
automatic scanning. Also, the part can be
determine the residual stress.

Surface stresses have been measured by
surface (Rayleigh) waves. The disadvantage
the acoustic velocity must be measured di re
advantage of using surface waves is that th
to those made by the well-established X-ray
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EXPLORATORYRESEARCH
MATERIALSPROPERTYMEASUREMENTS

TASK 2: LIBRARYOF MEASUREMENTTECHNIQUES

D. M. Boyd
E. R. Green
S. R. Doctor
M. S. Good

1.0 INTRODUCTION

The developmentof measurementtechniquesfor characterizingthe condition
of materialsfor in-serviceor time-relatedaging is the primaryobjectiveof
the ExploratoryResearchProject. Aging changesthe mechanicalpropertiesof
materialsand, hence,the serviceabilityof the structures. The overallobjec-
tive of the projectwill be an evaluationof variousnondestructivemeasurements
for determiningthe conditionof materialsas they age. The measurementtech-
niques to be consideredincludeultrasonicvelocityand attenuation,eddy
currentconductivity,neutronscatteringand absorption,conventionaland
tomographicimagingfor ultrasonicand radiationimaging,X-ray scattering,
thermalimpedance,and magnetichysteresis.

This report summarizesan in-depthreviewof the measurementtechniques
that potentiallycould be used in materialscharacterization.The three sec-
tions of this report includea reviewof failuremechanismsin steel and a
discussionof nondestructiveevaluation(NDE)techniquesand fracturemechanics,
a descriptionof a chart on MeasurementTechniquesversusMaterialProperties,
and recommendationson the techniquesand tests to be performedfor the
experimentalinvestigationsand analysistask of the project. As part of
this task, a list of definitionsfor materialcharacteristicshas been compiled
and listed in AppendixA. In order to understandthe importantmaterials
propertiesto be measured,a reviewof the principlesof fracturewill be pre-
sented for background. Severalmeasurementtechniqueshave been reviewedto
ascertaintheir potentialto accuratelyestimatematerialsproperties. The
resultsof this reviewprocesshave been put into a more manageableform for
a better and more lucidoverviewof this complextopic. Specifically,a chart
was chosen showingthe measurementtechniquesand the materialsproperties
that are measurable. Based on this information,five techniqueshave been
selectedand recommendedfor experimentalverificationand analysis. The
selectedmaterialpropertymeasurementtechniquesare internalfriction,
acousto-elastic,eddy current,X-ray diff','action,and micro-indentationmea-
surements. The plan would be to chose _,aterialsamplesstressedto induce
changesin materialproperties(i.e.,their dependenceon dislocationdensity)
and to performa seriesof NDE measurementswhich will hopefullyprovidea
unique correlationbetweenthem. These NDE techniqueswill be supplemented
with metdllographicmeasuren_entsof grain size, dislocationdensity,and other
measurementson materialspropertiesas required.
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2.0 FRACTUREREVIEW

Fracture is one of the properties of interest to the evaluation of in-
service and time-related aging of materials, Through an understanding of the
fracture mechanisms and related mechanical properties, the Materials Property
Measurement Research Project will be striving to develop the capability to
determine the materials condition of aged materials.

Fracture is not a simple process and can be affected by the temperature,
grain size, environment, stress fields, and atomic structure. This section
of the review will discuss the common forms of fracture_ brittle and ductile.
The presence or existence of a transition from ductile to brittle fracture
will also be discussed. A summary of the two brittle fracture theories and
the mechanical and microstructural aspects of the transition will be reviewed.

As previously mentioned, fracture is not a simple process, however in a
fundamental understanding, there are only two requirements for fracture to
occur. The first requirement is that of crack nucleation. Crack nucleation
is the formation of the crack and is generally understood to occur by several
different methods. The dislocation methods of crack nucleation are dislocation
intersection, slip involving small angle tilt boundary, and dislocation align-
ment. Another nucleation mechanism involves a corrosive environment where
chemical interactions form cracks. Once the cracks are formed, crack propaga-
tion must occur for fracture to proceed.

One experimental observation made by Petch [7] shows a relationship between
the grain size and the fracture strength. His observations showed that as
the grain size becomes smaller, the fracture stress increases. The empirical
equation developed from this work is shown as equation (I).

