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ABSTRACT

The investigation reported in this thesis was prompted by the desire
to develop an easy and reliable nondestructive method of testing to monjtor
changes in elastic properties of metals when they are subjected to creep,

fatigue, and case hardening.

The possibilities of the useful application of such a test will be
invaluable to the aircraft industry. It was therefore suggested that
the specimens used should be made from the type of materials used in

the aircraft industry. These were made of high strength alloys.

The method of nondestructive testing was to excite ultrasonic
surface waves on the surface of the Specimens,and measuring the changes
in surface wave velocity, when the material(specimens) are subjected to
creep, fatigue, and case hardening. An ultrasonic goniometer was designed
and constructed and,using the goniometer,critical angle reflectometry

was used to excite the surface waves on the surface of the specimens,

For the measurements during fatigue,specimens were fatigued at
high stress levels and low cycles. Constant amplitude alternating stresses
with the specimen remaining in tension during the whole program type
of loading was used. Most of the épecimens were made of titanium (Ti230)

-

but some work was also done on mild steel.

. The specimens used for creep were made from C263 Nickel alloy and
Titanium 230: Each specimen was subjected to creep to a certain degree.

The case hardened specimens were made of steel with carburized case,

- g : .

It was found that using ultrasonic surface waves it was possible



to determine the depth of case hardening., Using a calibration curve
drawn from the results obtained of the change in surface wave velocity
for specimens with known case depths,it was possible to predict the
case depths of specimens of unknown case depths by measuring their
surface wave velocities.,Also,a frequency effect was observed whereby

lower frequencies were found to be better for detecting larger. case deptns

When specimens which were subjected to creep were considered,it was
found that ultrasonic surface waves can detect early stages of creep.
This was the case for both materials studied.A difference was observed
in the response to the surface waves for the two materials studied. In
both cases a frequency effect was observed in that higher frequencies

were better for detecting early creep.

For both materials studied during fatigue,most of the change in
surface wave velocity occured during the very early stages of fatigue
life. During the latter stages of fatigue life the rate of change was
very much lower. No pattern was observed for the change in surface wave

velocity with the number of fatigue cycles for either material.

Lastly,measurements were done on brass,copper,aluminium, stainless
steel and mild steel bar specimens,at the critical angle of incidence.
For all the speciméns it was found that the surface wave velocity cﬂanged

with frequency.:
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1. INTROQDUCTION

1.1. Purpose of =tudy.

The fesults of the study of the behaviour of engineering materials
under various loading conditions are very important-to the design engineer.
Components manufactured from these materials are often designed to the closest
limits.If detailed knowledge is availeble about these materials and their
behaviour it will reduce the element of risk in the designs. Cost can be
minimised and the materinls used to their fullest.

Because sone indﬁstries,like the aircraft industryy .use very high
strength alloys, conponents made from these slloys can withstand very high
stresses,which is necéssary for aircraft operation. Special heat resistant
elloys are also employed in the manufacture of compressor and turbine blades,
Sometimes it is sufficient to increase the component's strength by case-
hardening the manufactured component,which has been manufactured from au
1ower strength material.

The cost of failure of any of these components is extremely high,
It may result in the lost of human lives and the loss of the whole aircraft,
costing millions of pounds.

Components under service loading conditions can be subjected to
many types of.stresses viz. tensile, bending,compressive, torsional;and
thermal.Combinations of all these are not uncommon. Due to these loadiﬂé
conditions, combined with the variations in component. behaviour (scatter),
premature failure can occur. Due to these loading conditions also, the exact
service life of 2 component is very difficult to predict.

" At present there is no method of predicting the exact life cycle
of components under service loading conditions,and it .would be invaluable
to industry if some type of nondestructive test tan be devised to monitor
the life cycle of a2 component in service,

Additionally, if a nondestructive test can be devised to measure

the depth of casehardening of & component, which has inherent accuracy and

is easy to apply,its use 'would be very beneficial {to industry.



The purpose of this study therefore, is to investigate whether such a

test can be devised.

1.2 PFatigue.

When a metal is subjected to many applicetions of the sane load,
fracture can occur at a ﬁuch lower load than would be reauired for failure
in a fensile léad test. This failure due to alternating stresses is called
fatigue,

Fatigue cracks always start at the surface. These cracks nucleate
at the surface and grow under repeated load applications. As the crack
grows, the load carrying cross section of the member is reduced and *he stress
is increased. When the remaining cross section is not strong enough to
carry the load, the crack spreads causing failure. The study of the mature
of crack propagation is a well established method of predicting fatigue
failure.

Almost all materials havé a fatigue limit. This is the stress
(determined experimentélly) below which failure will not occur regardless
of the number of load cycles applied. This implies that components can be
designed for working stresses below the fetigue limit. This however is”
very uneconomical from the design viewpoint. Surfaée finish also has an
effect on fatigue life. A rough surface caused by machining,can reduce
fetigue life,whilst if a specimen surface is highly polished, fatigue life
is extended considerably,

Well before the appearance of a crack,a'specimen when subjected
‘to repeated loads will undergo many changes at the atomic level. It is known
that élip and twinning are plastic deformation processes that occur withnout
thermal activation. Slip bands are observed in polycrystalline metals well

before fracture. These slip lines can become visible at any number of load



cycles., Depending upon the material they can be simple or multiple glide.
Slip therefore can occur well below the fatigue limit. The number und
extent of the slip bands will cCepend opon the amplitude of the applied
stresses. Higher stresses give larger values of slip.

Dislocations arc also considered to explain the early mechanism of
fatigue.The movement of dislocations causes small deforwmations called
extrusions to occur in the slip bands. An extrusion is a small ribbon of
. metal which is apparently extruded from the surface of the slip band. The
Opppsite of extrusions are intrusions which are crevices,and these have been
observed. These surface disturbances are about 0.1 to lpm high and appear
as early as one tenth of the total fatigue life of the specimen. As the
number of cycles increases small fissures open up in the slip bands in the
disturbed regions.

Since these fissures are confined to the length of the slip segments,
they are not actual cracks. However, as the number of cycles is increased,
a macroscopic crack can be propagated frum one fissure to another. This

eventually leads to breakdown.

At room temperature the tensile properties of most engineerin%
materials are independent of time,for all practical purposes. Furthermore,
the anelastic behaviour of these materials at room temperature is of little
consequence. At elevated temperatures however, the strength is very much
dependent upon strain rate and time of exposure. Many metals behave like
viscoeiastic solids under these conditions. A metal subjected to a constant
teﬁsile load in an elevated temperature enviroment will creep and undergo
a time dependent change in length.

When the temperature of a plastically deformed metal is raised,

new crystals grow at the expense of the old ones. This is called



recrystallization. If the temperature is too low for recrystallization,
plastic deforma&ion,often called cold-work,will increase the critical
stress neccessary for further plastic strain. This process is called
strain'hardening. At this temperature,called the recrystallization
temperature, changes in material properties take place. After recrystall-
ization, the strength and hardness of the material is reduced and the
ductility is‘increased. There is a complete release of internal stress-in
the material. At temperatures below the recrystallizsation temperature,a
process of stress relief called recovery tekes place. The mechanical
properties of the metal are much less affected by recovery than by recrys-
tallization. It therefore follows tﬁat the strain hardening that can be
produced in a metal is dependent on temperature,

Creep is low in high melting-pcint solids,because of the high
recrystallizatidn temperatpres. Alloying to raise the recrystallization
temperature will increase creep resistance.

There are three stages of creep. When load is first applied to a
metal theré is an immediate elastic deformation,which is followed by a
primery stage of creep. In this stage the creep rate is .reduced to a minimum.
Next, there is a secondary stage in which the strain rate slowly increases.Then

follows the tertiary stage in which the strain rate increases rapidly,

e

and eventually leading to failure.

The main deformation processes at elevated temperatures are slip,
subgrain formation, grain boundary sliding and lattice rotation;in large-
grained specimens. High temperature deformation is characterized by extreme
inhomoéeneity. Measurements of 1opal creep elongeation at’various locations

in a ¢reep specimen have shown that the local strain undergoes many periodic

arl :
changes with time, which are mot recorded in the changes in strain in the

]

total length of the specimen.



Many secondary deformation processes have been observed in metals at
elevated temperatures. e.g. multiple slip, the formation of extremely coarse
.31ip bands,kink bands,fold formation at grain boundaries,and grain boundar,
migration,

Since the deformation is inhomogeneous, there are many opportunities
for lattice bending to occur. It is known that kink bands,deformation bands,
and.local bending near grain boundaries can occur during creep, Polyganig-
ation can take place concurrently with lattice bending,since dislocations
can climb readily at'high temperatures. As creep progresses,large subgrains
Oor cells are produced. The size of the subgrains depends upon the stress
and the temperature.

Grain boundary processes observed during creep at high temperature
are. grain boundary sliding,grain boundary migration,and rold formation,
It is not conclusive.whether the sliding occurs along the grain boundaries,
as a bulk movement of the two grains or in a soffened area of each grain,
adjacent to the grain boundary. Although the exact mechanism is not kiown,
grain boundary sliding is not a simple viscous slidaing of one grain past

one another.

Grain boundary migration may be considered to be a stress induced
grain growth. It is a creep recovery process which allowed the distorted
material adjacent to the grain boundary to undergo further deformation’
During high temperature creep due to inhomogenous deformation of grain

boundaries,wavy grain boundaries are usually observed,

A special class of complex materials called high temperature
alloys(superalloys) have been developed for specific use in the aircraft
industry. Ferritic alloys were developed first to meet increased temperature
requirements in steam power plants. Essentially they are carbon steels
which resist softening when certein proportions of chromium and molybedendum
are added. These alloys extended the usefullstress—bearing range fronm 1000°F

to 1200°F,due to the increased oxidation resistance of austenitic steel,



For jet-engine applications, the superalloys used ere based on either
Nickel or Cobalt austenitic alloys, or a combination of the two. Generally,
they contain appreciable chromium for oxidation resisiance, Superalloys are
creep resistant and they derive their strength from a dispersion of stable

second phase particles.

1.4 Cszse hardening

In industrial applications many high load-bearing components are
required to be very hard., The surfaces are required to be tough and wear-
resistant. There are many metallurgical processes +that can be conducted to
- achieve these aims. The easiest of these is that of heat treatment or

tempering. This process however has a major disadvantage. There are two
properties to be optimised,namely, toughness and surface hardness. Unfortun-
ately, these two criteria cannot be met in the process of heat tregtment.
Treating a component for maximum hardness makes it too brittle, whilst
treatiﬁg for maximum surface toughness will make it less hard, i.e. it will
not be hard enough.

To achieve this combination several processes were developed,namely
carburizing,cyaniding,carbonitriding,nitriding,and localised surface
hardening. From the first three processes,the surface hardness is deperdent

.
‘upon heat treatment after the composition of the case has been altered., In

nitriding}the case composition is altered forming an inherently hard layer,

Carburizing

Cise hardening is to obtain hard exteriors with tough interiors:
low carbon steels are used. Any process which can increase the carbon
content of the low carbon steel(.15%C) to the euctectoid proportions will

achieve the desired results, provided the steel is prorerly heat treated.



There are three types of carburizing,whicn éepend upon the carburizing
medium. When solid carburizing material is used it is called eo0lid or pack
‘carburizing. When suitable hydrogen gases are used it is called gas carbur-
izing. When fused baths of carburizing salt is used it is callcd liquid
carburizing.

Pack carburizing.

In this process parts teo be carbur sd in a container

!.J.
S
®
o
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with a carburizing medium. The essential pari of ihis medium or compownd

is some form of carbon. e.g. charcoal. The parts are placed in a furnace

and heated to a temperature to form austenite. They are kept ot this temp-
erature until the required case depth is reached. Uniform peaetration is not
achieved: ¢ince parts near the outer of the container reach the carburizing
temperéture before those at the centre . This process therefore is rerely
used for case depth greater than .025 in . This process hés been superseded
by gas carburizing.

Gas carburizing.

—— ——— — — o S - o - —

The principal source of carbon used in this process is methane.
Pressurised eir-tight furnaces are used. Temperature is evenly distributed
in the furnace. The furnace is brought up to the carburizing temperatuﬁf,
1700 or 1750°F,and a dew point of 20 or 25°F, then purged with endothermic

gas.,

When the furnace temperature has recovered to the carvurizing
temperafﬁre, the carbon potential of the furnace is increased by adding
some more methane.(5 to 10%). After zbout 50 to 75% of the total time cycle
has elapsed, then no more methane is added. This creates equilibrium
of the surface with the carrier potenticl..

If the temperature and the composition of the atmosphere can be

-t

controlled effectively, the depth of the case hardening can be controlled.



‘This process is applied to low case depth deposition,which caa be
preduced at a lower cost then pack or gas carburizing.The fused boths
are norm=lly composed of sodium cyanide and alkaline earth salts,The salt
reacts with the cyanide to form 2 cyanide of alkaline and earth metal, which
reacts with the iron. A small amount of nitrogen is libersated and also
absorbed. The parts are placed in molten salt for a desired time then
quenched. Results from this process aresimilar to that obtained from gas
or pack carburizing. The advantages are rapid heat transfer through the
liquid,low distortion,negligivle surface oxidation or deéarburization and

rapid absorption of carbon and nitrogen.

The process whican is applied to carburized steels. The steel is cooled
slowly from the carburizing temperature. The surface hardness of the steel

is then low enough to permit machining.

Cyaniding is similar to liquid carburizing except that the bath used
is generally fused sodium cyanide. Thin case depths less than 0,010 ins.
can be méde with this process. The steel is immersed in the molten bath
of sodium cyanide at a temperature between 1475°F and 1600°F for betwecen

30min. and 3 hours, depending upon the case depth required.

This is a modification of the gas carburizing process,which causes

both carbon and nitrogen to be added to the surface through absorption.



Ammonia gas is added to the furnace atmosphere. This process is also called

dry cyaniding,nitrocarburizing,gas cyaniding or ni-carbing.

S

L“ldlnn

Thisg is the process by which the surface hardness of certain alloy
steels may be increased by heating,in contact with a nitrogeneous medium
without the .necessity for quenching. The process involves the formation
of hard wear-resistsnt nitrogen conuounds an the surface of the steel by

thbsorption of the niirogen.

Other surfdco coatlnps.

Many other types of surface coatings are employed in industry. Some
however. are used only for ornamental value,whilst others are for corrosion
resistant, to protect against wear or to rebuild worn parts. Electroplating

is one of these processes.

1.5 Surface wave ability to_detect surface conditions.

Ultrasonic bulk wave testing is not easily applicable to detect
surface or near surface defects. Reflections from the surface can mask
the reflections from these defects.

A method that does not have the limitations of bulk waves

is fhe_épplication of ultrasonic surface waves. These waves are propagated
on the material,penetrating a layer between one and two wavelengths thick.
Materiels of various shapes can be tested. These waves are usually called
Rﬁyleigh waves, and can .be propagated for longer distances than esther
of the two bulk waves,since their acoustic attenunation with distance 19
less than for bulk waves. Therefore materials with high acoustic attenuation

to bulk waves can be tested more easily with surface waves,
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Rayleigh waves can be used in the immersion mode of testing. Both
trancducer and specimen are immersed in a Liquid bath. Dilatatioral

vwaves are propagated in the liguid and mode conversion takes place at

the surface of the specimen. As the launching angle of the wave is varieaq,

there will be a critical ansle for the excitzticn of surface waves. The

=5
=

nuereion method overcomes the problem of testing specimens of various
shipes, since the problem of interfacing the transducer to the specimeﬁ
is eliminated.

Raylecigh waves cen be used for the locating ond measuring of surface
defects in specimens of almost any configuration. These include rods,
beams,springs,wires,sélid and hollow parts. All kinds of surface layer

defects e.g. cracks,surface pitting,voids,inclusion of foreign impurities,

to = depth of about one wavelength can be detected.

The-Rayleigh wave method of t{esting is especially useful for the
detection of microcracks.which appear on the surface of metals during fatigue.
Measuring the change in surface wave velocity could determine the change
in surface wave elastic modulus. This change in elastic modulus could be
due to residual stress,chaﬂges in dislocation densities near the surféce,
changes in point defects,or changes in planar defects.

Changes in hardness,grain size and grain orientation. can also be

responsible for this effect.

Measuring the changes in attenuation can be very useful for the
determinztion of grain size changes that occur due to different mechanical

processes. This change can be measured quite effectively by changing the
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During high temperatures creep changes in grain size take place in most metal:
Surface waves can be used to measure the progressive change in grain size,
due to recrvstallization., Because grain size is a function of the hardness
J &

of the wmaterial it provides a useful method of nondestructive testing

where surface waves can be used.

1.6 Preferréd orientation.

A metal which has undergone gevere deformation as in rolling or wire
drawing will develop preferred o£ientation or texture in which certain
crystallographic planes tends to orient themselves in a preferred direction
of maximum strain,

In a polycrystalline aggregate,as distinct from a single crystal, the
process is-very complex. Individual grains cannot rotate freely end lattice
bending and fragmentation thus occur.Preferred orientation may be measured by
X-ray technique,and can also be measured by bulk ultrasonic shear waves}

which is more sensitive.

Formation of stronz preferred orientation will result in an anisotropy

e

of mechanicel properties of. the materiel. Although each individual grain
is anisotropic,the aggregate tends to te isotropic,because of the random
drientation of the grains.The elastic property of the polycrystalline ‘solid
is strongly dependent upon the degree of orientation.

Each grain:has a given elastic modulus for a given orientation. If the

aggregate is homogeneous each grain will have the same value of elastic

modulus.



For all practical purposes a polycrystalline aggregate with preferred
orientation is considered as being homogenecous but anisotropic.It thus
follows that the wave velocities,which are dependent upen the propertics

of the material vary with the dircction of propagation.

1.7 Surface residual stress

Many important technological processes produce high surface resicuszl
stresses.which attain their maximum value either at the surface or just
below the surface.Sometimes there are localised residuzl stresses on the
surface of metals which can confuse neasurcments to determine surface
elastic properties of materials. These can be compressive or tensile.

Because these stresses form'a gradient from the surface, there will
be an uneven effect on the depth of the disturbance caused by the surface
wave. It is well known that the velocity of bulk waves changes with residual

stress. Similar effectswill take place with surface wave testing.
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CHAPTER 2

REVIEW OF TESTING FOR CASE DEPTH,CREEP, AKD FATIGUE,

2.1 CASE DEPTH

e o et s ot o

Following the application of a case hardening technique, the
depth of the case must be determined. This is necessary at an early stage
in the process in order to avoid redﬁndant processing. Once it is known
that the processing conditions can produce the required case depth,many
specimens are then case hardened.

Temperature and time are impcrtant factors in all the case
hardening processes and if one of them changes the case depth of the surface

also changes.

2.1,1 DMeasuring of case depth (Destructive method)

At present the accepted method for measuring the case depth
of case hardened specimens,is a destructive one? The specimen is cross
sectioned and ifs hardness is measured,

Case depths may be classified as follows:-
Thin - Less than 0.020 in.
Medium -~ 0.020 to 0.040 in,

Medium heavy - 0.040 to 0.060 in.
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2.1.2 Measuring of case depth (Nondestructive me thods)

(#) Ultrasonic method.

Eg,orovz'l reported on the feasibility 'of applying en ultrasoric
refleciion technique to the study of the elastic properties of surface
consolidated layers. The test sample was submerged in the water and an
ultrasonic radiation was produced by the free. flexural wave reflected from

the opposite end of. the sample

It was established that for surface consolidated layers, formed
as a result of cementation and hardening, the change in elastic properties
was very small., The damping of ﬁhe ultrasonic waves depended largely on
the disténce between the layers being investigated, and the surface ones.

With increase in distance up to the surface,the damping increased,

(b) Magnetic hysteresis method.

The test reported by Blitz et a13,is used for ferromagnetic
materialé.The materials were subjected to magnetic hysteresis. This
method measured the difference in permeability,conductivity,or dimension
between two specimens. Two identical coils were placed at right angles
to each other. An amplifier followed by an oscilloscope‘was used to detect
the signal. The coils were fed through a transformer in such a way that

there was 180 degrees phase difference between then.

Signals from the two coils were superimposed on each other,
With no test sample in, there was a phase cancellation and a straight line

was obtained,since the coils were connected to the Y-plates of the
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oscilloscope.¥When a test sample was placed in one of the coils,magnetic
hysteresis occured due to the loop being modified by the action of induced
eddy curfenﬁs. The straight iine now changes to a pattern which is
characteristic of the electrical cénductivity,magnetio:permeﬂbiljty and
dimension of the sample..If an‘identical specimen is placed in the other
coil,so that both specimens are in the same relative position,in the coils,
a straight line is obtained once again.However if the. other specimen has a
different permeability,conductivity or dimension,the trace will change to a

pattern which is characteristic of thig difference.

2.2 CREEP

The most serijicus limiting factor in.creep testing iz the
inability to make full life test of materials,particularly those intended
for long life service under working conditions.Results from relatively short

tests have to be extrapolated to indicate the probable long term behaviour,

This is a.very risky and uncertain business,and there are many
pitfalls,particularly in the possibilities in the unexpected development
of tertiary creep., It is.not conclusive to use a set of results from a
single test made under differert conditions as an indication of the creep
behaviour of the material under investigation., There is also scatter in

‘

the results,and this scatter should be ahalysed.

