. It
was expected that the bulk microstructure would
be stable after the initial fatigue softening. The
invarianee of the magnetic parameters throughout Fig. 21 Variation of remanence and hysteresis
the intermediate range of fatigue life was loss with expended fatigue life for
consistent with such an interpretation. Sample EPI 1 under fatigue test with

strain amplitude of 0.003.

FATIGUETEST,SAMPLE:EP11 FATIGUETEST,SAMPLE:EP09
STRAIN:[0.003[ STRAIN:I0"0031;

i t . '
11 10. "---"_'--' "-" " _'_ _=-= =_ _L/ "7.7

7.8 9-
1 -7.6

7.S _._. 8- , I,il I "

=i - ' i *
'_ e- -7., o

._,., ._.

<_ r- .2£ _ _. _ _/_i -7.3

q 6_ _ _,o 4- ' " . -7.2
s- _ 3,_..'_ ,_\ / ,

2- _ _ • l_.= -r.1
3 ,' /6.6 I _ ] 7o ;o '_ _ 4b sb sb 7'o ab go _oo o s lo 15 2o 25

FATIGUE LIFE(%) N

('noJsands)

1-_- LOAO--_ Hc, -_- Hc2 I I_._ LOA0..__ He I

Fig. 20 Variation of tensile load and coercivity Fig. 22 Variation of tensile load and coercivity
with expended fatigue life for Sample with expended fatigue life for Sample
EP! 1 under fatigue test with strain EP09 under fatigue test with strain
amplitude of 0.003. amplitude of 0.003.
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Results

FATIGUETEST, SAMPLE:EP10FATIGUETEST, SAMPLE:EP09
STR,_N:i0.0031; STRAIN:10.003I

2600 • 540 2800, .550

z_oo. _r*_ - - i._ _oo:_ - :--= -
.500_" "w 2400.

t • -500 '450

24OO' '_ "48O 22OO.

z3oo..,, _ ,_)_ .46o. _ 1_. .3so=a , /'%_, ,,40_ =
2_o. "---- %"'/_ _J 420= I_o

--, -300

2100. -400 1400-

I tiP" -380 1200- -25O

m

'" "_ 1°°°o _ 4'o r_ _ ld_°
0 5 10" 15 20 --" 25340 FATIGUEUFE (%)

N

('Thousands) l-s- Br-N .-la- Umax-N I

[--_-Br --_- Umax ]

Fig. 25 Variation of remanence and maximum
permeability with expended fatigue life

Fig. 23 Variation of remanence and maximum for Sample EP10 under fatigue test
permeability with expended fatigue life with strain amplitude of 0.003.
for Sample EP09 under fatigue test
with strain amplitude of 0.003. 4.4 Barkhausen Effect

Measurements

Barkhausen effect measurement were performed to

FATIGUE TEST, SAMPLE:EP10 investigate the dependence of Barkhausen signal
STRAIN:I0.0031 on the expended fatigue life with the objective of

,1- 88 detecting fatigue "damageeven before the stage of

1ii_--_ ,_8.6 macrocrack propagation.

,.-. _ '8.4 The rational for this investigation was that fatigue
E .8.2._ failure primarily begins on the surface. The8 8 9.
-_ .r.8Z formation of extrusion and intrusion due to slip at

!_"_4_/1 the surface of a specimen can lead to high surface
r.6 stresses which nucleate a microscopic crack,
r4 which will later form a macroscopic crack and

o 20 40 6o 8o i_ 2 propagate through the sample. If this is the case,
FATIGUE!UFE (%) the most important property to monitor is the

surface stress. By their nature, Barkhausen
i---a- LOAD -'9- Hc ] emissions, which have an effective frequency

range typically from 20-300kHz, have a short
penetration range in steels. The corresponding
penetration range is typically 0.05-0.2 ram, which