K
_fracture : _o + _ (1)

_/L

where: _fracture = yield stress

Co = yield stress with no grain boundary

K = parameter that determines effectiveness of
" grain boundary in raising yield stress

L = grain size (average)

The nucleation and propagation of a crack can be referred to in two man-
ners, ductile and brittle fracture. Ductile fracture is the ability of a
material to deform plastically prior to fracturing. Brittle fracture does
not require plastic deformation, however, it can occur during the propagation
of the crack. Ductile fracture is evident in a tensile test by the cup-cone
appearance of the fracture surface. The process for this fracture is the
nucleation and coalescence of voids to form a crack. The crack propagates
until the tri-axial stress causes a large shear stress at approximately 45"
to the axis and fracture occurs. Two typical stress-strain curves for ductile
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fracture are shown in Figures 1 and 2. A brittle fracture stress strain curve
is shown in Figure 3. (NOTE: Figures I-3 are taken from .Metals Handbook,
eds. H. E. Boyer and T. L. Gall, ASM, 1985, p. 2-18).
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FIGURE I. Typical Ductile Stress Strain Curve
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The fact that a ductile-to-brittletransitioncan occur is most easily
observedfrom experimentaldata such as the fracturetoughnesstests on steels
with varyingamountsof carbon. Figure 4 shows data from a Charpy Impact
Test for carbon contentsfrom 0.01% to 0.67%.
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40 - / / ,sP'-" 0.63
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Temperature,°F

FIGURE4. Charpy ImpactTest Data Showingthe Ductile-to-Brittle
Transition(r_f. [7],McClintockand Argon, p. 561).

A detailed studyby Hahn [7] also shows a complextransitionin mild
steel and would be typicalof all materialsshowingan upper and loweryield
point. Figure 5 shows the resultsof Hahn's testing.

The classicalbrittlefracturetheorydevelopedby Griffith [7] assumed
that a preexistingcrack was presentand that for fractureto occur the surface
energy to open the crack had to be exceeded. The Griffithequation is given
as:

1/2
2E7s
(-E-)

where: c = fracturestress,
E = modulusof elasticity,

7s = surfaceenergyand plasticwork, and
c = half the crack length.

This work was extendedby Inglis [7] to includethe effectof a finite crack
width and includedthe effectof the crack tip radius:

Cmax : co (I + 2Vc--_)

where: c = half crack length,
= maximumstressat crack tip,Cmax

co = appliedstress,and
# = crack tip radius.

4
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Versus Temperature iref. [7], McClintock and Argon, p. 518).

One problem with this theory was that it only included the surface energy
term. With the development of dislocation theory came a new brittle fracture
model.

Cottrell [19] developed a model for brittle fracture that includes the
effect of dislocations, Petch's grain size effect, and friction stress (back
stress of a dislocation). From dislocation theory:

27' = anb (4)

where: 7' = effective surface energy including plastic work term,
= applied stress,

n = number of dislocations, and
b = Burgers vector.



Cottrell's general equation for fracture stress is:

qy 'G
: [____p_____]I / 2 (5)

where: G = shear modulus,
v : Poisson ratio,

7' = effect of surface energy including p'iastic work term, and
c = half crack length.

Cottrell's theory was developed from friction stress and Perch's equation and
gave an equation for the yield stress.

In order to minimize the effect of the transition fromductile to brittle
fracture, several chemical and microstructural modifications can be made. For
example, the operating temperature can be defined for the use of the material.
Chemical type adjustments such as the addition of interstitials, solution
hardening, and precipitation aging are possible to form pinningsites for the
dislocations. The principle of chemical type adjustments is based on the
assumption that the stress to move a dislocation is proportional to the inverse
of the dislocation length. Radiation treatment and grain size can also change
the transition temperature. Quenching of the steel can be performed to lock
in vacancies, which also affects the transition temperature. These are a few
of the processing steps that can be taken to control the ductile/brittle transi-
tion temperature,

3.0 FRACTUREMECHANICSAND NDE

The development of an accept/reject criteria for materials and structures
requires the coupling of nondestructive evaluation with fracture mechanics
and structural analysis. As an example of the need for this coupling, it was
found that the combined errors of underestimated crack growth rates and over-
confidence in the inspection methods resulted in the crash of an F-IlIA in
1969 [1].

In order to use the results obtained from NDE in a fracture analysis, it
is necessary to develop a methodology which incorporates the advantages and
disadvantages of the two disciplines. The fundamentals of fracture need to
be categorized and understood within the limits of what NDE measurements can
be made. Simultaneously, the techniques and resolution of the various NDE
methods have to be quantified to satisfy the fracture analysis requirements.

Reference to the coupling of the two techniques can be found in both NDE
and fracture literature [2,3,4]. In the opening comments of the July 1979
meeting on Quantitative NDE, Dr. Donald Thompson gave the following definition
of NDE:
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Nondestructive evaluation (NDE) represents the capability to assess
the state of a material, a component, or a structure from a series
of quantitative and nondestructive measurements, and to _redict the
remaining serviceability of the item in question from the measu'rements
and their evaluation in the context of appropriate failure models [5].

This definition is aimed at ensuring that NDE and fracture mechanics are joined
to develop reliable accept/reject criteria.