Creep is the nane given to slow deformation of so0lid materials
over extended periods under loads, Normally creep is associated with high
temperatures. However the important factor to consider is the application,
and not fhe temperature. In some instances room temperature can introduce
enough creep to cause severe deformation; This is possigle in the case

of large structures. Fig 2.1 shows the relationship between deformation

and time for a constant applied load to a rod specimen.



The upward curving part of the curve (tertiary)usually precedes failure.
It has been found that if the load is relieved during the test, some ci tle
strain recovers. It therefore follows that the creep phenomenon econtains
both permanent and recoverable strains. The permanent effects are analogous
to the plastic flow at high strain rates which characterizes for exanple,
metal working processes.

Vicat4was the first to make quantitative statements about creep.

He investigated the reazsons for the unpredicted behaviour of the cables for
suspension bridges.He:observed the first part of curve 2.1, Webstcg detected
reversible creep in silk fibres.Boltzman6 attempted to study theoretically
the 'memory' effect of the atomic processes involved in the deformation of
nmetals. TresCa7 used the theory of viscous flow in liquids to formulate

laws of plustic flow in solids. Hany other workers contributed to the study

of creep.(Ref.8 - 21)

With the advent of the steam turbine, jet aircraft and guided
missiles,it became .necessary to develop many new superalloys. Under
service conditions these materials can be subjected to very high stresses

at very high temperatures. There is therefore a need for detailed creep

L4

data on these materials.

2.2.1 Creep measurements.

e e s 2 s e e e 0 e W S G S

(a) HMeasuring strain

b
- Acreeptesting machine is employed to strain the material and thus

to produce creep. Facilities are provided in this type of machine to control
the temperature and the applied stress. Most tests are conducted in the
tensjle load application mode,which usually has an accuracy ranging from

+ 0.5/%to + 1,07,



change in Length

TN it p.czsl'(?,

sUwun

z'mf‘z'a[ c&zﬁ&l:;

slreun

«Fn

; [‘ elisiic

Sl I ey

M

5}

J

O

fime

V7o

wlure

recovery
J

farmazzenf
/)uis&c

fraitn

fig 21 Creep Curve (doshec! lire shows Behervrour on wz’;mz‘z)y)

4
i

35 ECGfldd/‘y

St‘i'a,in

- - -

Z(NUZS/ Cﬂé

A
7|

Tertier

Io fractire

[

4

witial

4

 sleady stale (minimum)

elastic strain

.

Lig

ttme

Fij 22 -Typ/'aa/ creep curve s/yawi@ The S_‘gmm}'}"m

ints clages for anelytical convenience




18

These machines are fitted with accurately controlled temperature furnaces,

These furnaces are very carefully designed so that there is no
thermal stress gradient on the surface of the specimen. For measuring the
extensions,dial gauges and micrometers are fitted. For small specimens
high accuracy is necessary.‘Sometimes to increase the accuracy,extensometers
are mounted on the specimen gauge lengih. The exteusometers are fitted
with heat resibting‘arms for elevated temperature operations. They also
have resetting adaptors for taking into account deflections that carry

readings outside the normal range of the visible scale of the reading

device.

Strain measurements as a function of time ‘were first presented
by Andradel4’22. It was shown that for pure metals and alloys a typical
creep curve can be plotted. See fig.2.2. It was proposed tiat the upward

curvature of the tertiary stage was due to reduction in area at large

23 © 24

strains. This however, was proved to be incorrect,by Sully and Kanter .

Andrade postulated a function to fit the creep curve. In recent years

many workergshave postulated many functions to fit the creep curve.

Special superalloys and other metals had to be studied separately.
With the superalloys,various pretreatments can cause drastic changes in

the creep behaviour. Also, a large fraction of their creep life may consist

og/pff%rimary creep in that the period of minimum rate is rather short, =
A2

27

Dorn26 is a foremost worker in this field. Chaudhuri™’ recently reported
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on experimental work and curve fitting functions for Nickel-Base high
temperature alloys. |

Most of the work reported in the literature was done for high purity or
slightly alloyed single or polycrystals.

Kornilov28 measured the activation energy during creep for pure
titanium, and found that the creep behaviour in this metal was different
from metals belonging to the VIIth and VIIIth group of the periodic tzable.
This may be due to the process of age hardening reported by Blenkinsop
and Gooseygg; They found that the hardness incressed initially with time
et high temperaztures,then fell off slowly with time. This study was done
on titanium—z%%Cu.,over a 24 hour period. If the creep tests were conducted
on cold rolled sheets the creep méasurements could Rave been affected by the

effect of cold work30 on'the structure and property of the titanium.

(b) Xray methods.

Xray diffraction methods are used to determine local crystal
orientation,near the subgrains which are discovered by microscope.
Guiner31 and Barret32 have shown that the metallographically revealed
lines or veins ,separate crystal regions differing in orientation by
as little a8 10 seconds of arc. Guiner used the focussing method using
transmission through thin plates. In a perfect single crystal wéll defined
spots are observed. As strain is introduced, the points individually broaden%{“
into streaks of irregular density. Upon anneéling the spots break up
into striations,each representing coherent lattice regions of slightly
differing orientations.

The Xray microscope has been used to study the changes in
orientation within grains of Nickel and its alloys by AnckerB? and

Weissman3? This was-at up to 700°C. They found that crcep brought out



characteristic small parallel boundaries which developed very early in

the creep tensile tests.

(c) OCther methods.

Resistivity and internazl friction methods have been reported
by Broom35 and Nowickjj. Radioactive tracers are alsc used to measure the
rate of chemical reaction in the study of segregation,and to monitor

31

various recovery and diffusion process in the solid state.

(8) letallographic methods.

y
This is a destructive test method. The specimens are sectioned,

polished and etched. Parameters such as dislocation densities,velocity of

dislocations motion, and crack propagation may be measured.Gilman and

38 29

N

reported on this type of work. Heslop reported on work done

Johnston
on Nimonic alloys. The method was used to classify the types of fracture

which lead to failure during creep.

(e) Ultrasonic methods.

— - - > B —— s - ot -

Granato and De Rosset4o have done ultrasonic studies of creep

in single crystals of sodium chloride. Attenuation and velocity changes

of a 10MHz ultrasonic shear wave were measured,during creep. From these
measurements quantitative determinations of dislocation density,and average
dislocation segment length were made. Comparisons . were made with

macroscopic strain measurements,and etch pit studies.

It was found that as creep increased somewhat exponentially

with time, the change in the elastic modulus for the shear wave appeared'
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to follow the same pattern. The dislocation density increased nearly
exponentially with time,whilst {thie loop length increased initially and
then fell off with time. In this experiment,however,harcening nechanisms
set in early and creep rate decayed ewponentially with time. Hikaota and
41 & = = L4 -9 @ 4 o4 a 3 RN a0
Tutuni have found qualitatively that ultrasonic atlenuation Lehaves

like strain rates in aluminium.

2.3 FATIGUE

The fatigue mechanism can be divided into {wo distinct stages.
namely:~ (a) The crack initiation stage,and,

(v) The crack propagation stage which eventually leads to

failure.

However,prior to the crack nucleation, there are many mechanisms that are
active at ‘the atomic or the mlcroscoplc. levels. Some or all of these mechenisms
can cause cheanges ;n hardness,in yield point, and changes in electricél
resistivity.

The level of the applied stress in rélation to the yield stress

of the material,will determine the nature of these early mechanisms,

After about 1000cycles of stress,in excess of the microscopic yield stress
slip lines appear in most ductile metals.This is independent of the stress

) 42

cycling rate. Bullen et sl found that the hardness of polycrystalline

copper increased rapidly with the number of cycles,and then levelled off
to a near constant value. This value was maintained for all subsequent

fatigue cycling. They thought that very early in the fatigue life, there

was general plastic deformation throughout the whole specimen,followed
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by work herdening.It was found that the damping rate and nysteresis were
initially large but levelled off to a lower vaelue with increased cycling.
Bullen suggested that there are two processes that contribute to crack
formation. These are local work hardening &nd, to a rmuch greater extent,

gradual movement of slip planes. Most workers have reported that strain

hardening always exists prior to fracture.

then the stress level is lower than the yield stress,which is
often the case in service loading conditions, the findings of Bullen et a142
aré not applicable. Slip bands which are always associated with plastic
flow,do not always appear in very early stages of fatigue,at these lower
stress levels. In fact,for these lower stress levels a very large number
of cycles is neccessary before they appear. Therefore with this type of
stress condition,the early fatigue mechsnism is different, Later in: the
fatigue life the hardness levels off,as it does under the high stress
loading conditions.

43

Palakowski and Palchouduri found however, that for certain
cold worked matefials i;e. copper,nickel,aliminium and steel there was a
distinct strain softening with cyclic loading. it was not clear if the
incidence of strain softéning was associated with cyclic stresses in
excess of the fatigue limit,or for cyclic stresses below the fatigue ‘
limit,

Aftef this hardening or softening stage crack nucleation and crack
propagation takes place. Extensive studies have been done on this later
stage ‘of fatigue damage. Many studies have been done on the nature ana
velocity of crack propagation. For instance it is well established tﬁat,/
polishing the surface of a fatigue specime%,delays the formation of macro- pf
cracks,which eventually leads to failure.

Most of the fatigue tests have been done under constant
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stress amplitude conditions., In servive conditions however, componente

can be subjected to many typescf loading conditions. Handom loading
45
L]

A4

.
w

conditions have been studied by Swanson '’ and Fisher The stress
conditions can determine the nature of the conclusions that can be drawn
from any fatigue studies,

Since there sre so many mechanisme active in fatigue danage,
one ternm'd¢umulative damage'is used to describe the dumage C“US(d by

different lozding conditions, In all fatigue tests, there is & large

element of scatter,and if two

are subjected to the . \Bgme tect
ol
/ .
conditions, there ig very little cer taluty that they w111 at the sane -
number of stress reversals.If if were possible to determine accurately

the change in some material property,directly related to the fatigue life,

then, the problem of scatter would be much less serious,

2.3.1 Measurlng of cumulative damage by Hypothesis.

Miner46 fatigued aluminium alloys at two stress levels to
failure and from the results postulated that damage is linearly related

to the number of stress cycles. llathematically this means that:-

N. .
:2 ﬁl =1 where N, = Number of stress cycles at stress level
Fi
Si,and,
NFi = Total fatigue life at stress Si'

Palmgrsrf47 and Serensen?8 also proposed the same theory.
Other workers however, Swanson4? proposed a nonline&ar damage accumulatiopv
theory for high and low stress levels,but a linearyone for medium stress
levels. Marsh59 found that the linear law is true only for sawtooth

londings above 80 percent of fatigue limit

Corten and Dolan51 found that the damage was related
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primarily to the maximum stress in the stlressing program. Henry” “said

that fatigue damage progressively lowers the fatigue limit until at failure

the limit is zero. Other workers in the field including Eichari and Hewmark?3

. 54 . 8% o o .
Grover,Bishop and Jackson; Rey”’; Erickson and Work

have shown that for
two-level cycling, damage was much higher when the high stress was followed

by the low stress rather than vice versa,

2.3.2 Nondestructive Methods

(a) . Measuring the apparent dynaemic modulus and damping,during Tatigue

57

Brook and Parry measured the change in overall dynamic
modulus and damping of & test specimen,during fatigue. Their objective

was to try to provide some reliable information on the problem of
cumulative damage. These parameters were measured during the fatigue tests
without stopping the machine. Their assumption was that if the remaining
life in the specimen at one stress level can be accurately gstimated

before it is tested to failure at a second stress amplitude,the problem

of scatter would be largely overcome.

A series of these two-stress levels_tésts were conducted.
They tried to plot the lines of equal damage on a diagram of stress
amplitude plotted against the remaining life. The validity of these lipes
of equal damage could then be proved by subjecting a number of specimens
to complicated programs of multilevel stress cycling and comparing the

estimated lives with the experimental results.
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(b) Measure of the change in Young's Modulus and damping.

Lazan and qu? and Lazan and DomerS? étudied the change in Youung's
modulus and damping during fatigue., They measurcd the displacement of the
free end bf mild steel rotating-bend test peeces. They found that the

initial damping change was quite rapid,flatiening off as the stress continued.
For low stress levels in mild steel,i.e. 28 and 29)(103 lb/inz, there was

an increase in damping at a low number of cycles and a tendency to level

off for-the remaining fatigue life. The higher the stress level, the
earlier this levelling off takes place. They found that above 34 x lOBlb/in?
the energy change occurred predominantly in about the first one percent of

3

fatigue life. This was very pronounced at 42 x10 lb/in? The fatigue limit

of the material used was 35x11031b/in?

(¢c) Measure of stress-strain loops.

———— - - v~ — T . - > G S~ - o o S S e s

Morrow60 gtudied stress-strain loops during strain cycling for
fatigue lives up to half a million cycles. He showed that the plastic ,
strain amplitude was related to the number of cycles to failure. Thompson,
Coogan and Ridersl showed that the reduction in the area of the stress

strain hysteresis loop changes with number of cycles.

(a) Measurement of magnetic hysteresis

Ueda and Tanaka62 measured the change in magnetic hysteresis
during fatigue in 0.8 percent carbon steel. They found that for specimens

having fibrous structures due to drawing, fatigue was little developed
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below 8 certain number of cycles. There was a sudden increase in the magnetic

hysteresis prior to fracture.

(e) Eddy current methods

' The eddy current method was used to predict the fatigue life of
: 63 . .
samples by Nyukhalov et al 7 The eddy current responses (disbalance voltage)
was measurcd for many specimens. This was measured at various stress levels

and for various number of cycles.

They mentioned that there was a critical disbalance vollage
that had to be reached before the final mechanism sets in. For high stress
levels, this critical value is reached very quickly,whilst for lower stresses
the disbalance voltage never reaches this critical value. A standard virgin
specipen was used as reference. A differential circuit was used to detect
signals of induced eddy currents in both specimens. The result of the study
on steel specimens was that,as the number of cycles increases,in the first
stage of fatigue life,there is a sharp change in the disbalance voltage.
However,with increasing number of cycles, the intensity of the increment
. diminishes,and only in the final stages of fatigue development is there a

e

renewed sharp increase in disbalance voltage.

(f) X-ray methods

Bullen42 used x-ray technique to study the changes in orientation
due to fatigue. The x-ray diffraction patterns display discrete spots if

there is no orientation change i.e. no disorientation in the lattice.
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He found that a critical cycling rate wes required to prevent the occurrence
.of disorientation. Once the cycling rate exceeded this value and a certain
number of cycles had been reached,he found that by the x-rsy method, fine
slip lines were seen for low cycling rates;and for hlgh cyeling rates, the
number of slip lines was very much smaller, and were observed in broad
bands far apért. The lines often originzted from points lying inside the

grains and terminate at points alsc lying within the grains.

(g) Ultrasonic methods

Rasmussen64 used ultrasonic surface waves to detect crack
formation during fatigue. The surface waves were excited on both surfaces
of the specimen,using contact probes (wedge type) The specimens were
subjected to reverse bending loads,and the ultrasonlc test frequency was
4 MHgz.

It was found that miérocracks appear very early in fatigue life.
A figure of 39 to 44 percent was quoted for dynamic loading. The fatigue
test was stopped and the specimens measured (a) Whilst in tension, and
(v) "0off-machine! The first condition was similar to that obtained during
dynamic loading, but with the second condition cracks appear at about ,
60 percent of the fatigue life. In both cases this percentage seems to be
independent of stregs level chosen. However, a dependence on surface treatment
was observed. In this test program,high cycle,low stress level fatigue was

65

used. The same measuring technique was used by the same author to detect

early fléws in turbine and compressor blades.

(n) Measure of magnetic permeability and magnetlc viscosity

e o e e e o e e e T S e e e o e o e e e e

Shagaev66 used electromignctlc methods to study the fatigue

mechanism. He measured the magnetic permeability and the.magnetic viscosity.



25

As the metal is fatigued,internal structural changes takes place which
cause the magnetic properties to change. Steel specimens were used.

The permeability was measured using the e.m.f change of a
measuring coil which is proportional to the differential megnetic
permeability. The magnetic viscosity was measured using a standard equipment,
The sample and the reference were magnetically shortcircuited. Coils were

wound around both samples. Samples were demagnetized before moking the
measurement.Both samples were then magnetized.

Change in the field strengths produced a change in magnetic flux
which is proportional to.the magnetic viscosity. This change in viscosity
is measuredron a ballistic galvanormeter after an interval of 2 secs.

He tried to explain the fatigue mechanism in terms of dislocation theory.
He found that the permeability increases with the number of stress cycles,
to a peak trhen falls off, with cycles. It then increases to another peak
then falls off again.

Viscosity was constant with number of cycles up to a ce;tain
number of cycles,then there was a gradual increase with number of cycles,
It was thought that initially,during fatigue,theré was a build up of
microscopic plastic strain of the shear type, resulting from an increase
in the density of the mobile dislocations in the ferrite grains oriented
unfavourably with respect to the applied stress. As the dislocation md@ed,
vacancies were generated around obstacles and thc new dislocation appeared.
The elastic stresses in the metal then increased and the motion of the

dislocations was impeded, thus leading to hardness.

A

(i) Acoustic emission method

This is a process in which the intensity of sound radiated in
materials undergoing strain is measured.Changes in the acoustic emission

:with crack growth can then. be measured,
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thohell67 mneasured acoustic emission prior to‘crack initiation and
propagation in steel specimens and the subsequent fatigue of each specimen
vas recorded. analysis was done on the data, This showed that there was a
burst of emission near failure. It was found that there was no correlation
to fatigue life. It was proposed that the rate of emission was due to

plastic deformation at or near the upper yield point.

Mitchell and ?rederick68 measured the acoustic emission from 175
specimens prior to fatiguing and during fatigue,but no parameter of the
emission was found to correlate significantly with fatigue life. They reported
on the high rate of emission which occurs at the yield stress, and proposed

that this could be used to determine the yield stress in materials.



CHAPTER 3

3.1 SURMCE WAVE TESTING alD REASON FOR CHOOSTHG METHOD

2.1.1 Surface wave generators.

If an X cut longitudinal wave transducer is placed on the
edge of a plate70, surface waves will be excited. Optiwum excitation
vill be obtained when the plate is inclined at 450 to the material

surface, as shown in Fig.3%.1(a).

(b)  "Piston" source

This is a method used by Firestone and Frederick7l. Either a

longitudinAal or a shear wave transducer is bonded to the surface by

a thin layer of oil. Under these conditions,see Fig.3.1(b),surface waves

are excited in all directions travelling away from the crystal. For a
circular transducer, the amplitude hag. a maximum value when %13 T, where

D is the diameter of the transducer,and t is the thickness of the transducer.

This method is not very useful because there is a low conversion factor

to surface waves.

(¢c) Wedge method

T2
The wedge method proposed by Vinogradov is very widely used,

A plastic prism or wedge is acoustically coupled through one of its faces



to a solid. A piczoclectric plate is placed on the sloping face of the vedge,
the angle of which is chosen for optimum exzcitation using the expression
Sing = where C, is the velocity of the longitudinal wave in the wedge
material and C, is the surface wave velocity ;n the solid. With the wedge
method, essentially only one surface wave i generated. The level of the
bulk waves excited is about 20 to 30db lower. The wedge is usually made

of perspex gecause the longitudinel wave velocity in that materizl is lower
than the shear wave velocity in most materials to be tested. This is the
main consideration in this type of testing. The longitudinal wave velocity
in perspex is 2700m/sec. The sheer wave veloc ity in steel is )2)5m/ 0.

The angle of optimum excitation is then € = Sin"l(2700/3255) ~ 34 degrees.

Fig.}.l(c) is a drawing of the wedge showing the optimum angle.,

(d) Hodified wedge

Shraiber73 proposed a modified wedge. Instead of having mode
conversion of the longitudinal wave,he uséd mode conversion of the shear
wave at the surface. The advantage of this method is that instead of
Perspex,a wedge made of metal can be nsed.The relationship above will.~ ..
hold except that c1 now represents the transverse wave velocity in the

wedge.

(e)  "Comb" transducer .

This a method proposed by Sokolinskii?4 A comb-like structure is
used to generate a set of normal mode perturbations on the surface of the
solid. The spatial period of the perturbation is the wavelength of the
surfacé wave. Usually the structure is a metal plate with corrugations
separated in space by A/2. A longitudinal transducer is placed on this
comblike structure and when placed on the surface of the material,surface
waves csn be zenerated as shown in Fig.}.l(d). This method has &

disadvantage in that many unwanted bulk modes are produced.
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(f) Intcvuiawt¢1 5x1un1ure°

In recent years meny workers hzve proposed methods of generating
surface waves on piesoeclectric materials and on ferroelcctric ceramics
(c.e. LJh“O)) The nnterc3v1tal transducer which comprises of electrode

'finpers',wiich gre electrically excites and hence a surface wave 19
generated. The principle on which it works has been described by Boumel

et al7? In general the theory is that elastic streains can be directly

generated ot en electric field discontinuity in a piezoelcetric medium.

The elastic strain is produced by coupling directly to the suitable
. . 1y Aa 76
peizoelectric moduli. de Llerkz showed how these waves are generated,
. A b O 88 o . ; ; 5 5

Coquin and Tiersten did an analysis of the excitation and detection

of these surface waves in quartz. Some workers call these waves 'peizo-
electric surface waves'. Fig.3.1(e) shows the type of transducer used.If the
spacing between successive pairs of fingers is varied, (Fig.3 l(f))1he
bandwidth cun be increased. The grid respondsto the high frequencies at

the low dimension end,and to the lower frequencies at the high dimension

end. This type of transducer is at present used in microwave work.