Fig. 24 Variation of tensile load and coereivity means that the Barkhausen emissions really givewith expended fatigue life for Sample
Eel0 under fatigue test with strain information only about the surface layer of the
amplitude of 0.003. material. Therefore, this technique could be viable

in determining the process of fatigue damage, and

NUREG/GR-0013 12



Results

consequently Barkhausen effect measurements
seem to be ideally suited for these type of surface

studies. Fatigue test: M.P. Measurement
The Stresscanwas used to detect the Barkhausen SAMPLEEP06;STRAIN:Io.oo3195

amplitudeduringthestrain-controlledfatiguetest go:
_4th strain amplitude of 0.003. Test results arc

shown in Figs. 26 - 30. It can be seen that the ! 95. __

Barkhausen amplitude changed continuously ="
during the whole fatigue life. These results _ 7s.

_" 70
indicated that the whole fatigue lifetime can be
divided into thr_ stages based on the changes in 95
the Barkhausen signal, eo:

o _b'" _ ab 4b sb _ fo _ 9b too
FATIGUEUFE (%)

FATIGUETEST: M.P. MEASUREMENT [--- OBSe_DDATA-*- P,OCESSEDr,ATA1
SAMPLE:LFEP06;STRAIN:[0.003 [

95- "105

90-

Fig. 27 Barkhausen signal as a function of
95 9s fatigue life at penetration depth of80,

,9o 0.2mm for Sample EP06, comparing
=E 75' original data with the data processed

_8570'

_. '80 by DFT.

60. -75

55 70
0 2 4 6 8 10 12 14 16

CYCLENo.
rr,o=._) Fatigue test: M.P. Measurement

SAMPLE EP06;STRAIN:10.0031
l-"- _wD^T_d-o_..,,--- _wDAT_,,=O.O,_1 105-

J

100-

85.

Fig. 26 Barkhausen signal as a function of _ 9o.o
fatigue life at penetration depth of _ 95.
0.2mm and 0.07mm for Sample EP06. _ eo.e. 75.

=_ 7o.
65,

60_-,o lb _ :_ ,_ ,_ r_ 7'o _ _ _oo
FATIGUEUFE (%)

I---w--OBSERVEDDATA --Jr--PROCESSEDDATA I

Fig. 28 Barkhausen signal as a function of
fatigue life at penetration depth of
0.07mm for Sample EP06, comparing
original data with the data processed
by DFT.
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Results

During Stage I (f'trst10% fatigue life), there was
an increase in Barkhausen amplitude. This
increase is a result of fatigue softening caused by
breaking up of dislocation tangles during cyclic

Fatiguetest: M.P.Measurement loading. Thereforediscontinuouschangesin
SAMPLE EP07;STRAIN:Io.oo31 magnetization(whichcomprisethe Barkhauscn

= signal), will become largerdue to an increase in

_ __ the amplitude of the domain wall jumps between

_ pinning sites... In Stage II (20-90% fatigue life), the Barkhausen
= signal decreased continuously. This may be due

to the movement of dislocations towards the
surface. As surface dislocation density becomes

5o ......... - - higher, the domain walls can experience smaller0 10 20 30 40 50 60 70 80 90 1(

_^_Gu_UFE_) jumps between two pinning sites, therefore
smallerchangesin discontinuousmagnetization

[-=-o_E_oD^rA -*- P.oc_Eo o^r^ J may be expected, lea&',g to small Barkhausen
signals.

In Stage HI (the last 10% fatigue life), the
Fig. 29 Barkhausen signal as a function of Barkhauscn signal amplitude increased rapidly

fatigue life at penetration depth of with the number of stress cycles as a result of
0.2ram for Sample EP07, comparing macrocrackformation. When the macrocracks
original data with the data processed appeared at the surface, several effects can occur,
by DFT. for example, the formation of closure domains at

the surface of crack. All these factors can be
considered as sources of change in the Barkhausen
signal amplitude.