The separation of a body into two parts is commonly referred to as frac-
ture. A further breakdown of fracture is made by the designation of brittle,
ductile, and transition (brittle to ductile) fracture. Brittle fracture is
the rapid propagation of a crack with no plastic deformation. Ductile fracture
is a slower process with extensive plastic deformation (similar to material
stretching). Transition fracture primarily refers tO body-centered cubic
metals, such as iron, which fail by either brittle or ductile fracture depending
on the temperature or strain rate [6,7].

As previously discussed, NDE provides an assessment of the state of a
material. In order to characterize the state, some of the more common NDE
techniques used are visual, radiation, ultrasonic, eddy current, magnetic
measurements, acoustic emission, and optical and acoustic holography. Quanti-
tative measurements are essential for the use of NDE data in a fracture anal-
ysis. Developments in quantitative measurements for the NDE techniques are
being developed. The main objective of the qualitative research is to measure
the size, shape, location, orientation, and materials properties of flaws for
use in fracture mechanics analysis.

The NDE equipment includes the general and advanced NDE _ystems described
in this report. The fracture mechanics analysis included Finite Element anal-
ysis computer programs and mechanical testing equipment such as tensile, com-
pressive, and torsiol_altest instruments.

4.0 MEASUREMENTTECHNIQUES

A Materials Property Measurement workshop as part of the project was
i,eld on February 9, 1987. The following measurement techniques were discussed:
internal friction, magnetic hysteresis, dye penetrant, magnetic particle,
eddy currents, thermography, optical holography, Auger electron spectroscopy,
X-ray and ultraviolet photo-emission spectroscopy, Mossbauer spectroscopy,
Low/High energy electron diffraction, X-ray diffraction, neutron diffraction,
optima1 microscopy, TEM and SEMmicroscopy, photoacoustic microscopy, ultra-
sonics and acousto-elastics, inversion techniques, acoustic emission, and
hardness testing.

A chart of these techniques for measuring materials properties has been
generated. Appendix B lists the references for the NDE Materials Characteri-
zation Chart. The properties include mechanical, electrical, magnetic, ageing,
hardness, texture, dislocation density, etc.



From the workshop it was determined that multiple measurement techniques
will be required to develop a complete characterization of the material system
being investigated. A simple metal system was suggested to minimize the com-
plexity of the governing fracture mechanism and, therefore, a low-alloy steel
was suggested.

The measurement techniques showing the most promise from the initial
review are internal friction, ultrasonics and related acousto-elastic proper-
ties, eddy current, and hardness measurements. These will be supplemented
_liththe material sciencemethodsof microscopy,and X-rayand neutrondiffrac-
tion. Other techniquessuch as auger,electron,and Mossbauerspectroscopy
will be used as required.

A brief summaryof the recommendedmeasurementsto be performedfor the
experimentalinvestigationsand analysistask of the projectwill be given.
Paperson the specifictopicsshown in the MaterialsPropertiesChart have
been collectedare filed in PSL Room 1401 for easy reference. AppendixC is
a copy of the FebruaryMonthlyReportcontainingthe minutesfrom the workshop
and copies of the presentationmaterialson materialscharacterizationtech-
niques.

4.1 INTERNALFRICTION

Internalfrictionmeasurementsinvolvesthe determinationof atom movements
within solids. Some of the mechanismsleadingto damping(internalfriction)
at low stress levelsare thermalcurrents,stressdiffusionof soluteatoms,
grain boundarysliding,and simpledislocationinteractions[7,8]. Solids
are never perfectlyelastic,and some of the propagatingelasticwave energy
is lost throughconversionto heat. The variousmechanismsby which this
conversionprocessoccursare collectivelycalled internalfriction (as dif-
ferentiatedfrom the derivationbelow based solelyon interstitialmechan-
isms). The conversion mechanisms include the following: relaxation by thermal
diffusion, atomic diffusion, magnetic diffusion, ordered distributions, prefer-
ential distributions, stress along previously formed slip bands, stress across
grain boundaries, and stress across twin interfaces [7]. Internal friction is
used to test authenticity of coins, the soundness of castings, and the quality
of mtlsical instruments and glassware.

An analogy for internal friction is the damping, or energy loss, in an
electrical system. The evolution of the term is from the study of interstitial
diffusion that makes use of the Snoek effect. If a stress is applied, two
types of strain will occur: the normal elastic strain and the anelastic strain
(which is caused by the movement of solute atoms in L_ sites with axis parallel
to the stress axis). Therefore, when a stress level is chanqed, the elastic
part will track the strain; the anelastic part will be delayed and follow a
relaxation time that is a function of the material properties. This phenomena
is the Snoek effect [7].