(g) The window frame transducer

t79 proposed the window frame transduvcer as shown in Fig.B.l(g),

Arz
which is similar to thé comb-like structure., It consists of equally spaced
parallel conducting strips,connected at both ends.These strips are deposited
on the surface of a piezoelectric plate,the other side of which is metalized
and earthed,and supplied by an a.,c. field.The electric fields of the strips
are in phase with one another and the plate thicknegs determines the

conversion 10ou;Th€ aggenbly resonates at a frequency for which the spacing

between the strips is one Rayleigh wa welength,



With this method \Bradfield(B?)),a transducer can transmit
dilatational waves in the 1iguid.{see Eig.j.Q)).The waves ure directed

to the surface of the specimen,which is immersed in the liguid.

Energy reflected from tne surface of the solid is detected by
another transducer,which is also immersed in the liquid.

At one particulzr angle of jncidence the wave entering the specimen
is refracted into the surf:uce,and becomes & gurface wave propagating
along the surface of the solid.

This is the method used by the author,and will be explained

in greater detail later.

5,1,3  Surface weve propegarion
Ul trasonic surface waves are confined to & surface 1ayér
of approximately cne to two Rayleigh wavelengths. the attenuation
of these waves is lower than bulk waves of the same frequency
because they spread only in one plane,and thus be propagated for longer

distances over the surface. .

There are & number of factors to be considered before any

surface wave method of testing can be used. e.8.
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() Dizpersion

3 5% : . o y 8
The problem of dispsrsion was studied by Daniel and deKlerk ?
They found that at high frequencies above 130 Mz, the surface wave

m

velocity fell of with increase of frequency. This was for a two-layered
A - " 43 1 v o 84 . 5 3 k3] - L O
system. Other workers Bogdanov et al”, macsurca dispersion 1n a three-

layered system,. for freguencies of 4 to 16 Miz. They predicted dispersion

in all three-layered systems.

Viktorov.and Kakaeina86 reported on scattering of surface waves
from models of surface and near surface defects. They developed models
to simulate the type of defects that can exist on the surface. e.g.scratches,
fissures and holes. They also did experiments with models of hemispherical
indentations of various diameters and depths perpendicular to the surface.
Similar experiments were done for cylindrical heles of verious diameters.

In the work reported in this thesis, investigation w restricted

to the case where there were no cracks cn the surface.

{c) surfece irregularities.

The other problem is that of surface irregularities. These cause
scattering of the surface waves and hence attenuation. Brekhovskikh85
presen%ed some theoretical studies on the effects of these irregularities
on the surface waves. & further analysis for a periodic roughened surface
has been done by SabineBY He presented some corrections to the Brekhovskikh

equation for attenuztion of Rayleigh waves propagating on a periodically

roughened surface.



Generally the theory is that vhen Hoyleigh waves Lravel over a r ugh -
surface, some of their encrgy is used o pro agate bulk waves, Becouze the
“surface roushness is periodie, the aitenuation will be a function of
frequency. Certain zssumptions were uzde:— i.e.

(a) The height of the surfuce roughness is much less than the

Rayleigh wavelengtin,

() The slope of the uneven surface with recpect to the average
height is small,

(c) The scattercd wavds cmplitude is small compared to the incident
surface wave.

o)

It was found that ,for a certain Irequeucy, and given degree of roughness,
the only parameter required to deterwine the attenuati;; was the Poisson's
ratio.thus at a given frequency, the attenustion will vary for different
materiale havirg the same surface conditions.It was shown that attenuation
.is dependent- on the elastic modulus of the medium.In a plot of attenuation
iversus height,of fhe surfave .roughness,high and narrow peaks were obtained
.for materials with low values of Poisson's ratio, whilst lower and broader
pPeaks were obtained for materials with higher values of Poisson's fatiol

89

Dlementary grating theory was used to derive an expression for the

angle for bulk waves radiation. 4n expression relating the surface roughness

L4

was derived.i.e. ) T ? :

SinG = (AB /AR) + m(AB /A) where)\B is the
wavelength of_either the shear or dilatational bulk -ave,ch is the
angle-of surface corrugation, measured froam the surface.,\R’is the Rayleigh
wavelength, and is the period of the corrugation.

It follows that since ()\B' //\R )>1, attenuation takes place
only when m o= -1,

It was calculated that no attenuation of bulk waves occurred
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at very high and low frequencies when nyl»q wiere n ol e ml— and
’ : \)\-“ { )\ ’
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Nel 2
q =(_9)
AL
At medium frequencies, two conditions existed whereby,in one instance,
2 . . . 3 1
{qenx1l),attenuation was due to scattering in tne shear bulk waves.
In the other 1nstance,(n<:q<1)¢ attenuation was cue to scatteriung in bhotn

shear and longitudinal bulk waves.

oy e
1

This theory was used by Humphreys &nd Ashaa %o convert bul.s waves
to surface waves,and vice versa. 1f bulk waves are incident at o surface
on which there is periodic corrugation,surface waves will be gercrated,
Using a surface wave transduceér e.g.interdigital transducerydiffraction
takes place and the bulk waves are produced on striking the corrugations.

It was proposed that Qith this method,surface waves can be transferred
fron one surface to another by means .of mode conversion from surface

to bulk waves.



3.1.3 The Ultrasonic Goniometer.

Critical angle reflectomgtry ig used at a liquid-—-solid interface
to propagate surface waves along the surface of the solid. A longitudinel
wave transducer is. used for producing compressionil waves in the liquid.
When incident at the surface of the specimen they are reflected. The
reflected wazves are received by the loagitudinsgl vave transducer.

(see fig 3.%). Both transducers are mounted so thet they make equal angles
with the normal end then rotated in opposite directions. UYhe amplitade

of the wave reflected from the surface is nmeasurcd.

At a given critical angle,a dip is observed in the amplitude of
the reflected wave. The surface wave velocity is then calculated from

this angle by using the expression:-

C
w

04 = - e e ee 0 0000000 j.l
R . ‘
SlneR
where Cw is the dilatational wave velocity in the fluid,

and, éR is the measured Rayleigh angle( critical angle).

This velocity varies for different materials,and for a given

material fn different mechanical states. .

. Surface waves travel along the surface of the solid at a velocity
CR which is determined by the elastic properties of the solid.i.e. the
' Q
shear modulus, the Poisson's ratio and the density.bradfield’l measured

the elastic constant of the surface wave for most materials by this method.

If the elastic constant for the surface wave is GSR then: -



wvhere GSR is used by analogy with Cl1 the elastic constant for

longitudinal waves,and C the elastic constant for shear waves in
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s0lids. Using the generalised Hooke's law,Cll 44

> Q 3 . 3 . /, . .
as simple proportionalities of engineering stress{®) to engineering
& I
o

strains(€) in the absence of any other sirains. i.e.
_ Gz .
and CM = - for stresses ouly in the xz plane.
)

Cll

)

it

With GSR however,this is not the case because both the stress

and strain distributions are made up of tensile and shear components.

and C can he expressed

38
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Substituting for CR in the above eguation 3.1 we get:-

Wherep is the density of the solid.

With this type of testing the whole surflace of the specimen can be
tested,and the surface inhomogencity can be detected.

If the specimen is rotated and the cfitical angle measured for all
directions of surface wave propagation,then a measure of the preferred
orientation can be obtained.

Let C be the surface wave velocity along the direction of

RJ|

rolling,and C,, be the corresponding velocity in the direction normal to

Rl

the direction of rolling, then the orientation factor can be calculated.i.e.

g = [CRIIMCR-L] . 20

therefore substituting in equation?.4 using equation 3.1 we get:-

ﬂ = CW["l" N_%-"' ]...0----0-0-..--.0..-305
SlnGR" SlneKL

If the specimen has been fatigued or subjected to creeb then it may be

possible to separate out the effects of these processes.

Consider equation 3.5. Let/BG be the measurements on the "as
receivéd" specimen, and f% be any value calculated from equation 3.5
using measured values of GKlelmd Qkifor a fatigued specimen.Then, if X is the

change in surface wave velocity due to the mechanical process,we have:-

¥ o= B~ o i s e 36
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If the frequency of the compressional wave is varied, then the
critical angle can be measured at ¢ifferent frequencies, and a plot

of frequency against critical angle thus obtained. s

Another parametér that can be measured is the reflection factor. The
exact division of energy at normal incidence is dependent upon the

impedance mismatch at the boundary,and the amplitude ratio of the

reflected and incident waves is given as follows:-

Incident amplitude ke, + ficy

where ﬁCl and @Cz are the acoustic impedances of the liquid

and the solid, respectively.

At the Rayleigh angle jhowever, a very complex mechanism is involved
which determines the percentage of energy reflected from the surface.
When this parameter.is measured at different frequencies an indication
of the best testing frequency can be obtained. Most materials appear to
have some frequency at which most of the energy is converted to the surface
wave. At frequencies above and below this value it seems that the
conversion factor is lower. Therefore,it is useful to discover this

frequency of least reflection, for the material under test.

Advantages of the test method

e - - - - " - = — — " G " "~

The 2dvantages of this test method are:-

(a) Since the ultrasonic beam is 1ocaiised, tests can be
conducted over the whole area of the specimen. Local
surface properties can be detected.

(v) & greater accuracy over short distances is obtained using

this method than with the"through transmission"method.

This is because the surface wave velocity in a localised

area is measured at the critical angle,



(¢) Because. the immersion mode of testing is employed,easy and
congistent coupling is obtained between transducer and

specimen,

3.1.4 The corner reflection method (Liquid-solid interface)

e e o e o . et > G 2 e 1 B S e 0 S D Y ) e o 28 o 7 s % D S e (6 S e i e i S e e S o e B W0 e

This is the method of surface wave testing employed in this
investigation. It is a modification of the reflection method whereby
one transducer is used as a transceiver. The method was first reported
by Rolllna9 (see fig.3.4). The angle of incidence is measured and, as
before, the surface wave velocity is calculated,

The reasons for choosing this method were:-

(a) A quick and easy method of testing was required,and,
(b) In this method only one transducer is ﬁse&
therefore, the problem of transmitter and receiver

'

transducer 2lignment is avoided.

3.2 Theory of ultrasonic surface wave propagation

Introduction

h93proposed to investigate the

In 1885 Rayleig
behaviour of waves upon a free surface of an infinite homogeneous
isotropic elastic solid, their character being such that the disturbance
is comfined to a superficial layer of thickness comparable to a
wavelength., This case was analogous to deep water waves, the difference

being that the potential energy depended upon elastic resillence instead

of gravity.



Lamb94 conducted analytical studies on an elastic sphere from which
Rayleigh's work was a special case. Rayleigh deduced that at the surface
of an infinite solid the varticles described elliptical orbits in the plane
normal to the surface @nd parallel to the direction of pfopagation.

He propozcd that these surface waves played an important part in
earthouukes.It was observed that these waves are nondispersive, and thedir

amplitude deccays exponentially with depth.

It was also shown that the propagation velocity was slightly
slower than that for bulk shear waves. This type of surface wave is

called the Rayleigh wave.

Most of the studies on surface waves were made by seismologists,

e.g. Ewing et a195 and it was only recently that Viktor0v97

considered

the possibility of using uitrasonic surface waves for flaw detection,
vhere bulk waves are not suitable. The advent of microwave acoustics

has stimulated large scale research in the physics of elastic surface
waves. Other types of waves are the "Generalized surface wave"(Tursaﬁovgs),

0
101). Recently Lim and l“arnell1 Y hove used such

and Love waves(Love
terms as "leaky surface waves" or "pseudo surface waves" to describe
special types of waves. Other workers (ref. 102 to 105) have contributed

to the study of these waves.

Theory

— - e von

liet us consider wave propagation on an infinite solid medium.

(cee fig.3.5).
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Assume that:-

(a) The medium is isotropic,elastic and homogeneous.,
(b) The wave is a plane harmonic wave propagating in the x directior,
(c) Stress normal to the surface is zero,and ctress in the plane
of wave propagalion is zero.
Under these conditions a Re eyleigh wave can exist. The displacement
vector of this wave will be v = uxi +u j + uzk . where,

y

U o=u xé-:xpj(wtﬂx), By expj(wt+p), uo= expj(wt+d ); anded B, and

6 are relative phase angles,

The force op the medium can then be written as:-

Y0+ e, Ixy - py

-.--.c.-.---..--.o.oo.o;.c----n---3-7

where:-

«Q
1}

A+ 2}/ , and 044 =/A.

The tensile strain in the medium. i.e (V.u)

The shear strain in the medium. i.e (Vxu)

v € Ts
i

Density of the medium.

"

Expanding equation 3.7, and equating terms, the following two terms are
derived.
26 Y’ ‘
Cllé-x' 04432-qu‘ 00 v 0000000000000 0000 0, 3.8
2 Y
c115é+c pwu.

It follows therefore that the particle displacement is made up of two

parts i.e.

2 o
u — -
xax az ....I...'....'.l'.l 39
u=a_é ?-—%. ' e e e s a0 .
ZBZ dx
Assume @ = Aé—qzej(k'—Wt) and,
. Be_szej(kx_wt) . T 1o

where q and s are damping factors in the z plane for ¢ and { respectively.



Considering the condition wheno™ = 0. In wave number terms,alter

substituting equation %.9,we get:~
5] ] >

O—xz = QPKQ¢ + 2Pk2¢ + apszw. then,
2 2
¢ - —(L~~f-§ )7’ e e s . 3.1
2kq

Substituting 3.10 and 3.11 into 3.9, the following equations for the

wave anplitudes are derived., viz.

- Gw %y R>
x - R T2 2 sin(k,x - wt)
(kg™ sy ) =

ceveee 3412

-Qp 2 2kR —8p 2

e ) cos(ka - wt)

G )

These are the Rayleigh wave amplitudeg,which csn be seen to decay with

depth. If there aie losses in the s0lid they will also deccay with distance

in the x direction of propagation.

It can also be seen that the total particle displacement
describes un elliptical orbit whilst the waves tra&el along the surfece,
It has been calculated that the ellipses change direction of rotation
at a depth of approximately 0.2 wavelengths(AR). The rotation becomes

anticlockwise beyond this depth. (see fig 3.8). The eccentricity of the

ellipse is a function of the depth from the surface and the Poisson's

ratio of tiue solid.

Fig3.6 is a plot of the calculated values of u_ and uz.These
are normalized to displacement amplitude on the surface, It can be seen
that u becomes negative at approximately O.2Ad. It also demonstrates
that about one wavelength deep in the so0lid the vertical axis of the

ellipse is only about 0.2 of its maximum value just below the surface.
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Fig3.7 is a plot of the stress distribution in the layer of the half
space,in which the wave propagates. It shows how at the surface(Tzz
and O*XH are zero. Both these two graphs are useful to demonstrate the

&

fundamental theory of surface wave propagation.

Fig.3.8 gives a picture of particle motion below the surface.
It shows how the ellipses change directions and how the particle displa-

cement amplitude decays with depth.

For the condition when the stress normal to the surface cr"pZ is
zero, the Rayleigh wave equation can be derived.
In wave number terms the stress Crzz can be written after substituting
equation 3.9 as:-

(Ak? - Xa® - 22q2)§ - 2pksy = O

Substituting eqn.3.1l into this equation the characteristic equation
of the Rayleigh wave can be derived. i.e.
2,2
)

4k2qs - (S2+ k 20 eeeeisnasamenne s 3.13

Viktorov97 gave the transformation of this equation.The result was:-

R® - 8r% + 8(3 - 289)R? - 16(1 - B%) = 0 .......3.13(a)

OIQ
t

k kl
R=-E =3 and B=E't=

ct+
[

This is called the Rayleigh equation . The approximate solution of this

107 108

equation is given by Bergmann and Viktorov i.e.

0.87 + 1.12vw.
nR= @000 06ecc00e0o0 0 3.14
l1+V.

where UV is the fbisson;s ratio of the material.

np ranges from 0,87 to 0.96 for Poisson's ratio of O to 0.5. This

is the range of Poisson's ratio for most materials.
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3.2.1 Theory of critical angle reflectometry
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It follows from the general theory of surface waves given in
the previous section that surface waves can propagate at a boundary
between a solid and a liquid. In this case the vacuum is replaced by
a liquid.

Consider Fig.3.9. A dilatational wave is transmitted in a liquid
towards a liquid-solid boundary. Assume that:-
(a) The liquid layer is semi-infinite,and is a perfect fluid.
(b) Tpe solid layer is semi~infinite,perfectly elastic,

isotropie,and homogeneous.

Then at the interface,the energy in the dilatational wave will be used

46

in general,for generating a longitudinal and a shear wave in the solid.

The remainder of the energy will be reflected.

At this boundary the phase velocities of all three waves are
equal, Therefore:-

kelha Wit e

fx Tx ° Lx

or kf Sin9f=k,r SineT=kL Sine AR 3.15

This is the same as Snell's law. 6, is the angle of incidence in the:

and 6. are angles of refraction for the shear and the

T L

fluid. ©
longtitudinal waves in the solid respectively.

If the angle of incidence is varied, the energy reflected from
the surface of the solid,if measured,will follow & plot as given in
Fig.3.10. This plot is called a goniogram, The goniogram shown here

is for a water-steel interface. As can be seen there are three main

features in the plot.
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(a) There is an angle where the dilatational wave in the solid
is at graszing incidence. The auplitude reaches a peak, and
theorttically @11 the energy is reflected back into the
water. The critical angle of the dilatational vave in the
solid is calculated from eqn.3.15, then:-

kf Sjn':)iL sz kL 5inGo

C

or s wi=l f o . -1 1.5 i
6JL = 3in —CE - 21N b:—a e s e v e e j.l

150 for water/steel.

n

(b) There is an angle where the shear wave becomes critical,

and a peak is observed on the goniogram., This shear criticality

can be derived also from egn.3.1l5,then:-

_— i1 nO
kf SineiT = kT Sin%0
or
o =8t of msmliS 3.11
iT = 1 CT 3.6 v 00 secc o)
= 30° for water/steel.

~

(c) Immediately beyond this point there is an angle where moﬁe
conversion takes place at the boundary. Most of the incident
energy in the dilatational wave in the fluid,is converted
into a surface wave. This angle is only'slightly greater
than the shear criticality angle,because the surface wave
velocity is only slightly less than the shear wave velocity.
This is represented by a sharp dip in the goniogram. Beyond

this point, the energy is recovered to a high value.

The surface wave critical angle or Rayleigh angle can



Q-9

6= /5‘1 9"‘ If‘( b < 30‘

“
£1 |
Q I
? /:\
VU
3 E
| |
iy !
8 = § Cw o 8
L- dilotations %475 Gr-Si'Gr G- Si' &
wave d/'lgtc.zf[ona/  Shear ¥
BT cr/flca//)? Criﬂ'co/ilg 25 ’li%r
Kay/eigh
angle.

F9310  Simplified state diagrams” of convential

two-probe _reflectomelry. ( dvets Avthor)
Waler - steel inferface




50

be derived again from eqn.3.1%, then:-

kf SinGR = kR

or

6. = Sin~+

R et B s PR R &

aQfQ
Koy

an approximate value of CR is normally used when only the Poisson's

ratio and the shear wave velocity of the material are known.i.e.

C,~=n, C

R R Copo is as given in eqn.3.14,

where ny

Then eqn3.18 above can be written as:-

C
-1 °f
e =Sin ———- -nnuo-..---on-.---.n...3019
R nRCT
~ gin"t L2 o 32.§°for water/stecl.
0.95x3.0

At this angle the surface waves propagated are called "Leaky" Rayleigh
waves, They are called "Leaky" because they radiate energy into the
fluid as they propagate along the surface of the solid.They are
attenuated more than free surface waves,and are propagated along the

(4

surface over shorter distances.

The theoretical explanation given for this type of wave is that
the wave number is complex,which represents a wave which is radiating energy
into the liquid as it propagates along the surface., As in the previous
section, a characteristic equation can be derived for this type of
interface, the previous one being for a vacuum-solid interface. The
characteristic equation for this liquid-solid interface is similar to
that - for the vacuum-solid interface ‘except that the effect of the fluid

is taken into consideration.
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The eguation,which was derived by Viktorov97 is:—
4
gk
: P o
4kzqs - (52 + k2 ) = - -= Sy e Sad GRS REA ceeen 3.20
f’Jﬁ; - k |

This eguation has only one real root corresponding to a surface wave
travelling elong the boundary of the interface. The expression leads
to a complex value for the wave pumber(k) of the surlnace waves.
A new method of analysing different types of interface was
.ntly devised by Oliner0? i |
recently aevise y iner . He presented analogous electirical networxs

for many types of interface and compared them with the analytical results

given by Viktorov.97 His results were similar to those. of Viktorov.

The reflection factor

o —— o T — T - - — P  — S -

A4t this critical angle, the reflection factor has to be taken into
consideration. Becker and»Richardsonllo did some theoretical analysis

and deduced that the reflection factor can be written as:-

2
| c pc.. Sinff
Cos225 + 22 Sin25 Sin25 + __1}_____13
2 22 C2 12 22 2o Sin .
12 L i - 12~ 11 ... 3.20
Z111 )
; C , PC.. Sin
008220 + 22 Sin25 Sinzh - RS S Y
22 C2 12 22 c Sin6
12 2712 11
where:-
2111 = incident wave amplitude.
z112 = reflected wave amplitude.

angle of incidence of longitudinal wave in water.