Fatigue test: M.P. Measurement
SAMPLEEP07;STRAIN:10.0031 The testresultsimplied that it ispossibleto predict

r4 fatiguefailure evenbefore StageIT[ff thebehavior
rzl oftheBarkhausensignalcanbewellcharacterized

7o bythedegreeofsurfacedamage.Howeverdueto• 68 the stochastic motion of domain walls the
_ repeatabilityofthe Barkhausensignalresults was

" notverygood.(Only3 outof5 samplesshowed
e(, thesametrendinBarkhausensignal.)

% ,'o _) _ ,_ _) _ ¢o _ ......_ .....,oo 4.5 Comparison of Magnetic
FATIGUElIFE (%) Hysteresis Measurement and

I-'- o_E_oo^r^ -.- P.ocEssEoo^T^I Barkhausen Effect
Measurement

The magnetic hysteresis technique,underdc
Fig. 30 Barkhausen signal as a function of conditions, measures bulk magnetic properties.

fatigue life at penetration depth of The magnetic hysteresis parameters, such as0.07ram for Sample EP07, comparing
original data with the data processed cocrcivity,rcrnanence,initial permeability and
by DFT. maximum differential permeability arc sensitive to

microstructures and bulk stress, but represent an

NUREG/GR-0013 14
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average over the volume of measuremenL The removing the sample from the MTS machine at
magnetic hysteresis measurement data was predeterminedcycles throughoutthe fatigue life.
repeatable with small fluctuations. The test results
were easy to interpret and could reliably detect the In this lattercase, there was surface roughening
onset of macrocrack propagation, during the fatigue process. However surface

modification is not very critical for the formation
Barkhausen effect technique, on the other hand, is of microcracks. In fact, the microcracks were
a surface sensitive technique. It is sensitive to the initiated mainly at inclusions, such as MnS which
staface condition of material and represents is brittlecompared.with the matrix. These
properties in typically 0.2ram of the material microcracks were observed at least as early as
clo_st to the surface. By monitoring the surface 40% of expended fatigue life, and later one of
degradation caused by the fatigue damage, it is them grew continuously to form a macrocrack
possible to predict fatigue failure before the which led to final mechanical failure. The
propagation of a macrocrack. This has advantages progress of crack initiation and growth are shown
over hysteresis measurements under some test in Figs. 31 - 34.
conditions. However, due to the random natureof
the Barkhausen emissions, the observed Since inclusions played an important role in
Barkhausen amplitude exhibited considerable microcrackinitiation, the configuration and
variability (therefore advanced signal processing morphology of these inclusions were of great
techniques should be used to reduce the noise interest. Two samples were mechanically polished
component), and the repeatability of the and examined under an optical microscope. It was
measurements was not _o _ond as hysteresis found that the distribution of inclusions was
measurements. !_.,-.;crpretauonof Barkhausen inhomogeneous as shown in Figs. 35 - 38. This
results is also very difficult, at this time. explains why although most specimens exhibited

crack initiation at the surface during fatigue, there
In our fatigue test described above, both was a case in which the load began to drop and no
techniques were found useful in detecting fatigue surface crack was observed. In that case, the
damage. Each also has some advantages. If we crack was initiated at an inclusion inside the
can properly combine these two techniques, it sample and then grew outward.
should be possible to predict the remaining life in
the materials more precisely. 4.7 Load.Controlled Fatigue Test

4.6 Metallographic Studies Load-controlled fatigue tests were conducted at
different stress amplitudes, mainly in the high

In order to correlate the surface damage with cycle fatigue region. Magnetic properties were
Barkhausen signals, metallographic studies were measured at pre-determined numbers of fatigue
perfom_ by inspecting the surface condition of cycles throughout the expended fatigue life. Test
specimens under SEM. Three polished samples results at a stress level of 272 MPa are shown in
were fatigued atconstant swain amplitude of Figs. 39 - 40. It was found that under stress
0.003. Surface replication was used to inspect the control the magnetic properties changed
surface condition of the first two samples. The continuously even after initial fatigue softening.
objective was to detect surface damage, such as This result was different from the results
slip band formation or surface roughening. But determined under strain control. Coercivity
the results were not completely satisfactory, appearedto be the most useful parameter for
Therefore, for the thirdspecimen, we inspected monitoring the progress of fatigue.
the surface condition directly under the SEM by
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Fig. 31 Microcrack i_titiated inside the brittle inclusion at about 40% of fatigue life.
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Fig. 32 Microcrack initiated at the edge of brittle inclusion at about 40% of fatigue life.
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Fig. 33 Growth of microcrack due to fatigue at about 60% of fatigue life.
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Fig. 34 Growth of microcrack due to fatigue at about 70% of fatigue life.
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Results