The conventional and most frequent way that the relaxation times of mate-
rials are measured is with a torsion pendulum. Once the torsion pendulum is
set in motion, its decay will follow that of a damped sinusoidal vibration.
The damped sinusoidal is a monotonically decreasing function cycle-to-cycle.

8
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Let A1 and A2 be the peak-to-peak amplitudes of two consecutive cycles with
AI occurring in time before A2. The energy of vibration in an oscillating
system is proportional to the square of the vibration amplitude. If E is the
energy of the pendulum and @Eis the frictional loss of energy per cycle, then:

@E/E : [(A2) 2 - (AI)2]/(AI) 2 (6)

This equation is normally called the specific damping capacity.

Because of the anelastic strain component, the strain lags the stress by
the phase angle _. The tangent of this phase angle can also be used as an
index of the internal energy loss.

I/Q : tangent _ : I/_ * In(AI/A2) (7)

This quantity is called the internal friction.

Internal friction damping is maximumwhen the frequency used in an acoustic
measurement is near to that defined by the equation:

f : g ( ) (8)

where D is the thermal diffusion coefficient and h is the specimen thickness.

The macroscopic development of internal friction damping is a relaxation
process. The macroscopic evaluation determines the motion of dislocations
that are pinned by impurities, precipitates, and other dislocations and is
based on the mechanical behavior of grain boundary slip for crystalline mate-
rials.

The measurement of internal friction has been performed with acoustic
methods using frequencies between 20 and 20,000 Hz. Early work on internal
friction goes back to 1937 by Zener. Other NDTexperts publishing work on
internal friction include: Wolfgang Sachse, Bob Green, and Don Thompson.
Papers on internal friction can be obtained from the Materials Property Mea-
surement files set up for this project.

3.2 ACOUSTO-ELASTICMEASUREMENTS

Ultrasonic measurements can be used for determining the elastic properties
of materials [9,10,11,12]. Auld in Acoustic Fields and Waves in Solids lists
the Christoffel equations for isotropic and anisotropic solids. By using
these relationships, wave velocity surfaces may be generated and are a function
of a material's elastic modulii or compliance matrix. Therefore, a material's
elastic constants may be determined from ultrasonic velocity measurements.
For isotropic materials the longitudinal and shear wave velocities are:

: (Cl]) I/2"7" (9)
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vs : (7) (I0)

where: C11, C44 = elasticconstants
p = density

Other crystallographicsymmetriessuch as cubic,hexagonal,trigonaletc.
requirethe determinationof up to seven independentelasticconstants.

Ultrasonicscan also be used to determinethe surfacestressor bulk
stress of a solid. In many cases, it is necessaryto have a sampleof the
parent materialfor calibration.

The ultrasonicmeasurementof stressesis possiblebecauseof the acousto-
elasticeffect. The acousto-elasticeffect is the nearly linearchange in
acousticvelocitywith stress,_Stressmeasurementshave been made using longi-
tudinal,shear, and surface (Rayleigh)waves.

The relationshipbetweenstressand strain is usuallyconsideredto be a
linear functionas expressedby Hooke'sLaw [g]:

:Me (11)

where: cr= stress,
e = strain,and
M = elasticmodulus.

However,materialsdeviateslightlyfrom this idealizedbehavior. This devi-
ation has been calledthe anharmonicpropertyof a solid,and it can be
expressedas a power series [9]:

= M_ + C_2 + De3 + ... (12)

where C is the third order anharmonicconstant,D is the fourthorder anharmonic
constant,and so on.

If just two terms of the power series are considered,the stress strain
relationshipcan be writtenas [g]:

O": _'e

where: M' : M + Ce

The velocityof sound is relatedto the materialpropertiesby the expres-
sion [9]:

V : [#M-L']I/2 (13)
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where V is the velocity of sound and # is the density.

Differentiating the velocity equation gives [9].

ev:v
From the above equation, it can be seen that stress affects the velocity

of sound becauseof the anharmonicpropertyof the solid and because stress
changesthe materialdensityfor materialswith a Poisson'sratio less than
0.5.

Polarizedshear waves h_ve been used by Fukuoka,Toda, and Yamane [12]to
measurethe bulk residualstressin a patch-weldeddisk using shear-wavebire-
fringence. The amountof birefringence(i.e.,the differencein velocityof
the two polarizedshear wave components)is relatedto the principalstresses
by the equation [12]:

V2 C
VT1 - VT? : _ (1 + _) (0"1 - 0"2) (15)

,where: VTI and VT2 = the acousticvelocitiesof the shear waves polarized
in the principaldirections,

V2 = the shear wave acousticvelocityin the non-stressed
isotropicmaterial,

# = the moduiusof rigidity,
C = the third order anharmonicconstant,and

_I and c2 = the principalstresses.