(=4
[ d
-
1
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612 = angle of refraction of the longitudinal wave in the colid,

622 = angle of refraction of the shear wave in the solid.
C]_1 = longitudinal wyave velocity in the liquid.

Cl? = longitudinal | wave velocity in the solid.

022 = shesr wave velocity in the solid.

If the test frequency is varied and the reflection factor at the critical
agle measured, there will be a frequency where the reflection is a
minimum. Fig,3,19 j plot i Ll i

. Fig.3, 15 a plot due to Richardson and Becker showing
theoretical ang experimental values for a vater-stainless steel

interface.

1
Schoch 1 reported that at the critical angle of incidence

Rayleigh wave travels along the boundary on the surface of the solid
before emerging again into the liquid. (see Fig.3.12). Schoch calculated

the value of this"skip distance"to be: -

where:-
wavelength in the liquid.

>
A?:
I

= density of the liquid.

density of the solid.

K-TEE o
®w
il

c 2
T
2(55-) #hiexe Co and C, are shear and longitudinal waves,

velocities in the solid,

C. 2
r :(65—) where Cl is the velocity of the longitudinal wave.
1
in the liquid.
CT 2
8 =(5--) vhere CR is the velocity of the Rayleigh wave in the

R solid.
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The derivation of this equation is given in 4Appendix(5). For a water-

aluminium interface A was calculated to be 24.4A.

12 that it appears

Recently however it was observed by Curtis L
that the reradizted wave mentioned before was interfering with the

reflected vwave,and so giving an uneven distribution of intensity . across

the wavefront.

Due to this intereference he found that the highest intensity
in the wavefront (water-glass interface),was not on the axis of the
receiving transducer,but some distance away.(see fig.3.12).

his phenomena could be the"skip distance" mentioned by Schoch].'11

The phenomenon was demonstrated by Curtis using Schlieren
photographa. A microdensometer plot made by Curtisll2across the wavefront
of the reflected wave at the critical angle is shown in Fig.3.15.

As can be seen the peak optical density is not on the axis of the

receiving transducer.

Phase change at critical angle )

—— . - e o ——— — S — T - - ——— - - a— — ~ S

It has been reported 110 that at the critical angle there is a
phase change of the received energy at the Rayleigh trough.It was suggested
that if this phase ghange could be measured, then very early changes in
mateg;al properties can be detected.Fig.3.14is a curve showing this change
at_the critical: angle.

3.3 Historical review of critical angle reflectometry.

s S T Y > = P > . T ————— T S . - - " - S > - —— " ——— —— —— —— - -

Ultrasonic critical mgle reflectometry was found to be useful for

the measuring of changes in surface and near surface properties of materizls,

The existence of this critical angle was found experimentally(fig.3.161‘

114

Brekhovskikh's theory for non-attenuative waves could not predict it.
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The effect of plastic strain was studicd. Brass in two states was
measured. 1t was found that a frecucncy of 15Nz gave the lowest reflection.
Higher reflections were obtained at 25 and 45iiz. This was for the'"as
received" state. For the 60% cold rolled brass,the freguency which gave
the lowest reflection was 650z, The reflected amplitude increased as the

frequency was lowered. The critical angle increased with frequency.

Another interesting phenomenz was observed when measurements
- on the"as received" brass parallel and perpendicular te the rolling
directions. Measurcments were alsc muzde for colid rolled brass. They
showed a 5 degree difference in critical angle for the cold rolled brass

but only a 25mins difference for the "as received"brass.

The reflection dip is also depéndent upon localised céld working,
like grinding or milling. Even hand polishing has ean effect on the critical
angle. When steel (4340) was heated to above the austenization temperature
and then juenched in oil, there was no reflection dip at the frequency of
least reflection for the "as received"specimen. This was similar to what

Papadaki8121’122

reported on the attenuation characteristics for bulk
waves in martensite formed by quick quenching from above the austenization

temperature.

L

Rollins123

studied single crystals of cecpper and reported on the
pseudo surface wave 190 Measuring the critical angle;in the (100) direction
of the crystal one dip was observed in the reflection goniogram. This was
the Rayleigh angle. However for a plane of incidence 300 to the (100)
direction two dips were observed. The angle for the excitation of the
péeudo surface wave was lower..This means that the velocity of the pseundo
surface wave was lower than that for the Rayleigh wave.

Polycrystalline copper was also studied.Critical angles for various -

states of cold rolled copper were mecasured.From these measurements the
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surface wave velocities were calculated. Fig.3.17 shows how the surface
wave velocity varies with angle from rolling direction for different
states of cold roll. An attempt was made to explain the cause of the
velocity change. It was concluded that the chanée was due mainly to
orientation,since studying an isotropic material{aluminium) the velocity
change was very small due to cold rolling. Bighty percent cold roll
caused only 0.5% change in surface wave velocity. Copper becomes very
anisotropic when rolled. The velocity variations were compared with

124

results obtained for single crystals and were found to be similar,

The other that was studied is the manner in which the velocity
changes with frequency is shown in fig.%.18. The only consistent trend
observed was that in all cases,velocity fell off with frequency. |
The amplitude of the reflection dip was measured at different frequencies.

(see fig.3.l9).

Rollins125

used the reflection method to evaluate the elastic
constants of isotropic and slightly anisotropic materials. He compared
results for Young's modulus in titanium rolled plate with stress-strain
results and found good agreement, Curtis112 reported on experimental
work done for a liquid-polymer interface using the critical angle method.
He showed that for certain liquid-solid interfaces.the longitudinal

peak is very clearly defined,whereas the Rayleigh trough is very
jll-defined. The shear peak was not well defined. He also reported

that the resin richness of epoxy resin matrix could be estimated using

the reflection method.
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Introduction
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The cornexr reflection technique described by Rollins was used
to excite the surface waves. Many factors had to be taken into
consideration when designing this type of Goniometer. A reflector block
was used to return the signal to the transducer. Therefore, the

complement of the critical angle of the reflector block had to be far

removed from the critical angle of the specimen.being tested.

A typical goniogram for a water-steel interface using this type
of goniometer can be seen in Fig.4.1l. The reflector block used is wmade
of stainless steel. Observe the two critical angles i.e. specimen and
reflector block. The first trough'is at the critical angle of the specimen,
and the other 6ne is at the complement of the critical angle of the block.
The surface of the reflector block had to be level so as to prevent i

€

scattering of the incident waves.
With the goniometer the immersion mode of testing was used.Ilt was
thus important that the temperature of the fluid remained constant.
'emperature control was necesgsary so that repeatability'of measurements is

not affected by variations in acoustlc velocity in the coupling fluld

There was also the problem of transducer near and far—field

in this type of testing. This determined the distance between the
transducer and the test object.
Another problem was that of corrosion when water was used

as the liquid medium. Another problem was that: of transducer alignment.
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The axis of the transducer had to be in line with the corner,and using
the corner as centre,the transducer had to be able to rotate through

90 degrees,at a fixed radius and height.

Since the test specimen had to be mounted behind the reflector

block, the problem of gpecimen mounting had to be solved. Additionelly,
it would have been very useful if the specimen could be rotated in order

to lzaunch surface waves along different directions on the surface of

the specimens. The width of the specimens had to be traversed and

accurate measuremecnts of the depth of testing had to be obtained.

4.1  The system

A drawing of the whole system used can be seen in Fig.4.2. The systen
description is as follows. A pulse generator was used to pulse a
.continuous-wave sinusodial oscillator. This gave an output as shown in
the figure. This signal was passed to the transducer via a 2§dB variable
attenuator. The echu received from the specimen via the reflector block
was amplified then displayed on an oscilloscope. In the"delayed" swe;p

the echo pulse was viewed in detail. A photograph of the whole system

can be seen in Fig.4.3.

4.2 The ultrasonic goniometer

General

The ultrasonic goniometer was designed by the author, ( see appendix 4),
and built in the University workshops. A photograph of the goniometer

in its final form can be seen in Fig.4.4.
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As can be seen the reflector block, the vertical guides and vertical
drive were made of stainless steel. All other parts of the goniometer

were made of brass, Facilities were provided for varying:-

(a) The depth of measurement.

(b) The distance between specimen and transducer.
(c) The angle of incidence.

(d) . The type of reflector block.

(e) The orientation of the specimen.

Also there was continuous control in the z direction and in the angle

of orientation of the specimen. A vernier scale was included Tor accurate
reading of the main scale. The reflecting surface was highly polished

for high frequency measurements. In order to obtain constant dilatational
wave velocity in the liquid,a temperature controller was used. A stepping
motor was used in some experiments to drive the transducer holder and

arm over the top plate. Rollers were fitted to the transducer holder and

arm 8o as to facilitate easy movement on the surface.

A depth gauge was fitted to measure the depth of testing. The
gauge indicated the exact position on the specimen being examined along
its width. The reflector drive was 15 threads per inch and the gauge

read 0.1 revolution . It was therefore possible to locate any position

on the specimen to about = 7x10-3in;

4,2,1 The reflector block

There were three design considerations in désigning the reflector

block.
(a)‘ The surface roughness of the reflecting surface must be

negligible.
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(b) The critical angie of the block should be far removed from
the critical angle of the specimen.

(c) The block should be made from a non-corrosive material.

For consideration (a),a frequency of 100Hiiz was considered &as being
the highest usable frequency. Surface roughness permissible at this
frequency was calculsted. At this frequency the wavelength in steel is
approximately BOpm (CT = BOOOm/sec.). Therefore for the surface
roughness(S) to bé less than one wavelength,it should satisfy the
condition -15pm €5 €+415um. The surface of the block was polished to get
a good surface finish. (see Fig. 4,5). A plot of the surface roughness

of the block used can be seen in Fig.4.5{a).

For consideration (b),a block made of brass was first designed..

FPigs.4.6 and 4.7. are results for different types of interfaces using

the brass block., On Fig.4.7 a plot due to Rollin5126for a water-aluminium
interface is superimposed. As can be seen from the graphs,the complement
of the critical angle of the brass block was too close to the critical
angle of the specimen. Since most of the tests were to be done on steel
or similar specimens it was decided to use a duralumin block. There was

a problem of corrosion with this block however,and finally a staiﬂless
steel block was used. The cfitical angle of steel is approximately

32° calculated from N '='S:i.n-l gi- (see eqn.3.18). Cf is the velocity

of the dilatational wave in the water, and CR is the velocity of the

surface wave in the specimen.

7

Corresponding values from Bradfield:? are,Cf?1500m/sec for water,

Cﬁﬂ964m/sec for brass,Cé§2700m/sec for steel. The approximate value for
the critical angle for brass is 51o and the complement of this angle is

390. Therefore when testing steel this angle is not far removed from
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the critical angle for steelﬁ=320). The corresponding value for the
critical angle of stainless steel is also about 320 and the complement
of this angle is 58o which is far removed from the critical augle of

the specimens being tested (See fig.4.8 and 4.9}

The problem of corrosion was solved by using the stainless steel

block and by very frequent changing of the water in the tank.

4.2.2 Accuracy

Using the junction of the reflector block.and the specimen as
centre,a scale marked in degrees was calibrated on the top plate of the
goniometer, (see Fig.4.4). A vernier scale was designed to an accuracy
of 0.1 degrees. Additionally the digital depth gauge was designed to

én; accuracy of % 7x10™ 2ins ( 0.180mm ). A position indicator(Fig.4.10),
was designed for calibrating the depth gauge,and for setting up the
axis of the transducer holder,with the corner of the specimen and
reflector block. A 45° "set screw" was used to locate the transducer

arm in position. (S@@ Fig.4.4).

4.2,3 Specimen holders

The specimen holders were designed so that they could hold fhe
specimen firmly against the back of the reflector block,and also so
that rotation will be possible in the vertical plane. Therefore when the
specimens are mounted in the holder,and fastened on to the back of the

block, tests could be conducted through 90 degrees on the specimens.

Fig.4.11 shows photographs of the specimens mounted in .their hclders,
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Fig.4.12 Inside view of the Ultrasonic Goniometer.
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Specimens of different shapes and thicknesses had to be tested
therefore different holders had to be designed for each type of cpecinmen.
The holders were all made of brass and their centres of rotation coincided
with the centre of the edge of the reflector block. Fig.4.12 shows the
inside of the goniometer with a specimen mounted at an angle in its

holder. Fig.4.13 shows the rear of the reflector block with a specimen

mounted in its holder.

4.3 The medium

The medium used for propagating the dilatational wave was water. This

choice was made because:-

(a) The velocity of the dilatational wave in weter is such
that when testing most metals, the critical angle of
incidence is real and positive. The required condition
for mode conversion in immersion testing is that the
velocity of waves in the liquid should be very much lower
than the shear wave velocity in the solid.

(b) Water is easy to aquire and deal with,

4.3.1 Eempeggzgre considerations.

127

It is well known that the velocity of dilatational waves in

- o
water changes with temperature. The density also changes with temperatu%g?
Fig.4.14 shows this velocity varies with temperature. Superimposed on
this is a graph showing how the measured critical engle changes with

temperature,after the temperature had been controlled to within 0,01 deg.C.

Another graph Fig.4.15 shows the change in measured critical angle when
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the temperature is controlled to within 0.1 deg.C.

A theoretical analysis was done to ascertain the effect on the
measured critical angle due to temperature changes. The result of this

analysis is shown below,

N et e o e e e e £ e e e s o e S e e e e o e

Basically from Snell's law (see eqn.3.18),

c

. 1 '
S - =
in6 C where © eR the Rayleigh angle.
R
C1= Dilatational wave velocity(Cf).
CR= Surface wave velocity.
therefore: -
40 C1 dC1 ch
-6-— = e e - - — . . LI 4. l
ecR Cos6 Cl CR ’

The expression above says that both the changes in C1 and CR due - to

ac
temperature should be taken into account. From Bradfield127 "ﬁl = ,002

1
per deg.Cin the region of 20°c.
Also from the same source, for Titanium at 20°C, Cyp = 2958m/sec,
and © (calculated) = 30.08 degrees. Additionally the apparent

temperature coefficient of elasticity was given as —0.08Q/°c, This value

is dependent upon the extent of preferred.orientation and hardness.
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Assume that the material is nesarly isotropic, and neglecting the coefficient
of linear expansion, the apparent temperature coefficient will be the samne
as the true temperature coefficient. The given value of tenperature
coefficient of elasticity is for the shear modulus and a similar figure

. , . \ ; . . 127

is assumed for the %ulk modulus. Approximately similar results vere

given for the temperature coefficient for the two Moduli for different

materials. This value of temperature coefficient is the only one given

in the literature.

_ it N P = shear modulus of the solid.
Now since CR ~ == where:-
‘p = density of the solid.
Cp .1 4 :
then G- = 3= SB_ if the change in density of the
R '

of the material can be neglected.

dC
RO (-0.080) = -0.40 per deg.C
Cr 2

Substituting these values in equation 4.1 we get:-

gg = 0.0463 per deg.C

© on the right hand side of the equation was in radians and the value

of C, was taken as 1482.66m/sec.

In the region of 6 = 300 ' -

48 = 30 x 0.0463 = 1.4 degrees per deg.C

or de = 0.14 degrees per 0.1 deg.C

This means that if the bath temperature varies by 0.1°C the error
generated in the measuring system is 0.14 angular degrees.The resolution
is 0.1 angular degrees,so that temperature control to within tO.OlOC was
considered necessary to reduce temperature dependent errors to 0,014

angular degrees,
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4.3.2 Depth consideration

Consider the error in 6 due to the variations in C1 with depth

of testing.

0 ::J@? where: - K = the bulk modulus of the liquid.

f = the density of the liguid.

therefore
dC
= —'1‘% 686 060600000000 4‘.2
61 2 p /
gince P = % and d4dp = - Qg therefore eqn.4.2 becomes:-
h
1 1 s
—ZF 2 ® o 8 8 8 %0 80 % 00 o °
C1 h

If we assume a depth of 200mm and a value of dh equal to 100mm the maximum
variation in the system, then the change in C1 will be negligible.
Therefore it is thus seen that the error in 6 due to finite depth

variations can be neglected.

4.3%3.3 Distance consideration

All ultrasonic probes have a radiation field pattern
comprising of two encrgy zones i.e.(a) the near field (Fraunhofer zone)
and (b) the far field ( Fresnel zone ). Usually in immersion testing

the far field region is used where the beam is well defined.

Sometimes however it is not possible to use this region because
the acoustic path lengths at high frequencies will be too large

thus giving rise to excessive attenuation. Fig 4.16 shows



€3

142
the acoustic pressure versus distance plot for a probe. The

. . . + -
expression used for calculzting the maxina (Ym) and the minima (Y )
. 1 mn

129) ’

are shown below (see McElroy

If a the diameter of the crystal and,

]

A = the wavelength, then these intensities can be wrtten as:-

2 2

Y - -ig—:-ji£29~t—lz- where m = 0,1,2,3....
4A(2m + 1)

Ym = el wherem = 1,2,3,4,......

In water ,XQ« a the equations can be reduced to simpler forms.

The recommended region for immersion testing is the region

Y; to Yg , Although the author was aware of this consideration,ii was
decided to use a convenient test distance which will give a good
reflection. The distances used can be seen in the table below. The
neargst maximum and minimum points were calculated to indicate respective

positions along the axis.of the probe.

————————————————————————————————————————————————— e T .

Frequency Wavelength in Test distance Calculated {mm)
MHz
water (mm) used (mm) Nearest Nearest

minimum maximnum

- S S T T —— — — ——— — ————— — — — —————— - =

- +

2 0.75 90 Yl= 67 YO= 90
. 0 — L

5 0.3 6 Y3 56 12 67

10 0.15 60 Yé: 55 Y_= 61
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The crystal dismeter used was 1Omm. Using these distances the required
reflection was obtained. All the probes used throughout the work were
acquired commercially,except for the 25lHz probe which was manufactured
by the author. Rollin392 used a 16mm crystel to generate frequencies

from 15 to 85 Miz without changing the test distance.

4.3.4 Beam directivity

- —— - . s - - - o

For good beam directivity(less than 5° gpreading angle)a crystal
diameter to frequency ratio is recommended to be 20. The table below

shows the actual ratios used in the experiment.

et e e T e L T ppp—

o o e v A > S - . B - S - o D - S = G S G - = " B0 Sob

Although these were not the recommended values, there are no reasons
to belaeve that a large spreading angle will alter the quality of the
results obtained.

123,110

Many workers have reported on beam spreading at low

frequencies. No problems were reported when using higher frequencies.

4.3.5 Beam deviation

If the crystal in the probe is not mounted square with the axis
of the transducer,the radiating energy could leave the probe at an angle.
Fig.4.17 shoﬁs a similar type of beam becoming iﬁcident on the corner
reflector. Let § be the angle of deviation,then ﬁ hés a limiting value!
If ¢ is large, then no energy will be reflected back into the transducer.
For small values of ¢ however,only part of the transducer will be active.

The remainder of the reflected signal will be lost in the fluid. Therefdre B
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the problem of beam deviation does not affect the quality of the results
obtained., A& tool was designed to ensure that during mounting, the axis
of the transducer bisects the 900 angle made by the specimen and the

reflector block.

4.3.6 Effect of skip distance or interference due to reradiated wave

As mgntioned in section 3%.2.1, the skip distance is important
in the measurement of critical angle. in two-probe testing(Fig.}.l?} the
transducer is sometimes shifted laterally a distance A given by egn. 3.22.
Richardson and beckerllo displaced the receiving transducer by this

value in their experimental work.

Using the corner reflector however,as was used in this woirk
skip distance(beam displacement) has different implications because
only one probe was used. Consider the energy leaving the right hand
side of the probe.(see fig.4.18). The waves becoming incident at the
reflector block will be reflected 180°.out of phase with the incident

“beam.They then become incident at the specimen where some of the .~

energy is directly reflected. Assuming that the waves skip along the.
surface by a distance 8,then it is very likely that it will miss
the transducer after leaving the surface. Because the skip distance

is proportional to the wavelength,larger skip distances occur at lower

frequencies,

Waves leaving the left hand side of the transducer (see fig.4.19),
will become incident on the specimen,.and a part of this wave will be
directly reflected, via the reflector block. The remainder of the energy

will skip the distance A then emerge to become incident on the reflector
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block. On reflection,this wave will be out of phase with the directly
reflected beam. Therefore,destructive interference will take place
between the two waves ,which will increase the dopth of the trough

measured at the critical angle,because less reflected energy will

reach the transducer.

4.4 The transducers

The transducers used for all frequencies except 25 MHz were

commercial immersion type longitudinal probes. The crystals in the
probes were acoustically backed with tungsten loaded araldite.

The 25 MHz probe was manufactured by the author. Manufacturing details

can be seen in Appendix 1. A photograph of the probe can be seen in

Fig.4.20.

Fig. 4.20 Photograph of manufactured probe.

- —— -
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CHAPTER 5

ELECTRONIC INSTRUMENTATION

The block diagram of the electronic system is shown in Fig.5.1.
It was decided to use pulsed continuous waves to excite the transducer
instead of a pulse which has so many unwanted frequency componentis.
The pulse had to be long enough to simulate quasi-continuous wave
conditions.