Fig. 37 Distribution of inclusions on grain boundary inside A533B steel (at 65X magnification).

Fig. 38 Shape of inclusion (at 520X magnification).
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Further fatigue tests showed that during load-
controlled fatigue tests, the maximum tensile and
compressive strainaccumulated linearly with the

FATIGUETEST:SAMPLEMP10 logarithm of fatiguecycle. Theresultsarcshown
stressamplitude:272Mpa ill Figs. 41- 42. Basedonthe fact that the plastic

"_ _" strainis often linearly relatedto the coercivity of

monotonic stress loading, a phenomenological

_- ,_ _ of stress cycles with ceercivity. The equation
predicted a linear relationship between the

,=: coercivity and the logarithm of the number of

i fatigue cycles. Two more specimens were7_o ." 4_ ...... . 1oo _o 1,o 1.'6° fatigued under constant load amplitude, and
, magneticmeasurements were taken at

_-'_) predetemdned intervals chosen according to the

[-*- ,_.ocAI)-.- ,_0.oc,_ J logarithm of the number of fatigue cycles. Results
are shown in Figs. 43 - 44. These matched a
simple phenomenological relationshipdescribed
by theequationsin AppendixAL6, showinga

Fig. 39 Variation of coercivity at two different direct correlation betweenthemagneticproperties
locations with expended fatigue life for (e.g. Hc) and the logarithm of N.
Sample MP10 under fatigue test with
stress amplitude of 272MPa.

FATIGUETEST:SAMPLEMP10 FATIGUETEST:SAMPLEMP12
stressamplitude:272Mpa stressamplitude:272Mpa

,u _,.,.,,.,.,_,....._ ,4o.6 -00o,, .. ,o.oo,

132 '40A

---- 11.8 39.6 i -0.0017 1,0.0017 m

39,4 O.
11.7 _ ..... -U_ E -0.oo1_ - o.oots

•'-.,.,. $ j.d11.6" "30

,1_ .oo.o -0.00, _ '" / o.oo,sL
11.4_)-- _) 40 _) I() 100 120 140 10014"6 -0.00"2 ............. ,,. ........................ 0.0014lo too moo loooo 1ooooo Ioooooo

N No. of fatigue cycle

l--k- sr --+-_ J [-.*--¢omp.,,_,,in -.-,.t_.._ J

Fig. 40 Variation of remanence and hysteresis Fig. 41 Variation of compressive and tensile
loss with expended fatigue life for strain witb expended fatigue life for
Sample MPIO under fatigue test with Sample MPI2 under fatigue test with
stress amplitude of 272MPa. stress amplitude of 272MPa.
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Fig. 42 Variation of tensile strain with Fig. 44 Variation of coercivity and remanen¢e
expended fatigue life for Sample MPI3 with expended fatigue life for Sample
under fatigue test with stress MPI6 under fatiguetest with stress
amplitude of 243MPa. amplitudeof 2$4MPa.

It was evident thatthe A533B material underwent
fatigue softening when cyclically stressed. This
was demonstrated for example when under the

J Sample Mp15 i strain-controlledfatigueprocess,the loaddropped
stress amplitude:284Mpa] significantlyduringthe first a few hundredcycles.