In the study, it was necessaryto measu,e the constantrelatingthe acous-
tic velocitiesand principalstressesby making measurementsof uniaxially
loadedspecimensmade from the parentmaterial, lt was also necessaryto
controlthe sdmpletemperatureclosely.

The acousticvelocitieswere measuredby the so-calledsing-aroundmethod
where the output from the recelvingtransduceris used as a triggerfor the
sendingtransducer,thus producinga successionof pulses. Ti;efrequencyof
the triggeringis used to calculatethe acousticvelocity. The sing-around
techniqueprovidesa significantimprovementover directmeasurementof the
time of flight.

The major disadvantagesof using the shear-wavebirefringencemethod are
that the transducermust be attacheddirectlyto the sampleand the transducer
must be rotatedto changepolarization.

Longitudinalwaves are used to measurebulk stressin much the same way
as shear waves. The velocitiescan be measuredeitherby using the sing-around
techniqueor by monitoringthe frequencyshifts necessary_o null the acoustic
pulsesreflectedseparatelyfrom the front and back faces of the test piece.
However,using longitudinalwaves providesseveraladvantagesover shear-wave
birefringence. First,the probe and samplemay be immersedin water eliminating
the need for physicalattachmentof the probes to the sampleand allowing

11



automatic scanning. Also, the part can be inspected ct multiple angles to
determine the residua, stress.

Surface stresses have been measured by Jassby and Saltoun [II] using
surface (Rayleigh) waves. The disadvantage of using surface waves is that
the acoustic veloclty must be measured dlrectly by time of flight. The
advantage of using surface waves is that the stress measurements can be compared
to those made by the well-established X-ray diffraction technique. Also, the
stresses within a solid can vary significantly with deoth, thus making the
measurement of bulk stress using shear and longitudinal waves somewhat _rti-
fici_l. The surface stress can also be correlated to the critical reflection
angle.

Ali of the aforementioned ultrasonic stress measurement techniques have
one disadvantage; e.g., it is necessary to make calibration tests on a sample
made from the parent material. Several reasons exist for this. First, the
anharmonicconstantdata for many materialsis not widely _:vailable.Second
and more importantly,there are many materialcharacteristicsthat affect the
ultrasonicvelocityto the same degree as stress. These includetemperature,
micro-stress,multiplephases,and compositiongradients. _,

Measurementsare typicallymade using _elativelysmall ultrasonicprobes.
Specialcircuitrymay be requiredto determinethe ultrasonicvelocitywith
great precision.

4.3 EDDY CURRENTMEASUREMENTS

The use of eddy currentI_robesand systemshas been used for the charac-
terizationof residualstress,yield stress,and hardness[13,14,15,16]. In
eddy currenttesting,the materialpropertiesaffectingthe test data include:
electricalconductivity,magneticpermeability,temperature,propertydepth,
and surfaceconditions.

The studieson residualstresshave been performedon low-alloypressure
vesselsteel (ASTMA533) and heavy-sectionforgingsteel (ASTM471) [13,14].
Excellentcorrelationbetweenthe eddy currentdata and stresswas achieved.
Stress contourmaps have been successfullygeneratedon simpleas well as
complexstress specimens[15]o Test resultshave shown the importanceof
calibrationstandardsfor reliabledata interpretation.Recentwork on eddy
currentdeterminationof hardnesshas shown excellentcorrelationwith case
wall hardressof brass.

4.4 MICRO-HARDNESSMEASUREMENTS

A micro-hardnesstechniquehas been developedfor materialpropertychar-
acterization. F. Haggag [17]at BattelleColumbusLaboratoryhas fully auto-
mated a micro-indentationtester using CorporateTechnologyDecelopmentfunds.
A test is perfc,'medusing a hydraulictest machinethat is computercontrolled.
Load and indentationdepth data are collectedduring the test using a data
acquisitionsystem. The yield stresscould be determinedusing empirical
correlations. The amountand geometryof the materialpile-uparound the
final indentationcould be used to estimatethe residualstress in a structure.

12



As part of PNL's test program, the micro-indentation system a_ Columbus
Labs will be utilized as part of the technical exchange on Material Property
Characterization,

4.5 X-RAY DIFFRACTION

X-ray diffraction (XRD) can be used to determine the surface stress of an
isotropic crystalline solid [9,10,18]. Measurements are limited to surface
depths less than 0.013 mm. It is not necessary to make measur_me_,_s in the
unstressed state.

X-ray diffraction allows the surface stress in a particular direction to
be calculated based on information from the X-ray di ftraction pattern.