The astable multivibrator gave a pulse repetition ffequency of
1 to 3 kHz. This in turn drove a monostable circuit whose output
determineld the pulse width of the test signal. Facilities were provided
for varying the pulse width from 0.5 to 15ps. The output of the
monostable pulsed the sinusodial oscillator,giving the pulsed continuous
waves. Additionally the output of this monostable circuit could be wused to
trigger the first monostable circuit on the receive side.(see appendix 6).
The echo received from the surface of the specimen was anmplified in :the

receive amplifier then displayed on the oscilloscope.

5.1 Astable Multivibrator

The circuit diagram of the astable multivibrator can be seen in
Fig.5.2. The pulse repetition frequency used was based on the consideration
of the test distance used. A rénge of possible test distances were used to
calculate the required pulse repetition frequency(p.r.f).The range
selected was 20 to 150mm. The time intervals in water were from 27 to 3uCps.

‘Therefore the width of the test pulse had to be short compared with the

lowest value.
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These values were calculgtgﬁ.from t(us) = gﬁ vhere d is the tlest
distance in mm,and Cf is the velocity of thefdilatational vave in
water (% 1.5x106mm/sec). A p.r.f. of 1.2kHz gave a time repetition
cycle of 820p$. This is greater than any of the  two time intervals

given for water. It was therefore decided to use the p.r.f of 1,2kliz,

The mark to space ratio was varied using the BOkflvariable resistor.The
output of the astsble was fed to a differentistor with a diode in

parallel to prevent any positive going signal from passing to the next

stage.

9.2 The Monostable Multivibrator

The monostable multivibrator (Fig.5.2) was used to generate
the pulse to "key" the sinusodial oscillator. The"trigger"pulse from the
previous stage was passed on to the first transistor,a PNP,which
switches it on and switches the other transistor off,for the period
of the monostable circuit,wh;ch lay within the range 0.1 to 2.5ps. °

There were facilities for continuous variations of this p;IiOd.
For the design it was important that the output of this monostable .circuit
i.e.the gating pulse,had short rise and fall times,since this determined

the nature of the signal for exciting the transducer.

The signal from this monostable circuit was passed to a circuit where
it was amplified thence to two emitter followers. The emitter followers.
were necessary to prevent loading of the circuit by the coaxial(?&ﬂ)
cabie which was used to pass the gating pulse to the oscillator.

The gating pulse had a rise time of 100ns and a fall time of 150ns.
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5.3 The sinusodial oscilletor
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The sinusodial oscillator can be seen iﬁ Fig.5.%. A F.E.T{HPF10%)
was used in this oscillator. It was a Hartley oécillator and different
frequencies were generated by switching ranges. 4 changeover swuitch was
used to increase the frequency range. Prequency ranges were 1.5 to Zilia,

3 to BMHz, 10 tolSMHz, 15 to 20MHz, 25 to 30iHz and 30 to %5MHz. A

variable capacitor(prF) was used to cover the band of frequency in each
range. A major problem was encountered when trying to supply the transducer
directly from the oscillator,since the output impedance of the F.B.T in
this configuration is very high. It therefore was necessary to design a
matching circuit for the oscillator. The signal was fed through a 22pF
capacitor to a F.E.T amplifier(MPF103). The output of the amplifier was

fed to an emitter follower which used an NPN high frequency transistor

(BLX67), The coaxial cable was then connected through a 10pF capacitor

There was then no loading of the oscillator.

The keying of the oscillator was done by uéing the gating pulse
to switch "hard on" a PNP fransistor\2N3906),when the gating pulse was
negative. Then, no output was obtained from the oscillator since the’
sourceiwas at earth potential.lFor the duration of the gating pulse,when

the potential was zero,the PNP transistor was switched off and the

oscillator gave an output.

5.4 The-signal used

The test method used in this work (ultrasonic reflectometry)
was dependent on. a-reflected pulse reachings = minjmum. Tt wes therefore

necessary to ensure that all parts of the envelope followed the same



amplitude to angle profile. If the envelope contained too many frequency

components then each frequency component would have & different ninimum.
With this criterion under consideration it was decided to use quasi-
continuous waves to excite the transducers. Under these conditicns

the received echo envelope should contiain no other freguency but tlhe

fundamental.

A theore tical analysis on the frequeney components in a 3 cycle

. : y . 1’ ' o
sinusodial pulse was done by Gericke “. It was found that the frequency
components in the spectrum were as shown in Fig,5.4. It can be seen

that the amplitude of the fundamental(5MHz)},is much higher thaa the

amplitude of the other components.

The author did sm analysis on a 2 cycle and a 5 cycle pulse
and calculated the relative amplitudes of the respective frequency

components. (see appendix 2) The results of the analysis can be seen

Plotted in Figs.5.5 and5.6. It can be seen that for the 2 cycle pulse

frequency components near the fundamental areé very high- in amplitude

whereas for the 5 cycle pulse this is not the case. In the study reported

in this thesis,pulses containing more than 5 cycles were used.
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CHAPTER 6

- - 2 e s o s s von e

6.1 Case hardened specimens

The case hardened specimens were steel specimens which were case
hardened by carburiging. They were case hardened to various depthsof

case hardening. Two types of material were used. These werec:-

S/ZNC - (0.14 - 0.18)C,(0.10 - 0.3)81,(0.35 - 0.45)Mn, (0.015max)Ph and Su,

(1.0.- 1.3)Cr,(0.15 --0.35)M0,(4.0 -~ 4.5)N4i,bal Fe.

8/ZAN - (0.1 - 0.15)¢,(0.10 - 0.35)81,(0.35 - 0.6)Mn, (2,75 - 3.25)Ni,
0.3max. Cr., 0.02max. Su., 0,25Ph.,bal Fe.

The respective case depths were ( x10™24n -. ):-

S/zL8 - 15,25,30,35,40,50,60 S/mg - 10,13,16,21,26,41,56

Photographe of the casehardened specimens can be seen in Figé.G.l and 6.2.

All these specimens were supplied by Rolls Royce Ltd ,Derby.

6.2 Creep specimens

The creep specimens also were supplied by Rolls Royce Ltd. They were
made of two type# of materials. These were Nickel alloy and Titanium

alloy,both 16 SWG(.048in .) thick.
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Fig. 6.1 Showing the case hardened specimens used.(S/ZLN).
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Fig. 6.2 Showing the case hardened specimens used.(S/ZNC).



6.2.1 Nickel alloy

e e o o o G s

The nickel alloy was €267 Nimonic sheet metal wvhose chenical
composition was:-
0.03C, 0.02581, 0. 2max.Cu, 0. 75max. e, 0.40in, 20Cr, 2.1571, 0.4541, 20C0, 5. 9io,
0.02max. Zr,0.001lmax. B,0.007max.5,bal Ni. The crystal structure wes h.c.p.
The"as received" state was:- Age hardened at 800°C. The specimens
made from this materijial weresubjected to different degrees of creep.
These were:- O, 0.33%, 0.63%% und 0,985 Total plastic strain (Te.P.S).

Details of the creep test for this material are given in Appendix 3.

foo o y 3 0 . .
~?he specimens were subjected to ereep at 78070 with a tensile stress

of 17OMN/m% They were all chemically cleaned:to remove any film on

the surface. v e i

6.2.2 Titanium alloy

The titanium alloy used was titanium 230 the composition of which was:-
2.5Cu,0.2max.Fe,0,.0lmax.H,bal.Ti.

The "as received" state was:- Solution treated at 805°C and stress
relieved., Specimens made from this maierial were subjected to different
degrees of creep. These were:- 0, 0.29, 0.79, and 0.98 Total plast;c
strain. The creep testswere conducted at static stresses of 18 to 26
Tons/ins2 (280 to 4OOMN/m2),at a temperature of 300°C. The stress was
varied to get thg required extensions. The crystal structure of this
material was h.c.p below 882°C and b.c.c above 882°C. The ultimate tensile
strength of this material was about 34 Tons/ins2 (52OMN/m2).

All the specimens were heated but only three were loaded so that
any oxide skin effect will be-also present on the control specimen.
All specimens were then chémically cleaned in order to remove any film

on the surface.
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Fig. 6.3 Showing the creep specimens used.
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Fig. 6.4 Showing the fatigue specimens used.
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6.3 Fatigue specimens

The specimens used for fatigue were IMI Titanium 230 and mild steel.
They were 20 SWG and can be seen in Fig.6.4. Some of the titanium
specimens were flat rolled specimens designed by Holls Royce Ltd
for fatigue testing. The other titanium specimens and mild steel specimens
were designed to BS18 specification and fatigued in the University-
workshops. The fatiguing was at high stress levels for relatively low

numbers of strecss cycles.

6.4 Other specimens

Other materials were used for general material evaluation. They

were rolled rectangular pars of mild steel,brass,copper,stainless steel

~and aluminium of thickness i in.(6.35hm).

4
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CHAPTER 7

DATA COLLECTION AND EXPERIMBNTAL RESULTS

The data were collected by varying the angle of incidence and
sinultaneously observing the reflected envelope on the screen of the
oscilloscope. Fig.7.l shows how this amplitude varies with angle of
incidence near the critical angle. When the amplitude of the envelope
vas a minimum, the angle of incidence was recorded by reading the main
and vernier scales (see Fig.4.4),0f the goniometer. This gave the critical
angle of incidence of the material under test.

-The goniogrems yere plotited by varying the angle of incidence
and recording;the anplitude of.the reflected pulse.

R

A1l tests were conducted under controlled temperature conditions,
(350,01 degrees). The testing depth was kept constant,and the frequency
of the test signal was varied. Critical angles and goniograms were

measured at different frequencies and for different materials. Care was
taken to see that the axis or the transducer bisected the intersection

made by the specimen and the reflector block and a"setting up" tool
was designed fo; this,purpose(see Fig.4,10).Also,the water in the tank

was changed daily to avoid dorrosion.

x4
ad
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7.1 CASH DEPTH
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Telod Data collection

The data was collected by measuring the critical angles of
incidence of different specimens which have been case hardened to various
depths of case hardening. The specimens wvere of the type given in
section 6.1, All specimens were tested at 2,4,5,12.5 and 15MHz. The
specimens were fastened to the back of the reflector block and the
transducer arm rotated,starting from zero angle.of incidence,until the

critical angle was observed.

Two types of material were tested(see sec. 6;1).Additionally,
goniograms were plotted of three specimens of ecach type in the vicinity

of the .critical angle.This was done for the 2 and 4MHz test signals,

7.1.2 Results and data analysis

- — —s - - o — — o - —— ——. - =

<"

The results of the change in critical angle of incidence to case
depth(d) can be seen plotted in Fig.7.1.1.(for material S/ZLN) and in
Fig.7.1.2_ for material S/ZN@; For both materials the results were plotted

for various ultrasonic test frequencies.

. Goniograms were also plotted for all specimens at two ultrasonic

frequencies, i.,e. 2 and 4MHz for different depths of case hardeniﬁg

(see Figs.7+1.3 and 7.1.4).

The data were analysed by calculating the differences in

critical angles
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of incidence (9 - Oo),whcre € vas any measured value of critical angle
and er waz the critical angle of the specimen with zero case depih.

¢
This wags plotted versus the depih of cusze hardcning(d). Plots cun be

seean in Fig.7.1.5., for boih meterials.

7.1.3 Discussion of results and conclusions

The results for the change in critical angle with case depth as
shown in Figs.7.l.1 and7.1.2,show that lower frequencies can detect
greater case deptns. This wes as expécted from theory. It can be seen in
Fig.3.8,tnat the particle displacement is very small for depths below
the surface greatzr than one wavelength. Therefore,when the test frequency
is kept constant and the case depth varied, there will be a condition when
any further increase in the case depth will give no further change in the

measured critical angle.

This condition is when the case depth(d) is approximately equal
to the wavelength(d) of the test signal. If conditions for case depths
smaller than Aare considered, then it would be expected that as case depth

increases the measured critical angle will change.

Consider Fig.7.1.5. For zero case depth the critical angle will

be determined by the elastic property of the parent material.i.e.

9 =Sin —-'— S e 000 ceecs ve 00 s’ 7.1.1
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where: - GSR = Elastic modulus of the surface wave.
L = the density of the solid.
Cw = the velocity of dilatational wave in the water.

When this material is case hardened,to a depth d<U\R,the value of GSR
changes because the elastic modulus is now made up of the elastic modulus

of the hardened layer and the elastic modulus of the parent materijal,

When db}\R the critical angle is dependent upon the elastic
properties of the case material. Also the density of the layer about
one wavelength thick will be changed due to the case hardening.

Therefore the measured critical angle will be different.

The results plotted in Fig.7.1.1 end Fig.7.1l.2 show that the
criticai angle increases with the case depth., It appears that this
increase is due to the increase in dersity in eqn.7.l.1l. As case depth
increases, the density also increases and hence the critical angle,For
case depths oflébout one wavelgqgth or greater,the critical angle is the
same. This can be seen when the test wavelength is decreased.As the
frequency is increased,the point of levelling off in the measured
critical angle,is decreased. This demonstrates that lower frequencies

’

can detect larger case depths.

Fig.7.1.6. shows the relationship. between frequency and wavelength
in steel for the shear ulirasonic bulk waves., It is seen that a 2MHz signzl

3

can be used for detecting case hardening up to about 60x10 ins.(l.Smm).
From Fig.3.8 and the corresponding equatian 3.12,it shows that at about

a depth d = O.BAR the particle displacements are 10 and %0 perceﬁt of

their peak values.From the results obtained ié appears that for the

highest accuracy in determining the case depth,a depth of approximately



1T

Aﬂtzv K Cu:hukk
ez

t
T !
. t
14 -+
L !
2 ! —]
L1900 0 T T W Y 60 N gt
o LR R mt‘w}m
00
S
: i
: =
+ | = = oo e £
: 1 s e
: 4 o e e o
: r SEEESTER
E : : RESH N
— §
: ; it dejuanaane : 1
il Wowunles .
..I".*,ju 31 pl S ) 2l h
"2 4t bQ 7
.“MA_N.W‘ 7 8
i L ,
Yo - 6

i
Q
-

-

D R
I
1]
1
T !
i
—w—lo»f—

1
1
|

1
]
u) [2945 Ut lﬂ_‘u?[?ﬂﬁ

Y

|
1
|

e

u Y i G S G ae

H
P (w‘gu

3
131
3 -
jos
G
K3usnbaay yun
et O 1
1 £ 3 y 4+
-4.‘1?&1.., Wn P Ir«
ST Saems ot hessese '
w,..wm. : w tH mmm FEEEE o s
28z T + B 353
wm "m e & i i o o o) [ 8 g s
BE; 531 3SEECSESHBEES
R i 15




O.BAR should be considered as the surface layer apprccicbly disturbed,

If the disturbed layer is considered as d = O.BXR,then it follows
3

that a 2MHz test signal can detect a case depth of up to about 48x10~

(1.2nm). In the graph of the results Fig.7.1.1,it appears that beyond

50x10-31ns.,the critical angle shows a tendency to level off. Howecver,

for the other material Fig.7.1.2, this tendency to level off was observe

at about 4Ox10~3in .(1lmm).

Considering the other frequencies (see Fig.7.1.1), a 4MHz signal
can be used -to detect a case depth'of 24x107§in. in steel.
From the graph, a depth of 3Oxld_3in. was obtained,and about the same
value in Mig.7.1,2. Therefore generally it can be said that ih steel,

c
for case cdepths greater than d = 0.8‘?R(where CR is approximately equal

z
to the shear wave velocity(® 0.9 Ct).,i.e. d =(0.8x;OOOxO.9

per MHz.,or 86x10-3in . per MHz ), the curve begins to saturate.

The table below shows the calculeted values for the saturatica

points at different frequencies. ,
Frequency(MHz) 2 4 5 12.5 15
Case depth
x10-3in . 43 22 17 T 6

e - oo

From Figs.7.1.1 and 7.1.2,it can be seen that these figures agree

very closely with those in the table'with a few-exceptions which

can be accredited to experimental errors,

ol

in .

d



Fig 77 Calibralion curve for the change in critical angle

with case depth at 2ZMHz
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A slightly more accurate analysis can be done to determine the depth
of case that can be measured before saturation takes place.i.c.

From eqn.’%.18

c
C o e
B SineR
therefore c
A,R.:: """" 2”"_‘ @ ¢ v 66 ¢ e0C 000 00 000 7.1.2
‘ blnqu f
where: - GR = the measured critical angle.
G.w = the velocity of dilatational waves in water.
f = the ultrasonic test frequency.
O.8:C.w
hence d e T T, T.1.3
Sinehxf

- — e s - - - o - —

This is the approximate depth of case that can be measured before

saturation takes place.

Fig.7.1.7 is a plot of (ei- 60) versus case depth for both
materials, For the linear regions both curves heve approximately the .
same slope. These curves can be used as calibration curves for the specimens
made from a particular material. These curves depends upon the accuracy
of measuring eo the cfitical angle of the specimen with zero case depth,
Alternatively also,a curve plotted for © versus d as in figs.7.l.l and
T7.1.2 can be used as calibration curves for a particular material,at the

/
required frequency. -

i a — — —— — — o T ——— > o T o T — S G - - T 5 S S S S S e S D s v e W

The sensitivity of the measuring system was checked by measuring

the case depths of specimens supplied by Rolls Royce Ltd., These had case
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depths which were unknown to the author. The specimens were measurcd
on the goniometer and the results were compared with the known vealucs,
vhich were later supplied by Rolls Royce Ltd. The table below shows

the results obtained. Material S/ZHC was used.

- re e - et > o o —— —— - o o~

Specimen Virgin HP886 HFS881 HG806 HF882 HGB05 HEQ6Y HFS84
e;(measured) 32,1 32,6  32.7 32.8 32.9 32,95 33 33,05
o - S —
(8, - 8,) 0 0.5 0.6 0.7 0.8 0.85 0.9  0.95
Y Fron carve ) o 16 a2 33 3% 40 43
x10 “in.
d ( Tzue value,) ¢ 16 22 26 32 36 42 56
x10 “4in. d

The specimen with zero case depth was first measured
then all the specimens having unknown case depths were measured. Using
the calibration curve Fig.7.1.7 values of case depths were read off
for the corresponding values of(ei - 6&. As can be seen, from the tapie
the test method used can measuré case depth to an accuracy of 112210n?n.
except for specimen HF884. This however can be corrected if the celibration
curve is followed around the saturation region. The author initially
tried to fit the best straight line through the points. In the upper

region of the curve however, there was deviation from the straight line.

For specimen HF884, the value for(ei = GJ was 0.95 degrees. If
this value is read off by following the c¢urve around the saturation

region, the value of case depth when read off will be 55x10~3in- This

LA
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then will be within :t2x10_3in. as found with the other specimens.
Thus to draw an. accurate calibration curve,sbccimens of various
case depths should be measured and (Gi— 80) shouid be plotted against
case depth., Then,the best curve joining all the points should be obtained.
Specimeuns of the same material with unknown case depths can be measured,
and the case depth read off for the corresponding values of (Bi— 60)

from the curve.

This method of testing is suitable for ferrous and nonferrous metals
unlike the method used Sy Blitz et al3 which is suitable only for
ferromagnetic materials.This is because with this method, the specimens
are subjected to.magnetic hysteresis and the change in electrical
conductivity,magnetic permeability and size measured. This @ethod is also

2'1.in which the change in

easier to apply than that used by Egorov
damping of ultrasonic waves was measured. In this present study.the changes

in critical angle are easily measured.

Care has to be taken however to use a short burst of continuous

waves when testing specimens of the same dimensions as used in this study.



7.2 CREBP

T.2.1 Data collection

The critical angles of incidence were measured for all specimens,
The specimes used were subjected to various degree of creep,and the
two types of materials were used as given in chapter 6. Thesec were
C263 Nickel alloy and IMI 230 Titanium alloy. Bach specimen was placed
in turn in the specimen holder which was fastened to the back of the
reflector block(see fig.4.13),and the critical anglasmeasﬁred over the
whole area of the specimen, In some cases as many as 20 readings were
taken for the Nickel alloy. The titanium alloy was more homogeneous

and it was not necessary to take so many readings.

Readings of critical angles were taken along the rolling direction
(= 0),45 degrees to the rolling direction(X= 45°),and 90 degrees to the
rolling direction(X= 90). (see fig.?.Z.lf,as obtained by rotating the
specimen holder in the vertical plane and clamping it in the desired

position,

The readings were taken for different frequencies 5,15 and ZSMHz,
and changes in amplitude of the reflected pulse with the angles of

incidence were measured.

7.2.2 Results and data anslysis

The results obtained from C2637 Nickel alloy were analysed by

calculating the mean value of the measured critical angles, This value
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was used in all subsequent analysis. A graph of cpread was plotted for
the nickel alloy(see fig.7.2.2) for each frequency and orientation.

The data obtained for the change in critical angle versus reflected
amplitude for the titanium alloy was analysed by ccnsidering the highest
amplitude in the measured range of critical angle as 100% znd all other

values were normalised to this value.

Goniograms were plotted for the titanium alloy for all three

frequencies,and the various states of creep (sce Figs.T.2.3,7.2.4 and
702-5)& . ) . . : 3 - ‘

For both materials the normalised critical angle was calculated for
all specimeﬁs at each frequency and orientation., Fig.7.2.6 shows how the
critical ongle changes with the direction of rolling for the nicitel alloy
and Fig.7.2.7 shows the same for the titanium alloy. For the calculation
of the normalised critical angle of incidence,the critical angle of
incidence for the direction of rolling was consédered as 90 and all

, ' . . i .
.other values were. normalised to this value.viz. 5 where ei is any
o

measured value af critical angle for any orientation ar frequency.
Fig.7.2.8 shows how the normelised critical angle changes with creep
for the nickel alloy and Fig.7.2.9 shows the same for the titanium alloy.
For calculating tne normalised critical engle of incidence,the critical
angle of the specimen with zero creep was considered as 90 and all other

values of critical angle for any state of creep at any frequency wvere

normalised to this value. Each direction of propagation was taken separately.