8.,_ . . ,2._ However,underthe load-controlledfatigue

8.6J oK, -12

• ,,.,..,,., process,the cocrcivityincreased,whichimplied
thatmagnetichardeningoccurred.Usually

8.8 .-" "_:' '"' _ _ magnetichavening is alsoaccompaniedby.= ii

!s., _.__88 -11., ®

t • "11,2 _ mechanicalhardening. So the observation that the

8 8.= • o . .11 _" material underwent a nw.chanical softening
8._ ._ _ "" " "-. ,1o.8 accompanied by a magnetic hardening was

-.. ,lO.6 unexpected. In fact this seemingly contradictory
8.,,_ ......... .... 1_o looooo1°" phenomenon can be explained by the Bauschinger

No.offat_ouecyc,e effecL When A533B materialwasfatigued,
additionaldislocationsweregeneratedwhich acted

[ o ._o_1 . .o_o.2 - ,,4o_ I as pinning sites for domain wall motion, thus
increasing the coercivity. However, during the
cyclic stress, dislocations piled up at grain

Fig. 43 Variation of coercivity and remanence boundaries or precipitates, forming dislocation
with expended fatigue life for Sample tangles. With reversed loading, the dislocations at
MPI$ under fatigue test with stress the trailing edges of the tangles moved away from
amplitude of 284MPa. the grain boundaries and precipitates more easily,

causing an apparentsoftening of the mechanical
properties.
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Although the detailed mechanism for the
relationship between the coercivity and the number
of fatigue cycles is not clear, the
phcnomenological relation found in this project I s=_:e,es; I
gives a useful equation for applying magnetic . IP"_s_N:1_;s_u":°._l
NDE to fatigue detection. One of the significant _:L
results of this relationship is that, for the first time, " t":"
the number of stress cycles was shown to be • I":"

relateddirectly to a measurable magnetic ]pann_ter. Therefore the measurement of _coercivity may provide a way to estimate fatigue z =
damage accumulation. At this point, the advantage
of magnetic hysteresis measurement techniques
over the Barkhansen effect technique is clear,
sincethe magnetichysteresistechnique,can .., , ,, ,,, ,= _ ,= ,== ,=,,
estimatethe numberof fatiguecyclesa specimen ' = - "= '- "= "- '='="'=
has experienced, and the measurements of N
hysteresis parameters are more reproducible. [== "=m _ J

4.8 Prestrain Fatigue Test Fig. 45 Variation of coercivity and remanence
Since fatigue life and magnetic properties depend with expended fatigue life for Sample
on the initial state of the material, the role of stress PRE5 under fatigue test with stress
history (i.e., residual stress or any previous amplitude of 0.003. The Sample was
dislocation substructuredue to the plastic prestrained with residue strain of 0.01.
straining) on fatigue testing parameters was
examined. Five specimenswereprestrainedto
different strain level from 0.008 to 0.021. Fatigue
tests and magnetic measurements were perfom_ I _.=,p_:P,_; I

[PRESTR_N:t_;SXR_ZN:O.OO_Iunder different fatigue conditions. Test results are
shown in Figs. 45 - 48. It can be seen that in both "|"
strain-controned and load-controlled fatigue

I

processes, the coercivity and hysteresis loss "
decreasedandthe remanenceincreased.In the

strain-controlled fatigue tests, the load also _ t "t _showed a decrease during the fatigue life which o
implied fatigue softening. All these results can be
explained by the fact that a large amount of
dislocations were created by the initial plastic
deformation. When the specimens were cyclically
stressed, dislocations recombined as well as
accumulating on the grain boundary and
precipitates, resulting in a decrease in dislocation I1 _ 1 Lo,d ]
density and therefore leading to both mechanical
softening and magnetic softening.