Figure 6 shows a sample with atomic planes spaced d apart and illuminated
by coherent X-rays at angle e. When.the difference in the path lengths of the
X-rays reflected from the two atomic planes is an integer multiple of the

wavelength (nX = LI + L2 - L3),' constructive interference occurs at the obser-
vation point. When LI, L2, ana L3 are written in terms of d and 8, the result
is Bragg's Law:

nX : 2d sin 8 (16)

Coherent X-Ray
_ Observation

I_llumination _ Point

\ /4 //

J'x,

• • o ae O 0 • • ." 0 I
• , • I B ) k • 1, • • 0 •

FIGURE 6. Reflection of X-rays from Atomic Lattice Planes of Surface

Thus, the spacing between the atomic planes can be determined by measuring
the angle _ when the wavelength is known. From Bragg's Law, it is clear that
>, must be less than 2d for an interference pattern to be produced. X-ray inter-
ference peaks with a 8 angle of near 90" are preferred bec_'Ise they are the
most sensitive to residual stress.
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A typical arrangement for the measurement of residual stress in the direc-
tion f using the double-exposure or two-angle technique is shown in Figure 7.
Here, dm is the spacing of the atomic planes that are parallel to _he surface,
and di is the spacing of the atomic planes whose normal vector makes an angle
w"t_ the surface-normal vector as shown. The strains in the surface nor'mal

and _ directions, respectively, are [10]:

dn - do
_,_

e3 = ao (17)

and

di - do

e_ : do (18)

where dn is the spacing of the atomic planes parallel to the surface, d_ is
the spacing of the atomic planes normal to @, and do is the spacing of {he
unstressed atomic planes.

•

_'-1 (9"96_s the Stressto be Measured

FIGURE 7. Surface Stresses (ref. [10], Boyd and Shackelford, p. 8)

In an isotropic solid, the strains eR and e a;-erelated to the surface
stress in the f direction by the relationship [1_]:

_ _3 : c__ (l-p) sin 2- E # (19)

where E and u are Young's modulus and Poisson s r'atio, respectively.

14
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Since di _-dn _-do (smallstrain approximation),c_ can be writtenas [10]:

d .-d
E [ i o]

_ = (1 + u) sin2 _ dn (20)

The two-angletechniqueallowsthe direct measurementof the diffraction

angle _ so it is more convenientto put the expressionc_ in the following
form [10]:

E sin en

_ : n2 [_ I] (21)(I + _) si _# sin 9n

where 9r_ is the diffraction angle for the atomic planes that are parallel to
the surTace, and 6i is the diffraction angle for the atomic planes whose normal
vector is at an angle _.

A refinement of the two-angle technique is the multi-angle or sine-square-
psi technique. Using this technique, _ is measured at several _ angles, and

the residu_l stress c_ is obtained from the slope of the linear plot of e_
versus sin _.

5.0 RECOMMENDATIONSONEXPERIMENTALINVESTIGATIONSTASK

As discussed in the review on fracture, the grain size and dislocation
density have been shown through the Petch [7] relation and Cottrell [19] models
to correlate to the fracture stress. From this review, it was determined to
chose material characterization techniques best suited to measuring these
properties.

The review of nondestructive techniques for characterization of materials
measurement has identified the importance o; multiple measurements. The recom-
mended techniques to be used for the initial phases of the experimental inves-
tigations and analysis task of the Exploratory Research Project are internal
friction, acousto-elastic, eddy current, X-ray diffraction, and micro-hardness
measurements. These techniques will be supplemented with materials measurement
methods for determining grain size and dislocation density of samples.

The materials systems to be investigated are a high-purity 304L stainless
steel and/or high-purity nickel. Tensile test samples will be fabricated.
Three different grain sizes will be annealed into the test sample lots. The
samples will then be strained to several predetermined stress levels in order
to induce an increasing level of dislocation density into the samples. The
different materials characterization methods described above will then be
used to evaluate the test samples. Test result data will be evaluated for
correlation to the dislocation density and grain size in the samples.
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APPENDIXA

MaterialCharacteristicsDefinitions

Bulk Modulus [B, pp. 191-192] Hydrostaticcompressionintroducesa volumecon-
tractionwhich is initiallyproportionalto pressure. The bulk modulusis
the ratio of the hydrostaticpressureto the resultingvolume contraction.
Young'smodulus and the bulk modulusare relatedthroughPoisson'sratio.

Creep/CreepRate [A, pp. 625-650] Creep is the time-dependent"nelasticdefor-
mation6f_a Solid under appliedstress. Creep rate is a functionof tempera-
ture. Three stagesof creep can often be distinguished: primarycreep at a
decreasingrate under constantstress,secondarycreep at a more or less con-
stant rate, and tertiarycreep at an acceleratingrate followedby fracture.
Some of the proceJsesleadingto secondarycreep may be (a) the climb of edge
dislocationsout of slipplanes to overcomeobstacles,(b) drag of sessile
jogs on screw dislocations;(c) eliminationof dislocationloops aroundpreci-
pitates; (d) grain-boundarysliding,(e) accommodationmechanisms,such as
grain-boundcrymigration,which are requiredfor strain compatibilityin grain-
boundarymigration,and (f) migrationof vacanciesbetweengrain-boundaries.