Further analysis was done on the raw data to evaluate the normaliséd

surface wave elastic modulus. i.e.

c

From eqn,3.1 Sin® = -X where := 0 = 9R the critical angle
c - N

R

CR = the surface wave velocity.
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the velocity of compressional waves in water,

w
Therefore:-
C
Gin® = wmo whare GSR = the elastic modulus of the surface
G
V/C;g% waveg and,
L = the density of the solid.
H
ence /962
Sinze'::"“"z{" ees 0000000000000 0 70201
GSR
‘ Gsp
Now calling -- the normalised surface wave elastic modulus,
G
SRO

where GSRO is the elastic modulus of the specimen that has not been
subjected to creep and GSR is any elastic modulus of any crept specimen,

equation(7.2.1)becomes:-

2
G Sin”9
n§g = ——-5-0 ® 0 0 0 ¢ 4:0 640 000 o0 7° 2.2
Ggpg Sin'®

This is the normalised surface wave elastic modulus and the values for
both materials can be seen plotted in Fig.7.2.8 for the nickel alloy and
in Fig.7.2.9 for the titanium alloy.These are for propagation along the rolling
direction. The subsequent figures are for the 45%and 90° from the

direction of rolling.(see figs.7.2.10 to 7.2.13)

T7.2.3 Discussion of results and conclusiggg

From the range chart (see fig.7.2.2) for the nickel alloy,it can
be seén that its properties vary from point to point on the surface.
From the metallographic photograph (Fig.7.2.17),it can be seen that the

grain size varies considerably.



I mmx 100 .

Fig, Te2s1T Photograph showing the variations in grain sizes

in C263% Nickel Alloy.
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It therefore can be said that the ultrasonic gonionmeter can be a uselul
tool for quick determination of surface or near surface inhomogeneity

in materials,

The goniograms for IMI 230 titanium for 5MHz shows that there is
little difference in the angle of incidence versus reflected amplitude
response for specimens in different states of creep. The same cun be
said for the other two ultrasonic test frcquencies.(lS and 25Huz).

These goniograms can be seen plotted in Figs.T7.2.3, T.2.4, and 7.2.0
respectiveiy. What can be’'said however is that as f{requency increased there
was an increase in the number of peaks and troughs observed in the
goniogram before the critical angle. A similar observation was made by

g2

Rollins vhen he measured specimens lelO—ﬁin, thick. The thickness of

the specimen used jn this test was 48x10™24in,

From Fig.7.2.6 and 7.2.7 it can be seen that there is an increase

in critical angle away from the rolling direction in both materials,

There are more variations in critical angle in the nickel alloy.

It follows from eq.3.1 that as © increases Sin® increases,

C .

i.e Sin8 = =" where Cw is the velocity of compressional wave in water,
C
R

and CR is the velocity of the surface waves, Therefore the surface wave

velocity will decrease away from the rolling direction since there will
be preferred orientation in the direction of rolling. This will cause

anisotropy and the elastic constant will be highest in the rolling direction.

e

The results show that the ultrasonic goniometer using ultrasonic
surface waves can reliably measure preferred orientation, Crecruftl reportied
on similar sensitivity for ultrasonic bulk waves. The elastic modulus is

lowest 90° away from the direction of rolling. This can be seen in the



graphs since elastic modulus is inversely proportional to critical angle.

23

. . . . ; -
Rollins regults for surface wave velocity in cold rolled ceopper

showed & similar trend.

No significant difference in the variations in critical angle
with orientation can be observed between specimens in different states of
creep for the IMI230 titanium alloy.(see Fig.7.2.7). 41lsc measurements
made at all three ultrasonic frequencies appcar to follow the same pattern.
At 45O from the rolling Qirection at 15 and 25MHZ(Fig. 7.2.7), a difference
in the change of critical angle with different degrees of creep vas

observed. No pattern was observed however.

For the C26% Nickel alloy (see ¥ig.7.2.6),the specimen with zero
creep showed the greatest variationsof critical angle at 15MHz. The
specimen in O.BB%E.E.S. state of creep showed the highest variations at
5MHz and the specimen with 0.634T.P.S state of creep showed similar
changes at 5 and 15MHz but slightly greater change at 25MHz. What can
generally be said is that the critical angle increases in each case for
angles away from the rolling direction. No other distinct pattern was

observed.

e

Considering the change in critical angle with creep for both
materials, the graphsshowing the changes are presented an such a way
that a direct comparison can be made:between the two materials. Graphs
are shown for all three orientation directions. Graphs for the nickel

'allo& are followed by the corresponding graph for titanium alloy. These

‘can be seen in Figs.7.2.8. to 7.2.13.

It can be seen that there is a frequency effect in all the graphs.
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At low frequencies the change in critical angle is very much smuller than
&t higher frequencies. This demonstrates that higher frequencies can

be used to detect early changes in creep,

For the nickel alloy at each orientation the critical angle
increases to reach a peak value at about 0.634T.P.S. The curve then falle
off as the creep increases. This means that the velocity of the surface
wave decreases to a minimum value at about 0.63%T.P.S.,and then increases

again at higher creep levels.

For the IMI230 titanium alloy it was found that at S5lHz there
was an initial change in critical angle with creep then a levelling
off beyond about 0.33%P.P.S. For the higher frequencies however,this
was not the case. For the 25MHz test signal at 0= 0,(see fig.7.2.9),
the critical angle decreased toa minimum at about the same value as for
the nickel alloy. i.e. about 0.6%#r.P.S. After this the critical angle

increased again. A similar pattern was observed at each orientation.

The normalised surface wave elastic modulus for both materials
can be seen plotted in rigs.7.2.8 to 7.2.13. For the nickel alloy the
elastic modulus changed very littie at & frequency of 5 MHz, At higher
frequencies the elastic modulus decreased to a minimum value at abgut
0.63%T.P.S. Beyond this point there was an increase in the elastic modulus.
In some cases it ras difficult to determine the state of creep which

gave the minimum value of elastic modulus. For all orientations the trend

was the same.

For the IMI230 titanjum alloy, the elastic modulus for the=5SMHz
test signal decreased initially at 0.3%%T.P.S. but then levelled off as
creep increascd.However for the higher frequencies the elastic umodulus
incréased to a peak value at about 0.63%I.P.S. then decreased as creep:

‘increased. For the 25MHz signal at the 45° orientation the change in



elastic modulus was very much greater than at 5 or 15MHz. Jt appeared

that there was a steady increase in elastic modulus right up to 0.84r.P. 3.

Comparing the behaviour of the two materials it can be said that
with increase in creep the elastic modulus decreased at high frequencies
for the nickel alloy but increased for the titanium alloy. Both materials
demonstrate that there is a ffequency effect in the mechanism due to creep,
Lower frequencics are less sensitive detectors of the early changes in
creep, Higher frequencies have to be used to detect early changes due

to creep.

\

Considering the resulis in general, two approaches will be used 1o
.attempt an explanation of the mechanism involved which will respond in

such a manner to ultrasonic frequencies. The approaches are:-

(a) An explanation in terms of dislocation theory,and,

(b) An explanation in terms of hardness and grain size.

7.2.3(1) Explanation in terms of dislocation theory

Before attempting an explanation of the creep mechanism which
will respond in such a manner to ultrasonic frequencies,it is appropiate

to discuss the basic theory of dislocation.

7.2.3(1.,1) Theory of dislocation

The theory of dislocationswill be discussed in this section
because at least a basic understanding of the mechanism will be necessary

in order to interpret the results.



A vibrating string model is considered and the results expected
from this model are used to discuss the results of the present study.
Dislocations cause changes in ultrasonic wave velocity in metals,

Preferred orientation of grains and of dislocations can 2lso change the
velocity of these waves. When materials are cold worked,dislocations

become oriented in some favourable direction.

7.2.3(1.2) The vibrating string model

This vibrating string model was developed to explain the elastic

131

modulus change in metals. Read suggested that the damping loss and

modulus changes observed in metals might arise from the motions of

dislocations. Later,calculations of the elastic constant reduction due

to dislocations was done by MottlS? It was assumed that a dislocation

network is contained in a pure crystal,and the dislocation segments
between networks points bow oﬁt in response to an applied oscillatary
stress. The results showed that there was a reduction in elastic
constant which was proportional to the square of the dislocation segment

loop length. This was good for low frequencies. The effects of inertia

and viscosity of the dislocation line were considered by Eshelbyl3?

He did not use the vibrating string model,

The vibrating string model was developed by Koehlerl?4 He suggested

that a dislocation segment can be considered as a string which vibrates

under the influence of applied external oscillatory stress. Granato and

135

Lucke improved the model physically and analytically. Other workers,

1%6 137

and Weertman made other contributions to the model.

such as Nowick

138

De Witt and Koehler studied the effect of crystal anisotropy

on the interaction of dislocations with applied stress waves as well as



the effect on the elastic constant. The model of dislocations damping
developed by Granato and Lucke appears 1o be the most suitable model

available for our purposes.

The vibrating string analogy,including tersion,viscous damping
and internal forces was introduced by Koehler as early as 1952, He
considered a dislocation line pinned with impurities distributed at
random. He derived the equation of motion of the dislocation line for
low amplitude stresses. He also computed the damping and elastic modulus
expected at low frequencies,which agreed with Motts results. Weertman
was the first to give a solution of the Koehler equation for all frequencies,
for the case when all the loop leﬁgths are equal. However,with this solution
it was difficult to consider the random distribution of dislocation and

pinning points or to discuss the effects of various parameters on *the loss.

It was Granato andLucke who connected all the theories to derive
a comprehensive quantitative thedry of dislocation on the basis of the
vibrating string model. This contained both amplitﬁde—independent and
amplitude-dependent types of loss. Two types of dislocation 1lines with
two types of pinning points were consiﬂered. These were firstly,nodes
in the dislécation lines,and secondly impurities and other point defects.

In this case the amplitude-dependent loss is negliglble.

The damping and modulus change were calculated for all frequencies.
This was presented in a form which permitted a distribution of loop
lengths to be introduced and an analysis of the dependence of damping

on other parameters to be made.

7.2,@(1.3) Dislocation vibration effects on shear wave velocity

The velocity difference between two shear waves polarised parallel v

and perpendicular to the axis of propagation in mgtals can be explained



in terms of dislocation vibrationsl?9 Thiis difference is called the
dispersion of shear wave birefringence. Consider the shear wave velocity
dispersion. At the megacycle range of frequencies the dislocation
vibrations would be sufficientiy damped so: that the dislocaticn would

no longer be able to follow in phase with the oscillating stress and

that a dispersion will appear.

Dislocations are pinned down by impurities and the portion of
the line between two impurity atoms oscillates back and forth on its
slip plane like a stretched string. As the ultrasonic shear stresses
are very small,it is assumed that the pinning of the dislocation is
so strong that no breakaway of the dislocation network lengths occurs.

it is assumed. that the interactions between the dislocations can be

neglected,

Expressions may be derived for the relative change in velocity
from the equation of métion for the damped dislocation line. Details
are given in appendix 7. Although generally both edge and screw disloc-
ations can be presént,the theory of dislocation damping is applicable

only to the effects of edge dislocaticns. The velocity change for pinned

L4

dislocation loop theory135 as a function of frequency can be written
as:-
w2
2,2 (- 'é)
AV Vo - V(w) pb-lm Wo
— = et = = 3N Aamseanas
’ v Vo 24C (1 - !‘é ) 4+ W2d2 -

Yo

where p is the shear modulus,N is the total length of the dislocation
line per unit volume.b is the Burger's vector,l is the dislocation

line length and C is the tension in the dislocation line. The term w,
2

is the resonant frequency of the dislocation line and d = Bl where

12C
B is the damping constant.



Vhen an alternating stress wave is introduced into the crystal,it

is found that the dislocation loops can be set into vibration only

when there is a shear component of the siress in the direction of slip
in a given slip plane. Therefore it is necessary to resolve the applied
alternating stress(which must be transverse),firstly into the given
slip plane and then into the slip direction in this slip plane. This
process is carried out for all the operative slip systems(combinations
of s8lip planes and slip;directions) in order to obtain the orientation

factor Q2.

From the above equation the change in shear wave velocity is:-

2
(1-%)
éy = KJlle -— Wo (See appendix 7).
Vo 2
(1- YZ) + wlal
Wo

Therefore it can be seen that the fractional change in velocity is
proportional to the dislocation density N.and also the orientation
factor 1. The change in velocity for the fixed orientation depends

on the value of the modulus for that ‘polarisation direction, the resolved
shear étress on each of the slip systems corfesponding to the stress
distribution in the system,and on the distribution‘of the dislocations
over the various slip élaﬁea. Thus the o:ientation dependence is in
general,different for the different types of wave. The velocity also

changes due to a change in the "effective dislocation density?

The effects due to dislocation motion,while directly affecting the
attenuation of the ultrasonic wave,produce only second order change in
velocities,or difference between the velocities due to elastic strains
and velécities due tb elastic and dislocation strains. The change in

Qelocity also depends on the nature of the material through the constant



K which includes some physical properties of the material.

The resonant frequency of the dislocation line for most metals
vould be in the range 200 -~ 3,000 MHz, At low frequencies,kilocycle
range, the change in velocity remains constant with increase in frequency.
¥or the h;gher frequencies ,megahertz range,the expression for the change
in shear wave velocity can be written as:-

, 2
AV _ g an? (1 TR d2)= _KB.(1.+.aw2)......,@-....... 7.2.2

Vo Vi,

where a =(l—2 - d2) and K, = K_N1
Wo

From the expression for éy it can be seen that for a small range

1

T

of frequencies él is linear with frequency. It therefore follows that
Vo

the fractional change in velocity due to dislocation vibration under
the influence of an alternating stress wave of low amplitude remairs
approximately constant at low frequencies then increaseslinearly in

the megahertz range. Rewriting the equation we get,

éy - (42)( 1 + aw2) = KB(I + aWZ) Secs0es e 70203
v, ‘vl :

3 e
where(éf) can be called the initiel fractional velocity change, and
Bl '
is a parameter dependent upon the nature of the material.
For ultrasonic surface waves the same theory of dispersion and
damping due to dislocation loops is applicable,since there is -a shear
component in the particle displacement vector. Therefore the results

of measurements of surface wave velocities will be discussed in the

context of the above theory.



7.2.3(1.4) Creep in €263 Nickel alloy
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It can be seen in all the curves Figs.7.258, 7.2.10 and 7.2.12,
tha£ higher frequencies vere better for detecting changes due to creep.
This implies that there was more ultrasonic damping at high frequencies,
because the change in critical angle was greatest at the highest ultrasonic

test frequency.

In the context of the theory, of dislocation,the change in velocity
is a function of frequency, the Qislocation density, and the dislocation
loop: length. It appears therefore that in this material, as creep
increases,either the dislocation density or the dislocation loop length
or both increases initially and then decreases during the later stages

of creep.

This is deduced from the response of the critical angle to creep
curves for one oricntation and considering either the 15 or 25MH; test
frequency. The increase in dislocation density with creep has been reported
by e.g. Granato and DeRosset?o Measuring the changes iﬁ dislocation
density with creep in sodium chloride crystals they found that the dislo-
cation density increased in a similar manner to the increase in creep:

Gilman and Johnston38 reported on similar findings.

e

If it is assumed that in-dhe Nickel alloy the dislocatiﬁn density
increases with creep,then the curves for critical angle versus creep
should increase continually as creep.increases. As can be seen this was
not the case. Possibly there was an initial increase in dislocation
density, then during the later staged of creep there was annihilation of

dislocations. No work has been reported on the change in dislocation

density with creep for this material.



101

Consider now the change in dislocation loop length. Assume that
the loop length increases with creep, then falls off during later stages
of creep. (This was found to be the case in sodium chloride by Granato

, 40 . o .
and De ﬁossat) . Then the curve of critical angle to creep should

increase during ecarly stages of creep then fall off as creep increases.

In our case it can be seen that this was the manner in which the

. eritical angle changed with creep. No work has been reported on how
loop length varies with creep for this C263 nickel alloy. From the
experimeéntal results it is suggested that during the early stages of
creep both mechanisms i.e. increase in dislocation density and loop
length,are active in causing an increase in critical angle. Beyond
some value of creep, about O.G%T.P.S.,there is levelling off in the
dislocation density and a shortening of the loop lengths. This appears
to be the case since it can be seen that at higher values of creep

the decrcase in cfitical angle i.e. increase in surface wave velocity
is greatest at 25MHz the higheét test frequency. This will be the case
§f the dislocation segments were shortening with increase in creep.
The curves for 45 degrees and 90 degrees from the direction of rolling

Figs.7.2.10 and 7.2.12 demonstrate this clearly.

Maybe the shortening of the dislocation segments for this material
can be attributed to the fact that the creep test was conducted at 78000.

140 that beyond 750°C for this material appreciable

It has been reported
ageingAaﬁd precipitation take place. There is a phase transformation
and - probably these new particles contribute to pinning and therefore

shortening of the dislocation segments,

- - G S T " - = " —

As can be seen in Figs.T7.2.9, 7.2.11 and 7.2.13 are the results of
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of the change in critical angle with creep for INMI23%0 titanium., It will
be observed that the results are different from that for the nickel alloy.
If the same reasoning i is used to interpret the results it will meen
that the dislocation density and loop length decreases initially with
creep instead of the increase as in the other material. Next,beyond some

value of creep,again about 0.6%T.P.S.,the dislocation density levels off

and the loop length increases.

\

No work has been reported on the change in dislocation density or
loop length with creep for this material. However as reported by Kornilov
et a128 the mechanism of plastic deformation in titanium and its alloys
considerably differs from that of the metals belonging to the VIth and
VIIIth group of the periodic system. For example alloying of nickel leads
to the pinning down of part of the slip planes and the blocking of

dislocations. Alloying of titanium however leads to a decrease in the

number of active plastic deformation centres.

It would be argued that the dislocation mechanism in the IMI230
titanium is opposite to the mechanism active in the C263 Nickel alloy.
Maybe the dislocation loop length increases beyond about C.6%'.P.S.

This appears to be the case because beyond this point there is an increase

in critical angle i.e. a decrease in velocity. This means that there

is less dislocation damping beyond this point for higher frequencies.

7.2.3(2.1) Creep in C263 Nickel alloy

The calculated results obtained for the surface wave elastic

modulus can be seen plotted in Figs.7.2.8, 7.2.10 and T7.2.12. since the
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. . . . 140 . . .
grain size increases with creep” ' it will be expected that the elastic
modulus will decrease. In the results obtained it can be seen that the

elastic modulus has decreased.

A plot of hardness for a plain sheet as a function of ageing time
shows that the hardness for around 7800C falls off beyond sbout 32 hours
of ageing-ti%%? In the creep test on this material the times taken for

the three stages of creep were all greater than this value(see app.B).

No figures of hardness are given for beyond 128 hours of ageing
time but it would be assumed that the falling trend in hardness will
continue beyond this point. This means that the material is becoming

softer with creep. The curve of the elastic modulus showsthis to be

the case.

- There are no indications in the plots for grain size or hardress
that beyond a certain time the hardness increases as was obtained in the
present study. However this might be due to the fact that during the
ageing time for the curves of hardness and g%ain size, there was no
tensile stress applied, These specimens were not subjected to creep.

In the present study,however;the specimens were crept,and it is very .
likely that different mechanisms were active. These mechanisms might.
have been responsible for causing an increase in hardness and resul%ing

in an increase in surface wave elastic modulus.

7.2.3(2.2) Creep in IMI230 titanium

141

It has been reported that the hardness level was unlikely to

change significantly after creep testing this material at 30000. This
was the temperature at which the mateérial was subjected to creep.hlﬁo

141
that at this temperature recrystellization will not occur,
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What can cccur at this temperature is age hardéening. Blenkinsop
29 . - . v s

and Goosey showed how the hardness of this material varies with time
0 : o oy . .

at a temperature of 400°C. This was above the temperature used in the
- present study,but possibly a similar trend in hzrdness will occur at

300°C.

Measurements showed that hardness increased with time,reaching a
peak value then falling off with time. The curves of elastic modulus
versus creep (Figs.7.2.9, 7.2.11, 7.2.13.) shbow that the clastic
modulus followsasimilar pattern for all measured directions along the

surface.

T.2.4 Possible application of the results on creep

- - e G - - G G v v i P S S s e S 8 S " S G - S

Considering the results for both materials i.e C26% Hickel alloy
and IMI270 Titanium‘alloy,it can be said that by the use of ultrasonic
critical angle reflectometry early stages in creep can be detected. In
both cases it appears that it could be possible to measure up to
0.6%r.P.S. state of creep. Beyond this point the curve iurns over,and

the curve .for critical angle versus creep become double valued.

In most industrial situations there will be a tolerance limit on
the extension of components or machine parts,when subjected to tensile
stress at high temperatures., It will be the decision of engineers to
congider whether the technique reported in this present study is

suitable for industrial application.

Maybe the tolerance limits on extensions is far less than 0.64T.P.S.
This Quite likely is the case for components such as turbine blades

used in jet engines. The author suspects that there are many more



possible areas with tolerance limits lower than this figure. Therefore
with careful and detail development this method of testing could be

very useful to industry.