The test results again supported the suggestion that Fig. 46 Variation of hysteresis loss and tensileload with expended fatigue life for
the decrease in coercivity was dependent on the Sample eRE5 under fatigue test with
logarithm of number of fatigue cycles. This was stress amplitude of 0.003. The
in agreement with the result that the logarithm of specimen was prestrained with residue
the number of fatigue cycle determined the strain of 0.01.
accumulation of fatigue damage in these materials.
NUREG/GR-0013 24
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J Sample: Prel o.oo3JPrestrain:2,!%; strain:
I Sample: Prel 0.003[][Prestrain:2.1%; strain:

Fig. 47 Variation of coercivity and hysteresis Fig. 48 Variation of coercivity and remanence
loss with expended fatigue life for with expended fatigue life for Sample
Sample PREI under fatigue test with PREI under fatigue test with stress
stress amplitude of 0.003. The amplitude of 0.003. The specimen was
specimen was prestrained with residue prestrained with residue strain of
strain of 0.021. 0.021.
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5 Conclusions

5.1 Summary of Progress Arelationhasbeenobservedbetweenthemagnetic
coercivity and the number of fatigue cycles based

The project has progressed on schedule on the test results under load-controlled fatigue.
throughout.A533B steel specimenswere Therelationshowsthatthecoercivityis
acquiredfromOakRidgeNationalLaboratoryand proportionalto thelogarithmof thenumberof
theyweremachinedintotensile testspecimensfor fatiguecycles. This is thefirsttime thatan
laboratorytests. High cycle andlow cycle fatigue empiricalrelationhasbeenfoundwhichrelates
measurementsweremadeon bothunprestrained fatiguedamageto magneticproperties.
•andprestminedspecimens. Magnetic
measurementsin the formof hysteresiscurves 5.2 Detection of Volumetric
were taken on these specimensthroughouttheir Properties Versus Localized
fatiguelife. Thesemeasurementswereanalyzedto Flaws
give the main magneticpropertiesof coercivity,
remanence,hysteresisloss andmaximum Resultshaveshownthatin orderto detect
differemialpermeability,whichshowedchanges
withexpendedfatiguelife. Thesechangeswere localizedflaws themagneticfield sensor(Hallprobe)mustbe within1mm of thelocation of the
apparentparticularlyin theearlystagesof fatigue flaw. Thereforemostchangesthataredetectedby(as a resultof fatiguesoftening)andin thefmal
stagesof fatigue (as a resultof crackgrowth)in thehysteresismethodareactuallyvolumetricchangesin magneticpropertiesratherthanhighly
the strain-controlledfatiguetests. In the load- localizedchangesdue to cracks. This is a
controlledfatiguetests, themagneticproperties significantadvantagebecauseit is then not
changedcontinuouslywithexpendedfatigue life. necessaryto be directlyabovethefatiguecrack

orderto detect impendingfailure.A newset of softwareroutineshasbeen writtento

enablethe tensiletestmachineto be controlledby TheBarkhausenmethodhas been usedto evaluate
computerandtoensurethatthefatiguetestsbegin
withstressin a particulardirectionandend with thesurfaceconditionof thematerialat depthsof0.02, 0.07, 0.2mm. This techniquegives
completionof a full fatiguecycle. Thiseased the complementaryinformationto themagnetic
taskof makingmeasurementsbyautomatingthe hysteresismeasurements,and has also been found
whole processandguaranteedthatfatiguecycling to be affectedby impendingfatiguefailure. It istenninatexiunderthesameexternalmechanical
condition, widely believedthattheconditionof the material

surfaceis verysignificantin determiningthe
remainingfatigue life.A commercialBatkhauseninspectionsystemwas

acquiredfromAmericanStressTechnologies.
Thisdevice has thecapabilityof beingcalibrated 5.3 Detection of Strata-Controlled
for appliedstress. The measurementscan be Fatigue Versus Load-
perfom_ atdifferentdetectionfrequenciesand Controlled Fatigue
hence atdifferentdepthsin thespecimens. Sincea
correlationbetweenmagneticparametersand Swain-controlledfatiguetestswere mainly
fatiguedamagehasbeen observedin thiswork, conductedin thelow cycle fatigueregime, while
we havealso investigatedwhetherthere is a load-controlledfatiguetests were conductedin the
similarcorrelationbetweenBarkhausen high cycle regime. In the strain-controlledfatigue
measurementsandfatiguedamage. The results tests,magneticpropertieschangedmarkeAlyat the
have shownthattheBarkhausensignalamplitude beginningandat the end of fatiguelife. This is
is sensitive tO accumulatedfatiguedamage,and believedto bedue tofatiguesoftening andstable
thatthereforethesemeasurementshavesome microcrackpropagationrespectively. On theother
potentialfornondestructiveevaluationof fatigue, hand,inthe load-controlledfatigue tests, magnetic
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propertieswereob.sc_,ed_ changecontinuously cycles. If thematerialwas sufficiently
duringthe whole fatiguelife. prestrained,thencoercivitydecreasedlinearlywith