- Densityis the ratio of mass to the volumeoccupied.

DislocationDensity [A, pp. 96-145] Dislocationsare fau'Itsin the stacking
of the atoms making up the crystal. Plasticdeformationin crystallinemate-
rials is accomplishedby the generationand motionof dislocations. The dis-
locationdensity is the numberof dislocationsin a given space.

Ductilit_[A,pp. 325-326] The abilityof a materialto undergoplasticstrain
be_re fractureis calledductility. One measureof ductilityis the reduction
in area (necking)of a tensiletest sample at fracture,and anothermeasure
is the elongationdefinedas a change in gauge length to fracturedividedby
the originallengthof a tensiletest sample. Plasticdeformationin crystal-
linematerialsis accomplishedby the generationand motion of dislocations.

ElectricalConductivity[B, pp. 283,288] In conductors,the active charge car-
riers are free electrons. The limitingfactorfor conductivityin metals is
the mobilityof the electrons,which is determinedby the mean free path. The
mean free path is the averagedistancebetweenscatteringpoints (irregularities
in the crystalstructure)in the electronpath. Electricalconductivityis
affectedby solutionhardening,strain-hardening,and temperature.

Energy-Transition (Fracture Transition) Temperature [A, pp. 557-565] Body-
centered cubic metals such as iron and tungsten experience a discontinuous
decrease in ductility as temperature is decreased. The temperature at which
this discontinuity occurs is called the energy-t_ansition temperature. Below
the energy-transition temperature the metal experlences brittle fracture and
above this temperature it experiences ductile fracture. Several factors that
influence the energy-transition temperature are grain size, strain rate,
impurities, and radiation exposure. Face-centere(f cubic metals such as stain-
less steels do not exhibit fracture-mode transition.
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Fatique[A, pp. 576,612] Fatigueis progressivefracturecausedby repeated
loading. At a high enoughstrainlevel,repeatedslip producescracks,usually
in slipbands at the surfaceor at an interfacewith an inclusion,within I%
to 30% _f the fatiguelife. Such cracksthen grow to fracture,either through
metallurgicaldamage or progressivedeformationat the crack tip. Fatigue
tends to be controlledby local rather than nominalstress. Fatiguelife is
affectedby surfacefinish,corrosion,hardness,temperature,inclusions,and
structuraldetails.

Ferromagnetism[B, pp. 327-332] Iron and relatedmaterialssuch as nickeland
cobaltcan possessa very high magneticpermeabilityat temperaturesup to
their Curie temperature. The atoms developa couplingwherebythey spontane-
ously align their magneticmomentswith one anotherto producea magnetic
domain. Each domain acts as a magnet. In "soft"magneticmaterialsin the
absenceof an externalmagneticfield,there are as many domainsoriented in
one directionas another,so the magnetismis not obvious. In "hard"magnetic
materials,permanentmagnets,the numberof domainshavingone orientation
exceedsthe number havingother orientations,so a net magnetizationexists.
Any factorwhich interfereswith the movementof domainwalls adds to the
permanencyof a magnet. Non-magneticinclusionsand dislocationsare effective
in this respect. In fact, this relationshipaccountsfor the origin of the
terms "hard"and "soft"to describethe permanencyof magnets.

FractureStress - The fracturestressis the stressat which a materialsample
failsdu-ringtensiletesting.

Grain Size [C, p. 19] Grain size is a measureof the areas or volumesof the
grains in a polycrystallinematerial.

Lame Constants[A, pp. 80-81] The Lame constants,typicallycalled >,and #,
are materialconstantsthat are relatedto the shear and dilationalwave speeds.

MagneticPermeability[B, pp. 324-337] The magneticpermeabilityof a material
is the ratioof-the magneticflux densityto the appliedmagneticfield. The
permeabilityis often expressedas the relativepermeabilitywhich is the
material'spermeabilitydividedby the permeabilityof a vacuum. The per-
meabilityof a materialcan also be describedby its magnetizationor magnetic
susceptibility.

Phase [C, p. 27] [A, p. 159] A phase is a homogeneousand distinctportion
oi:a materialsystem such as carbideprecipitatesin an iron matrix.

Poisson'sRatio [B, pp. 190-191] Lateraldimensionalchangesaccompanyaxial
strains. T_e ratio of lateralstrainto axial strainunder the influenceof
uniaxialloadingis called Poisson'sratio. Values range from 0.25 for glass
and hardenedsteel to 0.5 for soft rubberand other materialswhich maintain
constantvolumewhen stressedelastically.