7.3 FATIGUE
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The critical angle of incidence was measured for all specimens
at three angles of orientation . These were along the rolling direction
QX: 0),45 degrees from the rollong direction@Y= 45),and 90 degrees from
the rolling direétion@%: 90). All specimens were measured in the

unfatigued state in order to determine their "as received" state.

Consider one specimen. This specimen was measured in its
"as received" state for all three directions as given above, It was then
fatigued to Nl cycles at a stress level Sland the critical angle again

measured. in all directions.

After this,a further cycling was done to N, cycles,at the same

2

stress level S The critical angle of incidence'was again measured for

1°
all directions. The specimen was then cycled to N3 cycles at the same

stress level Sl and the critical angle again measured for all directions.

Further cycling at the same stiress level was done and after each
cycling the critical angle measured. This procedure was continued until

failure of the specimen.

Three specimens were used atmost stress levels and two types of

material were used. These were mild steel and titanium alloy (see eha6)s ™

The stress levels used were 19;5Ton/in2(3OOMN/m2) and

22.5Ton /in 2(350MN/m2) for the mild steel and 16.8Ton /in 2(26OMN/m2),
21Ton /in 2(325?3N/m2) end 29.5Ton /in 2(45514/n°) for the titanium.
specimens. Tesis were done at 5, 15, and 25MHz.(ultrasonic frequencics)

Fig 7.3.1(a) shows the type of fatigue loading used for this

high stress level low cycle fatigue progrem.
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7.3.2 Results and data analysis

The mean value of the critical angle of incidence was calculsated

from the results obtained for each frequency and direction of propagation,

on each specimen. The mean value of the critical angle was used for the
plotting of all graphs. The normalised critical angle of incidence was
plotted versus the number of fatigue cycles(N),or the ultrasonic test

frequency(f).

For the first case the critical angle was normalised to the
critical angle of the unfatigued specimen. Figs.7.3.2, 7.3.% and 7.3.4
are plots of this normalised critical angle versus fatigue cycles for

‘mild steel at different frequencies and orientations.

For the second case the critical angle was normalised to the
critical angle of 3incidence of the specimen at the SMHz ultrasonic test
frequency. Graphs of critical énglé versus the ultrasonic test frequency
can be seen plotted in Figs.7.3.5 and 7.3.6. They are plotted for the

two stress levels used for the mild steel.

Graphs of the normalised critical angle versus the stage af
fatigue life can be seen plotted for the titanium alloy in Figs.7.3.7 and
T.3.8. The plots are for different orientation and for the stress levels

used.
The corresponding graphs for the change in normalised critical.

angle versus frequency for the titanium alloy can be seen plotted in

Pigs7.3.9. This was plotted as before for various stagesin fatigue life,

Two further graphs were plotted. These were for different stress
levels. Fig.7.3.10 is the plot for the 16.8Ton /in 2 stress level, and
Fig.T7.3.11 is the plot for the 217Ton /in 2 stress level. Both graphs wvere

for the titanium specimens.



RESULTS FOR MILD STEEL
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RESULTS FOR TITANIUM (Ti 230)
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Fig 7-3-10 Shaw;ng the change in critical angle with mmber of faﬁguc cycles.
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T:e3:3 Discussgion of results and conclusions

The results obtained for both materials shbw that during the very
early stages of fatigue life there is a large iﬁcrease in the critical
angle,which reaches a peak valuec then falls off with increase in fatigue
stress cycles. Forithe mild steel.(Figs.7.3.2, 7.3.3, and 7.3.4) at all
.frequencics for®= 0, the lower stress level showed a more rapid rise
to this peak value. This was especially the case at 25Miz, In this case
the fall off in criticel angle was very gradual with the number of cycles

With the 15MHz test signal the fall off was rather mere rapid,
passing through a minimum point then rising to a high value before failure.
At S5MHz there was a rapid rise in the critical angle then a rapid fall

followed essentially by a slow fall off with number of fatigue cycles.

For the higher stress level a1 each freqﬁency the critical angle
increased to a peak value then fell Offg The magnitude of the increase
in critical angle was less in each case than that due to the lower stress
level. Interpreting the results in terms of surface wave velocity and
elastic modulus,it can be seen that the velocity decreases rapidly at

early stages of fatigue. i.e. there is a softening of the material

initially followed by a hardening. Sometimes the hardening is rapid’for

higher stresses and less rapid for lower stresses.

This is different to the type of response of ductile material as

42

tested by Bullen et al ' ~. They found that for stress levels well below

the yield stress,the hardness of copper increased rapidly with the

number of fatigue cycles,then levelled off to a constant value. However,
v i

as reported by many workers,the present study seem to confirm that there

is strain hardening before fracture. This can be seen in all the graphs

for mild steel., The results
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of Palakowski and PalchouduriAjshowed that for certain cold worked
materials,e.g. copper,aluminium,nickel =znd stecl, tnere was a distinct
strain softening with cyclic loading. This can be used to partially

explain the decrease in surface wave velocity during the carly stages of

fatiguec,i.e. there is an increase in critical angle.

The results from the study did not agree cempletely with the results

58

of Lazan and Wu”. They found that when measuring damping during fatigue,
the damping increased and then suddenly levelled off. This was more

marked for high stress levels than for low stress levels. I'rom the present
results it can be seen that there is a sudden increase in critical angle
during the early stages of fatigue life. lMcasuremcnts using magnetic

hysteresis 62 and eddy currentst showed a similar type of response.

As reported by Rasmussen?4'65

cracks appear on the surface of
high stress level low cycle fatigue specimens early in fatigue life.
Cracks were observed at about 60 percent of fatigue life when measuring
the specimen "off machine". This was independent of stress level,
Therefore if this is considered as a basis ta explain the results for
the specimens tested,it would appear that before the crack formation -
stage using ultrasonic surface waves the change in critical angle can
be measured. The change then is due to strain softening4? When cracks
begin to form,there is a slow down in this change in elastic properties.
Eventually a large number of cracks are formed which are accompanied by

strain hardening. The elastic modulus then increases showing a fall in

the measured critical angle of incidence leading to failure,

Figs.7.3.5 snd 7.3.6 are plots of the change in critical’ angle
with ultrasonic test frequency for the two stress levels in mild steel.

It appears that this type of plot can indicate the best test frequency
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for the material used. However since the critical angle is normalised,
at 5MHz, the results may be inconclusive. In both graphs there is a sudcen

increase in critical angle at 15 and 25MHz during the early stages in

RS

fatigue 1lifs.

The titenium specimens for high stress level appear to behave in
a rather different way from the mild steel specimens. For the very early
stages of fatigue life there was a sudden increase in the measured
critical angle just as for the mild steel(see fig.7.3.7). This occurred
for all uitrasonic test frequencies. Again the critical angle reached
a peak,but then fell off to a minimum value, this peak being reaéhed

early in fatigue 1life,

The minimum value reached was very sharp in the case of the 15
and 25MHz test signal but broad in the case of the S5MHz test signal,
In all cases beyond this minimum the critical angle increased to another
peak then fell off for the 5 and 25MHz,but increased for the 15MHz signal.
The graph for the change in critical angle versus the number of fatigue
cycles for 90 degrees from. the rolling direction(Fig.7.3.BQ,shOWS a
similar type of response to Fig.7.3.7 discussed before,except that there
are more peaks and troughs in early fatigue life for the S5MHz ultrasénic
aighal.

The t&pe of curve obtained is somewhat similar to that given by

Shagaev66 when measuring magnetic permeability. He mentioned peculiar

types of peaks and troughs similar to those obtained in this study during
the early stages of fatigue life. Also the characteristic gradual falling

off in permeability with increase in fatigue cycles was observed,

If an attempt is made to explain the response of the change in

critical angle versus fatigue cycles in terms of dislocation theory,
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a similar type of reasoning66 can be used, If Llhere was an initial increase
in dislocation density,during ecarly stages of fatigue,it will be expected
that the surface wave velocity will decreese due to dislocation damping.
This can be seen in *the sraphs at all frequencies. As the number of

stress cycles increase,dislocations move creating vacancies eround

obstacles and the uliresonic danmping decreases. i.e velocity increases.

More dislccalions are then created and the velocity decreases.
Finally, the dislocations come up against pinning points which eventually
leads to strain hardening. The surface wave velocity then increases
because the damping is decrcased. Most cuives seem to follow this pattern.

i.e. increase in critical angle.

For the lower stress levels in titanium(see figs.7.3%.10 and 7.3.11),
the curves of changes in critical angle versus the number of fatigue
cycles, are differehti%omthose for the higher stress levels. Measurcments
were doné at 5 and 15MHz'test frequencies only., Reddings were not taken
during the early stages of fatigue life so i ig difficult to make any

direct comparison with the curves.given in Figs.7.3.7 and 7.3.8.

FPor the 21Ton /in 2(260MN/m2) stress level however the same type
of falling off in critical angle occured as that obtained for higher
stress 1evels‘in both types of specimens. The 15 MHz signal showed that
the critical angle increased with the number of cycles, then fell off
with fatigue cycles. The 5 MHz signal however showed a fall in the critical

angle initially.

For the 16.8 Ton ./in 2 stresé level(zeoe fig.7+3.11), the result
shows an initial change in critical angle at 15 MHz (¥= 90 degrees),
then a levelling off in critical angle. For X= 0 degrees’at the same
freéuency.the critical angle decreased initially,then rose to a high v

value later in fatigue life;
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These results show how difficult it is to correlate information
obtained from fatigue tests. The author cannot see any pattern in the
results obtained that will be directly useful to engincers in the sfudy

of fatigue.

Brook and Parrys'7 reported that the fatigue life of a specimen
can be predicted by measuring the apparent dynamic Young's modulus and
the damping. In the present study there was no direct correclation between
neasured critical'angle and fatigue life for either material at any siress
level, What can be said is that there was an initial change in the
critical angle during the very early stage in fatigue life for both
materials. This was followed by a decrease in critical angle at about

60 percent or less of fatigue life,

The author concludes that in this form the results indicate that
it will not be possible to predict fatigue life by measuring the change
in critical angle.(i.e. the change in ultrasonic surface wave velocity).
This is similar to a conclusion arrived at by Mitchell and Frederick68

in their study of acoustic emission versus fatigue life. They found that

no parameter in the emission significantly correlated with fatigue.

However the author will not recommend a discontinuity of research
in this area since all possibilities should be exhausted before such a
decision can be taken. Therefore a few regommendations are made on the:

possibilities of future work. This can be seen an Chapter ( 8).
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T.4.1 Data collection

Ir this section the data was collected by measuring the critical
angles of incidence in different materials at 5, 10, 15 and 25 iz,
Additionally the peak amplitudes of the reflected pulse,at and in
the neighbourhcod of the critical angle were recorded for each
material at each frequency. These specimens were cut from rolled rectan-
gular bar stock and the critical angle of incidence was measured for the
direction of rolling. The materials used were mild steel,stainless steel,

copper,brass and aluminium.

A further test was done on a mild steel sheet specimen. The
critical angle of incidence was measured along the rolling direction
and 90 degrees from the rolling direction on the specimen before and
after being statically stressed well above the yield stress. This was

done for the three ultrasonic test frequencies, 5, 15, and 25 Migz,

7.4.2 Results and data analysis

The variations in critical angle with the test freguency were
plotted for each material. This can be seen in Figs.7.4.1 to 7.4.5 for
the materials tested. On the same graphs the variation of the pseudo-

reflection factor with frequency was plotted for the respective materizl.

The pseudo-reflection factor was calculated from the recorded

)

he peak anmplitude o

Fy

[oN

amplitude, T the reflected pulse immediately
before the critical angle was used as reference,The reflected amplitucde

at the critical angle was expressed as a percentage of this value,
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For the mild steel specimen(sheet),the results of the change in critical
angle with frequency for two directions of surface wave propagation

wa= measured, and the results used to plot a graph of ~(3ing - bWﬂei)

"

versus the ultrasonic test frequency(bcc~fig.7.4.6).






T
y

T e

S, b

i - |
N}
g

Q o* -
9O
T
W
2
3
g

“ o2

3
Oy
=
A
S—

S %0}
ANy
L
¥

8}

6 i

35}

L

10 F

\ Mild steel(bar)

£

=

st

S

£

)

é.s.-

§

<

-4

s

L Sl
Sa

WV

N

o M BT
Y

by

Q
Ol
e

i 1
A 1 i 1 1 L 1 1 i

| —

5 W & @ de A 22 24

fren]ucncy QMH:.)

Flg 7‘4'1 ShOW/Hg the clvan_qes n Crl-f'/'ca/ anfle ancf I‘E{/ECfZJ

amplitvde with frequency at critical angle.

16



11O}
Y
9}k
Brass (bar)
4 L -8b
:\) '2 P~ . 07-
€U
e @
& g
S
500} ~ 6}
8 )
3 ~J
S S
N s
£ -
- 8 8 < SF
S S
N 5
) T
S f
g ol
S &
4 = 3 L
2 2t
490t 4 }
L_ 1 3 I 3 1 4§ 3 i 1 1 1 : —p
i 2468/0/2/4!6!920212.}26

Frequency (MH2)

Fig742  Showng the changes in critical angle and reflected

amplitude aF crifical an le, wh freguency.




490} 1oL
8} 9}
Cgﬂger(bqr)
b = .8 -
§ |
§ y
~-4}F S 7¢
-, 4
= 3
y S 6
T W GG
B N \
® ©
- N \
o i B
s o \
§ < \
s
©« f4F 3 %1 \
| QU
W) & \
6} 3t \
\
\
4} 2
2 F /] bk
4701 A ) ) ) ] 1 \ ] L L ]

[ R,
024-6810!2141613202124-16

frequenc 3(M/'/z)

Fig 74:3  Showing the changes in crifical angle and reflected am/p/ifb«/e

with frequency af crilical an_q/e.




&
©
T

Critical angle of incidence (8g) degrees
o~ (8 )

&

3204

Psevdo reflection faclor (k), minimum

l-0

1 1 A L 1 L A 1 1 L L 1

\ Stainfess steel ( bar)

T

g 20 23 M4 X

Fregue nc,(Mﬂz)

Fig 744 Showing the charges in critical angle and reflecfed

ampltfude with frequencq at critical ang/e




critical angle of incidence (8) degrees

[0}
'9 P
Aluminiym
8 -
330} 7}
S
R
8
. [
o R
|
{
Q
S
“~
40 gl
Q
-
9
S
2
.4 - Q '4. -
»
-4
Q
‘2 - 3 -
u‘a- -2 -
318 | : 8§ -
A A \ 1 i i : i 1 i >

L
24;-68101:./416/320212425

Frequcnag(NHz)

F/97'4“5 Show/fﬂ The Cha’i“ m critical ang/e and reflected

omplitude with freguency af crifical angle




T.e4.3 Discussion of resultg and conclusions

The results of the change in critical angle with frequency for
each material dewonstrate that the critical angle of incidence is a
function of frequency. For the aluminium,stainless steel and copper bars,
the critical angle increased with freQuency.ksee figs.Teds3,T-4.4 and 7.4.5).
For the gluminium specimen the increase was not so great bhut for the other
two materials especially copper, the change was very large. Numerically

this was 47.10 at 5 Miz to 490 at 25 iz,

Fof-the brass and mild steel specimens the critical angle of
incidence went through a nminimum Between 5 and 25 MHz., For the brass
specimen the critical angle appeared to have a minimum value at about
15 MHz. For the mild steel specimen it was not so easy to decide on the

minimum critical angle.

The pseudo-reflection factor for mild steel showed a minimum at
some particular frequency. This can possibly be explained by considering
the reflection factor as a measure of the energy absorbed at the critical

angle for each ‘ frequency.

The reflection factor for the brass specimen had two minime’., No

attempt will be made to explain this phenomene v

For the copper and aluminium specimens the pseudo—reflectioﬁ
had a minimum value at about 5 MHz. This was the frequency at which

the highest surface wave velocity was recorded(minimum critical angle).

The frequency at which the reflection factor as defined by

Richardson and Beckerllo reach a minimum was called the frequency of least



reflection(FLR).The author believes that the minimum frequency of the

graph of the pseudo reflection factor is that of the least reflection,since
the graph for the pseudo-reflection factor for stainless steel(sce Pig.
7.4.4), was similar to that obtained for the reflection factor,minimum

by Richardson and Becker}lo They calculated(sce eon., 3.20 ),and mcasured
the reflection factor and compared the two values. They got a figure of

15 MHz for the frequency of least reflection which was similar to that

neasured by the author,

7.4.3(1) Dispersion of "Birefringence"

The term "birefringence" is used in a different context to
that applied to light or ultrasonic bulk shear waves,139 In both these
cases .birefringence is the difference between tne velocities of the waves
polarised along and normal to the principal axis. The dispersion is. the

way in which this difference changes with frequency.

For surface waves the dispersion of the"birefringence" is the
manner in which the difference in the surface wave velocities,QR// and
'CR varies yith frequency..

It is reasonable to assume that there are more dislocations
oriented along the direc¢tion of preferred grain orientation.This means,
that along this direction, there are a greater number of slip planes or
components of dislocations than normal to it. It follows therefore that
moré-dislocation vibrations will be generated by waves parallel to the
Preferred axis than normal to it. Therefore these parallel polarised
wvaves will suffer greater dispersion. Hence there will be a negative
slope for the birefringence,when a plot of CR// - CRL versus frequency

is nmade.



Since the critical angle of incidence is inversely proportional to the

surface wave velocity,the slope of a plot of —(SinGR// - Sinﬁﬂi) will

be positive for the linear region when plotied to frequency.

Considering the equation for the fractional velocity change as

given in eqn.7.2.3,we have:-

21/

Ky/ (1 + aw?) for the surface waves parallel to the principal

c
0 axis, and,
- = Kl (1 + aw®) for the surface waves perpendicular to the principal
C
0

axis,

Therefore the surface wave"birefringence" can be written as:-

/)~ CL 2,

——————————— —3 B;:Bo(1+aw 0 00 %8 00000 o0 704-1

where B is the birefringence at frequency f and 30 is the low frequency

birefringence.

7.4.3(1.1) Effect of preferred orientation

From the above theory it can be seen that the linear part
of the birefringence curve is dependent upon dislocation density.Also,
it is expected that a large degree of preferred orientation of
disiocations would be accompanied by a large degree of preferred
orientation of grains,giving rise to a steep slope in the birefringence
graph, N

Conversely,it is expected that random orientation of

diélocations will be accompanied by random grain corientation.



T.4.3(1.2) Effect of static stress

The elastic constant of a material is altered very slightly when
subjected to static stress below the elastic limit. As & consequence
there is a small change in the atonic Hinding energy.fence the elastic
constants chenge siightly,leading to a chenge in the wave velocity
vhich is independent of frequency. The effect of the dislocations is
regligible,and they vibrste in an identical manner to that without applied
stress. Thus the birefringence due to the apprlied stress ig the same at
2ll ultreasonic frequencies,l'lsgand is added algebraically to that due
to dislocation vibration which is frequeucy depcndent. A similar situstion

arises when residual stresses are present on cold worked materials,

which have prefered orientation.

7.4.3(1.3) Effect of plastic strain

When a material is subjected to stress above its elastic limits
plastic strain is produced.

This vas the case when a mild steel specimen was clamped betwzen
the jaws of a tensile testing nmachine and a static load applied, The
intensity of the load was such as to cause secvere deformation of the

specimen. i.e. large plastic strain.

" For large plastic strains there will be strain hardening in the
bulk of the material. Many dislocations will be created by dislocation

sources but most of them will either be anihilated or come up against

pinning points.
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7.4.3(1.4) Prediction of surface residual stress from measurementis

We may express the surface wave blrefrlngnvce at frequency f asi-

Ac

B= = = Bo(l + mfz) where BO is dependent on dislocation density,

Go

2 )
and m = 4ﬁa2. (a is a constant for any material undergoing the same
cold working process{ See eppendix.7) Mahadev%ﬁgcalled B the shear wave

birefringence.

For any material,to evaluate m,measurements of critical angles -~

)

should be made on the unstressed specimen at various frequencies. These
should be made along and across the rolling directions.If the sine of
the difference of these critical angles is related to B then using these

values in the above equation the value of m can be calculated.

The curve plotted from these points will be a curve for the

birefringence due to texture only. 1f measurements are made on a specimen

which has been stressed another curve can be plotted. @he difference
‘between the intercepts of the y axis for the two curves is then a

measure of the birefringence due to stress.

A curve(Fig.7.4.6) was plotted from the measurements obtained
on an unstressed specimen and on the same specimen after it had been
statically stressed and as a consequence severely'deformegglt appears

thaf'both curves have the same slope.

From the equation above the value of m was calculated. i.e.

\
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-.0035 = Bo(l + 25m), and,

+.015 = Bo(l + 225m)

The two points uged were % and 15H MHz,

A
60

The calculated value for m was m = -
139 : v ¢ P . ; 4
measured the shear wave birefringence in stainless steel

1

and calculated for this materizl m = - 34 Measurcments were not made
%

below 5 MHz in the present study hence a direct comparison with Mahadevan's

Mahadevan

work cannot be made. However it appears that at high ultrasonic frequencies
the curves falls off. This was not observed by Mahadevan since he did
not use s0 high a frequency(15 Miz). His maximum frequency was 5 Mg,
Maybe if measurements were done in the low frequency region as
wag done by Mshadevan a similar type ¢i response will be obtained. Then
the difference orf the intercepts of the y axis for fhe two curves will
be a measure of the surface wave birefringence and as a consequence; a

measure of the surface residual stress on the specimen.
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CHAPTER 8

e . e e o e

SUGGESTIONS FOR FURTHER WORK

o o S o 2 v T — . " T— o S50 G s S G A s o

Further work is suggested in the area of ﬁsing ultrasonic surface
waves generaled by critical angle reflectomctry to measure changes in
elastic properties due to creep.