the logafi'thmof the numberfatiguecycles.
Thediffere__ebetweenthebehaviorof the AlthoughtheBarkhauseneffect also showed
magneticpmpe.m.'esduringtwo different_types of sensitivityto expendedfatiguelife, as shownin
fatiguetestconditioncan be explained. Ithe resultshere, signalwasthe the quitenoisy and the
strain-controlledtestcondition,afterinitialfatigue repeatabilitywas notentirelysatisfactory.
softening,the mechanicalpropertiesof material Besides,it was extremelydifficult toexplain the
stab'flized.Thereforeno significantvariationsin observedchanges in the Barkhausensignals. On
magneticpropertieswere observedduring10-80% the otherhandthe magnetization,as embodiedin
fatiguelife. On the otherhand,in load-controlled the hysteresiscurve,canbe interpretedin termsof
testconditionsmicrocrackswhichreducedthe domainwall/defectinteractionsin steel,andthis
effectivecross sectionof tensile slx_imen can thereforelendsitself to a muchsimpler
result in a progressivelyhigherstressamplitude interpretation.
fromone cycle to thenext. This generatesextra
dislocationsthatcan pindomainwalls. Therefore Therearea few modelsof ferromagnetic
in load-controlledfatigue tests,coercivity hysteresisin use atpresent,althoughfor this
increasedwith thenumberof fatigue cycles, particularinvestigationwe have usedthe model

developedby one of the authors[20]. In thisway
Inthe prestrainedfatigue tests, becauseof the we wereableto circumventthe difficultieswhich
largeamountof initialdislocationsgeneratedby havehinderedearlierinvestigationsin thisarea.
plasticdeformation,therecombinationandthe These haveoften observeda high sensitivityof
sweeping awayof the dislocationsto _e grain magnetic signaturesto stress (e.g., Barkhausenor
boundarydominatedoverdislocationgeneration, magnetoacousticsignals)buthave been unableto
Therefore, in both load-controlledand strain- interpretthem. The presentworkhas some
controlledfatigue tests, the bulkdislocation distinctadvantagesoverearlier investigations
densitydecreasedandresulted in the coercivity becauseof the opportunityaffordedto interpretthe
decreasingwith the numberof fatiguecycles, resultsin termsof underlyingmechanismsthrough

the hysteresismodel.

5.4 Prognosis For example in the case of fatiguedamage,it is
Magneticinspectionmethods areaverypromising knownthat in the earlystagesof thefatigue
techniquefor nondestructiveevaluationof such processthedislocationdensitychanges rapidly.
problemsas mechanicaldegradationin steels. In Magneticdomainwallsare impededby
thiswork it has been shown thatunderstrain- dislocationsand, accordingto the theoretical
controlledfatigue tests, drasticchangesoccurred modeldevelopedforhysteresis,this leads to a
in coercivityandothermagnetichysteresis changeincoercivity. Sucha change in ccmrcivity
parametersduringthe last 10% of fatiguefife. is indeedobservedin practice. These verifications
Underload-controlledfatigue conditions, of themodel lend confidenceto ouruse of it in
coercivityincreasedlinearlythroughoutthe fatigue solvingcomplex problemsbased on hysteresis
life with thelogarithmof the numberof fatigue measurements,such as the evaluation of expended

fatiguefife.
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