PrecipitationHardeninc1 [A, pp. 157-159] Precipitationhardeningis a two-step
process. First,a supersaturatedsolid solutionis obtainedby quenching
from an elevatedtemperature. Then the metal is aged at an intermediatetem-
peratureallowingthe soluteto precipitate. The resultis a uniformlydis-
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persed collection of closely spaced small precipitates. Such precipitates
may produce hardening the same way the solute atoms do, and they may prevent
dislocations from passing through them by a high hardness of their own or
because their lattices are not lined up with the bulk material lattice. The
result is that dislocations are forced to extrude through the free spaces
between precipitates, thus producing resistance to dislocation motion (harden-
ing).

_uench-Hardening [A, pp. 159-160] If a metal is raised to a temperature near
its melting point, a relatively large vacancy concentration can be held in
thermal equilibrium. After rapid quenching, the vacancies condense into vacancy
clusters or disks. When large enough, the vacancy disks collapse to form
sessile dislocation rings. Sessile dislocation rings are strong obstacles to
dislocation motion.

Radiation Hardening (Aging]_ [A, p. 159] Irradiation of metals with charged Jr
u-ncharged heavy particles produces vacancy clusters or disks inside the mate-
rial. When tlle radiation is made up of alpha particles, appreciable quantities
of helium gas can also be entrapped in the metal. Nuclear reactions may produce
similar gas entrapment. Vacancy disks, when large enough, collapse to form
sessile dislocation rings, The sessile dislocation rings that form are strong
obstacles to dislocation motion.

Remanent Induction [B, p. 328] Remanent induction is the magnetic induction
that remains in a permanent magnet when the applied magnetic field is removed.

Saturation Induction [B, pp. 328-332] The net magnetization of a ferromagnetic
material can be increased if an external magnetic field is applied. Those
domains which are favorably oriented grow at the expense of those which are
not oriented with the field. With domain growth, the net flux density increases
rapidly until most of the domains are aligned in the same direction at which
time the flux density increases very slowly with an increasing magnetic field.
This is called saturation induction.

Shear Modulus [B, pp. 192-194] The shear modulus is the ratio of shear stress
to the resulting elastic shear strain. Young's modulus and the shear modulus
are related through Poisson's ratio.

Solution Hardeninq [A, pp. 153-157] Metal may be hardened by alloying it with
small amounts of soluble additions. The soluble additions appear as separate
foreign atoms in the crystal and produce a misfit by dilation or by distortion
of the lattice around the addition. The resulting stress fields exert forces
on nearby dislocations.

Surface Emissivity- Surface emissivity is the efficiency with which a material
radiates thermal energy as photons.

Strain-Hardening (Work-Hardening) [A, pp. 160-190] Strain-hardening is the
decrease in the motion or generation of dislocations due to plastic strain.

Temperature - Temperature is the measure of thermal energy.
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Texture [C, p. 38] In a polycrystallineaggregate,the textureis the state
of distributionof crystalorientations, in the usual sense, it is synonymous
with preferredgrain orientationas is characteristicof plasticallydeformed
metals.

ThermalCapacitance[B, p. 290] Thermalcapacitanceis the abilityof a mate-
rial to store thermalenergy. In metals the thermalenergy is storedas the
kineticenergy of atoms ana free electrons.

ThermalConductivity[B, pp. 288-290] lr,metals thermalenergy is propagated
_y means of phonons (quantizedelasticwaves)and electrons. Since electrons
move readilythrougha metal, a large fractionof the thermalenergy is trans-
ferredby electrons,and thereforea direct comparisoncan be made between
thermaland electricalconductivity. Like the electricalconductivity,the
thermalconductivityof a metal is affectedby solutionhardening,strain-
hardening,and temperature.

Toughnes.s[B, p. 7] [A, pp. 567-570] Toughnessis the energy requiredfor frac-
t.ure. It is representedas the amount of energy requiredto break a test
specimen in, for instance,a Charpy V-noLchedimpacttest.

UltimateTensileStrength [A, pp. 7-8] The ultimatetensilestrengthor tensile
strengthis t-F_emaximum loadper unit originalarea obtainedwhen tensile
testinga materialsample.

Yield Strength [A, p. 7] The yield strengthis the stress requiredto produce
some specified"plasticdeformation,usuallyof the order of a few tenthsof
one percent, lt is used for designpurposesto approximatethe maximumstress
withoutplasticdeformation.

Young's ModulLi,s [B, pp. 188-190] Young's modulus is the ratio of uniaxial
stress to the resulting strain. The values of Young's modulus are directly
related _ the interatomic bonding energies. Materials with deep and narrow
energy troughs have a high Young's modulus.
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