In the study reported in this thesis two types of material were used.-
The author suggests that it will be useful if other materials can be
studied and some work csnducted in the area of creep greater than 1% PePaS.
It will be advisable that in such studies the intervals in the degree of
creep chosen should be reiatively small so that a curve plotted for the
surface wave velocity versus creep will be continuous hence the results

will be easy to interpret.

In this study of fatigue again two materials were studied,using one
type of loading program i.e.constant amplitude alternating or repeated
stress remaining in tension for the whole pr;gram. The author suggestis
that more work can be done using different materials and different loading
programs.

The goniometer to be used in these recommended studies should be
very sensitive.. The angular position should be very.accurately read..
It may be possible that using the correct types of instrumentation the
angular settings can be digitised. Appendix 6 shows a possible way of
imprdving the sensitivity of the receive side so that the minimum signal
reflected can be accurately monitored.

The ultrasonic transducer should be of the focus type so that very
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localised elastic properties can be measured and if possible the data

collecting and processing sides should be automated.

In the area of case depth it may be possible to do some work on the
measuring of very thin coafings e.g.electroplated coatings ,on different
substrate materials to ascertain the exact limitations of the measuring
technique. High frequency’ transducers will have to be used,It is suggested

that focussed probes be used.

Finally,the results for the other materials studied shows that there
are many more questions to be answered about the manner in which metals
behave at the ultrasonic critical angle. Morc work is suggested in this
area.Also from the study of the difference in the response to ultrasonic
surface waves,for the unstressed and severly deformed mild steel specimens,
it aﬁpears that it may be possible to de?ect surface residual stresses
using critical anglc reflectometry. If a focussed probe is used at each
ultrasonic frequency it can be used to measure localised surface residual
stresses. This is a far better method than measuring the average residual

stress which is done when the through transmission type of test is employed.



CHAPTER 9

PAPERS

Two papers were submitted for publication during the course of this
work. One was to the Journal of Nondestructive Testing which gave the
preliminary results of the findings,and the second paper was to the journal
"Ultrasonic". This second paper is a thecoretical paper,but some results are
included: A possible application of the results of the analysis was suggested

by the author.

In the remaining pages of this chapter further information of these

papers is presented.
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Some Results Using the
Ultrasonic Goniometer
(The Corner Keflector Method)

W. WESTON-BARTHOLOMEW

Department of Engineering
University of Warwick
Coventry, England

Abstract—The ultrasonic goniometer is a tool for the use in nondestructive
testing. Its use is increasing. There are many problems that are to be solved in
trying to interpret the results. The amplitude of the reflected signal from the
specimen at the critical angle is a function of the clastic property of the
specimen, and the exciting frequency.

This paper gives the results of experiments conducted on materials in
various mechanical states and at different frequencies. The change of critical
angle was measured.

The results show that the corner reflection method could be used to in-
vestigate surface-hardened specimens using the frequency effect to measure
the case depth. Speeimens in different state of crecp were also examined and
a frequency dependence effeet was observed. A bar of mild steel was stressed
and the critical angle before and after stressing was measured. An Inverse
frequencey was observed,

The ultrasonic goniometer® was used to measure case depth in case-
hardened materials and the state of creep.

The principle of operation of the goniometer is as follows: Water
is used as a medium. Dilatational waves are propagated in this
medium becoming incident on the solid surface (see Fig. 1). Using
Snell’s law as in optics sinf, = (C,/C',)sin 6, where O, and (', are
velocities in the liquid and solid respectively. As the angle of incidence
is increased in dilatational wave in the solid becomes critical, then
the shear wave becomes critical.  Immediately beyond this point
there is an angle where most of the energy is converted into a surface
wave which propagates along the surface of the solid. The perturba-
tion is confined to a layer of approximately one wavelength thick.
The wave amplitude dies away in both the @ and z directions.

ol
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TFigure 1. A liquid-solid interface.

At this angle
sinfy = .

where 8 is the critical angle

C\ is the velocity of dilatational wave in water, and

Cyis the surface wave velocity.
In this experiment the water temperature was kept constant within
0.01°C, since the velocity of the dilatational wave changes with
temperature. The critical angle was measured for specimens with
various state of geep. The velocity €y can be calculated from the
above expression and checked from the expression

0.87+1.12v
C,=nyC, where np=-—+ ——

where v is Poisson’s ratio

Cy is the shear wave velocity in the solid.
The corner reflection method® uses one transducer and relies on an
acoustic reflector to return the signal reflected from the specimen
(see Fig. 2).

This was the method used in the experiment.  The reflector was
highly polished to reduce scattering of the incident wave. Caburised
and case-hardened steel specimens were tested. The change in the
critical angle was measured, for different case depths and at different




Specimen

Trans / Rec
Tronsducer~._

———___ _ Reflector
(ocoustic reflector)

Pulsed
Hortley

Oscilla tor] . —echo

4
Amplifier”

Figure 2. Drawing of system used.,

frequencies. It will be seen that there is some corrclation between
case depth and frequency (see Graph 1).

The theory will not be gone into in this paper but it is well known
that the surface wave perturbation is confined to a layer of approxi-
mately one wavelength thick. The critical angle is inversely propor-
tional to the surface wave velocity, which is a function of the elastic
property of this layer. Hence as d the case depth changes the
elastic property of the layer changes and the critical angle changes.
For d))\’the clastic property of the layer is the same and the angle
remains constant. To obtain any more information from the specimen
the interrogating frequency has to be lowered making d <Ay

“Since the surface wave velocity is given by :

! 1
(H == 711{(/"

where ny, = 0.94 for steel, and €y = 3200 m/sec,
therefore 'y = 3000 m/sec. and the wavelength A, = C,/f.
It follows that a 2 MHz interrogating signal can detect a case depth
of approximately L3mm (60 x 1073 in.) in steel. Graph 1 shows that
lower frequencies can detect larger case depths.

It was found also that for €263 Ni. that specimens which were
subjected to creep at varying degrees, there was a frequency depen-
dence effect.  CGraph 2 shows this. A possible explanation is as

follows.
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Critical Angle of incidence [ degrees)

i : ; . S ' e
o) 10 20 30 40 50 _60 ‘
Case depth dx IO ins,
Graph 1. Changes in the critical angle for different case depth at different

frequencies,
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If the critical angle is considered as a resonance of the amplitude
of the dislocation displacement, then as the dislocation density
increases the critical angle will increase, i.e. the surface wave velocity
will decrcase. Furthermore, at low frequencies the frequency of the
exciting signal is very much lower than that of the resonant frequency
of the dislocation in all three states of creep. Hence there is very
little difference in the measured critical angle. When the frequency
is increased becoming nearer to the resonant frequency of the dis-
locations the difference in the critical angle is evident. It shows that
the surface wave velocity decreases for increasing creep. It is
possible that at much higher frequencies very early changes in elastic
properties due to creep can be measured. It appears that the elastic
modulus of the surface wave has a frequency dependent part which
increases with the state of creep.

For fatigued specimens it appears that there is an inverse frequency
effect. It appears that for the measuring of the change in elastic
properties during the early stages of fatigue, a low frequency has to
be used. Work is still in progress in this area.

A test was done on a mild steel specimen, which was stressed in a
static tension above its yield stress to such an extent as to cause
severe deformation. In order of magnitude, this was approximately
229, elongation and a 159, reduction in area. Graph 3 shows an
inverse frequency effect. A possible explanation is that due to this
deformation, there is an increase in the dislocation density in the
bulk of the material, and also a very high incidence of pinning. This
will make the metal more brittle, hence an increase in the elastic modu-
lus. The specimen was stressed by clamping it between the jaws of a
tensile testing machine. From the graph it appears that the surface
properties before and after stressing are only marginally different.
There is only marginal change in critical angle at high frequencies. The
lower frequency monitors the change in elastic properties in the bulk
of the material. This shows that the critical angle is lower in the
stressed material, which means that the surface wave velocity has
increased.

Conclusion

The results presented in this paper show that the reflection method
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can be very useful. The corner reflector type goniometer is easier to
construct, and accurate and repeatable results can be obtained.

The frequency dependence effect found when interrogating creep
specimens means that with high frequencies, it will be possible to
detect changes in elastic properties in very early stages of creep.

Again with careful measurements, the method can be used as a

sensitive detector of case depth.
The author found that specimens which were fatigued when

measured showed an inverse frequency effect.
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by W. Weston-Bartholomew*

Abstract

The ultrasonic goniometer is a new tool for use in

non destructive testing.

To obtain repeatable results the temperature of the
coupling media (usually water) has to be controlled. This
paper represents a theoretical analysis of the dependence
of the measured angle on temperature. Additionally, if the
temperature is controlled, using the results of the same
analysis an expression for the temperature coefficient of

elasticity can be obtained.

Some experimental work was done and the results

presented.

* Department of Engineering, University of Warwick, Coventry.



Introduction

In immersion testing the temperature of the fluid has to be controlled,
since the velocity of the dilatational wave changes with temperature.

This change is due to the change in density and bulk modulus of the fluid.

The general expression relating velocity to density and modulus is:—

c = k . — k = the bulk modulus
1~ F ,0 = density of the fluid

therefore the change in velocity with temperature can be written as:—

dac

1 1. 1d& 1 dp
C, dr T 2k dT " 2pdT

If water is used as a fluid, then the change due to density can be
neglected. The velocity change is dué'mainly to the change in bulk
modulus with temperature. For some fluids e.g. volatile liquids, the
change in density cannot be neglected. The curve giving changes in
dilatational wave velocity with temperature for water can be plotted
from the table given in Bradfieldz. The curve is plotted on graphs 1

and 2.



Theoretical analysis of the effects of temrerature

on measured critical angle.

Basically from Snells law (see fig. 1)

C
Sine = El where C, = dilatational wave in water (m/sec)
R
Cp = surface wave on the solid (m/sec).
0 = GR the critical angle.
C
1 1 dC
Therefore d6 = CRCose dC1 - CR R

dividing thro by 019 we get:—

o c, ac, i acy

0 6CCos® c, Cy
ad l d_O N C1 J—-df-l _ l- d_C-Il ..00000-00(1)
1 6 ar *~ OC_Coso C, 4T C. ar

R 1 R




: v
Now CR = qRCT = qﬂf% where }r= ———I—;%I-__ is an approximate equation
due to Bergmann3.0:= Poissons ratio and R = shear modulus of the solid.

Then differentiating and dividing through by éT we get:-

1 R _ 4[1 dp 1 d;- 1d
§~ aT = 12[}—: aT - FETJ + I—}Ragg ese0 s 0o e . (2)

Substituting (2) in eqn. (1) we get:-

__________ 1°1 1 dp ldne| (3)
CldP 2p dT ani

1 do _ Cl 1 dCl 1 dp 1 dng
® 4T GCRCose

This is the root equation from which certain practical forms can be
derived. Using Bergman's approximation relating Bg and v the generalisation

can however be taken one step further.

d_r} — __..é.?i_
= 4(1 +V)
and d
R e e AV eene...(3.1)
Mg 4(1 +V)(0.87 + 1.12V)

Substitut .ing this into eqn.(3) a general expression is obtained showing

the changes in © with temperature.

C
1d46 1 1 dC1 1 dp 14df 1 dv
8 aT ~

800550 |0, @ " 2p a1 T 2PAT T (1100007 1 1190 @ -(4)

by 1 1 1 g 1 Qv

- ——— - emam ek aamidnesewEsemenemesimemstemms =0 e o0 00 (4-.1)
GCRCOSB Cl dT 2p dT



In cases where; Poissons ratio does not vary greatly over the range of

temperature considered, this reduces to:-

As can be seen it is important to know l QE and 1 1 All the

p aT EIET *
values can be obtained from Bradfield2, for most materials at 2OOC.

Note that ® on the right hand side of the equation is in radians.

If the change inV due to temperature is not known,then it may be
dn
R

useful to express ﬁ -37 in terms of the change in selastic moduli with
R

temperature. For an isotropic solid (see Gooberman4), A and p are Lame's
constants and are the only two constants neccessary for the elastic

constant matrix for an isotropic solid.

€1172044
v 35-TI30" in terms of elastic moduli where C11=A+2p
11 44 o
an = p
Y N LM e Y 44
2
2(c11 - 044)
2.86C. .- 3.98C
ng = ---11---———-i4 in terms of elastic moduli
3011 = 4%
2
- dv 204" 3244) i
R RN R ffmm . am YO
4(1+7) 4(3C,,-4C,,)
Equation (3.1) then becomes:-
My Caa Cn 7 % as
n _ 2 0
R 2(2.86 C,, - 3.98 044)(5 C,, -4 044)

This can be reduced to:-



This is the general expression relating the change in critical angle

to temperature for any material.

It may be useful also to express eqn.(3) in terms of Lame's

constants, Therefore:-

= dc LA Lo
1d6 1 1 "1 1 dp 14 P\RGT " pa/ ] n
8 4T ~ oC Cos§ C aT ?P ar * 2pdT ~ ((8 oB110- 94(n)+5 48(x) ) .

Graphs 1 and 2 are results for e (critical angle for different materials
& different temperatures after the temperature of the water was

controlled to ¥ 0.01°C. A corner reflector technique1 was used.



Now rearranging eqn(l) we get an equation that should give the

temperature coefficient of elasticity for the surface wave in any material,

R R 1 de
o) 5 ar ¢

A+
(=]

[
~—
N
N

---------------

1 d

C
1 .
But CR = —s-{ﬁé (See flg.l)

Sﬁbstituting this in equation 4 we get :-

L S (5.1)

Ql =
@l -
)
HBlo
~
+
Q-
2l
=]

o (5.2)

A1l the values can be obtained from carefully plotted graphs of 6 and

C1 to temperature,

G" . .
jtéR where GSR is the elastic modulus of the surface wave.

But CR=
therefore
1 Cr 1 sk 1 oap
CR aT Gy art 2p dT
c
e, L % o2 T (6)
GSR dT cR dT



This is the expression for the temperature coefficient of elastic
modulus for the surface waves. The temperature coefficient of linear

expansion is neglected,and so is the temperature coefficient of density.

Below are some results for different materials at 20°C.

From Bradfield
°] de C dC dC dG,
Material £ o A o % aTR é— aTbRX 100
degrees degrees m/sec m/sec R SR
Titanium 30.7 .09 1482.66 3,02 -.000678 -0.1356
Mild steel 30,5 .08 " " -.000398 -0.0796
Stainless " -
Stasd 31.5 e n . 00878 -0.1756
Copper 45.24 11 " n +.000125 +0.0250
Brass 47.88 12 " " +.000134 +0.0268

Aluminium 30,8 .12 " " -.001541 -0.382



Conclusion:-—

The goniometer used was the corner reflector type. The system
is a relative one, but with careful construction and measurements,
consistent and repeatable results can be obtained. The exciting
frequency was 5 lMHz and the sensitivity of the measuring system was

¥ .1 degree.

The temperature coefficient of elasticity for the surface wave
can be calculated using the given expression and the fesults of very
carefully controlled experiments relating © to temperature. It should
also be possible to evaluate the temperature coefficient of the shear
modulus in a similar way, given the temperature coefficient of the

Poisson ratio.
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APPENDIX 1

The mzterial used was PXE 11(PSK). i.e Potassium Sodium Niobate.
DPetails of this material is given in Mullards Handbopk "Peizoelcctric
ceramics". This material was chosen because of its high frequency constant
and low dielectric constant,which means that at any given frequency a
transducer made- from this material will be thicker than an equivalent
transducer made from any other ferroelectric material , Comparable

figures are:-

PXE 5 ... Frequency constunt(longitudinal mode ) = 1390n/sec.

PXE 11 .. Frequency constant ( longitudinal mode )= 2500m/sec.

Therefore at 1 MHz say; the respective thicknesses (t) of

transducers made from these materials will be:-

PE 5 ...t = R < 1390
_ 2500m/sec
PXE 11 .. t = --i-ﬁﬁz = 2500pm

The méterial was received in block form from Mullards Ltd. This
was then sliced by the author on a diamond saw,then an ultrasonic drill
was used to cut them into disecs. For slicing the materia} vas mounted
on substrate wax and for drilling the sliced pieces were placed flat
on a brass plate and surrounded by adhesive.

Thin films of copper were deposited on both sides of the discs.

To prevent the sides from becoming coated a jig with thimbles was
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designed to cover the sides of the discs. The coating weae done in a
vacuum unii,and to et the copper to adhere lo the surface a thin coat

of nichrome was deposited before depositing the copper.

Polarising the discs.

- i " e e o 1 o 200 ot S O St o SO S

The polarising of the discs was done with the discs immersed in
transformer 0il(Silicone o0il was recommendedQThe discs were placed
between two brass plates of a jig and the aszembly immersed in the oil.

The *sySfenmused can be seen in Fig.Al.l.

For this material the polarising voltage is 2 to 3volts,per pm,
and depending on the thickness of the discs the open circuit voltage
was set up. The oil in the bath was heated te lBOoC,then the voltage
was switched on for 1 min.,then switched off making sure that the
current did . not exceed’ZOFA/mmz. The bath (with the discs) was aliowed
to cool down to 100°C then the discs were taker from the bath. They were
then checked for activity on a flaw detector. The thicknesses of the

discs were in the range 500 to Sngm,and the diameter was 1Omm.

Thickness-Frequency relationship

As mentioned before the thickness(t) of a cryatal made from this

material for longitudinal mode vibration is calculated from:-

t = gggggésec = 2500pm per MHz.

Therefore for a 25 MHz crystal +t = 100um.

The discs were then mounted on brass rods using conducting araldite
as adhesive and back electrode connecting. A perspex sleeve wes then

placed over the brass rods so as to facilitate easier machining of the



crystals. The crystals were then machined down to the required thickness

on a lathe,at a low speed and cooling continually.

After this a front electrode was deposited &as before. The crystal
on its brass rod was mounted in a perspex rod and the neccessary

connections made via coaxial cable. (sce Fig.Al.Z).

Another type of crystal was found to be egually useful. An X-cut
crystal (quartz) coaxially coated so as to facilitate easy connections
to the cable was used in the same type of assembly as used above.

This transducer(25 MHz) was used also during the course of this work.

The author acknowledges the very helpful and useful information
given by Mullards Research Loboratories through Mr.J.S.Wright and

Mr.G.Palfreeman.
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FREQULHCY COMPOWRNTS
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and the time repetition of the pulse is T. Then the Fourier integrdl

is of the form:-

Ty,
, 1 jwt bos Tl *h
F(Jw) = = f(t) e dt where. f(t) = Lﬁ1nwot for 5-5 S =
T =0 for +Y <t sT
2
17 +g
TR N Jwt _ B (o "
F(jw) = 7 Eslnwct e dt = 331 (eJ(q+Wo)_ _ jlw wb))dt
—‘@i _%
B [i(wrw )t =j(wsw )t ‘L
TPy St
Jlwtw Iw-w ‘L
o
& [ej(wwo)t Ej(w-wo)t]
T AT G0 ) T TIER) dog
2
. . +0
E [eg(w+wo)t e—a(w-wo)t] 2
=.5lgsr—=—=—— Sl g T
jT 123 w+wo) 23(}: w) I
T T
E 1 1 1l 1l
= TE(;:‘;I;) Sin(w+wo)2/ - 3-(‘—’:7'—) Sin(w-w )‘é
putting 21= gz then:~

. Tl
Sin(wt Wo)a

Cos(nﬁSire m\')t Sin&m’po%onr)
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Therefore:-

F(je) = (_égg_ WSin@@Coi{\% mr) - \fIOCOSE(IITf)jiX@ nﬂj
o

o]

This is the expression which was used to plot the relative amplitudes
of the frequency components in the test signal. A fundamental freguency
wo of 5 MHz was used,and n the number of cycles in the "on" period in
the pulse was varied. A computer was used to tabulate the results for

the response.

The bandwith considered was O.1wo to 2wo in steps of 0.1 MHz.
Two conditions were considered. i.e.

(a) When there are only two cycles in the pulse, and,

(b) When there are five cycles only in the pulse.



APPENDIX 3

CREEP TESTING OF C 263 SHEET MATERIAL

Herewith, the results of creep tests carried
out on C 263 sheet material,with the object of
introducing a known amount of extension into
the specimen.

Testpieces were removed from the sheet as indi-
cated in the diagram below.

> TesT g A
P vtesr. q
0 BuAnK. z
v BLANK, %
P Test X
T SPARE Fov

Test Temperature - 780°C.
Stress - 170 MN/MZ.

% Total Plastic Strain in each specimen when
removed.

Specimen A 0,33% T.P.S. at 238hrs.
Specimen B 0,898% T.P.S. at 359hrs.
Specimen E 0.63% T.P.S. at 310hrs.
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A Physical meaning of A  ( Brekhovskikh

APPENDIX 5

- e = - —— - o G o=

Let V(@) be the reflection coefficient of a plane wave incident

on a reflecting boundary at angle ©.(See Fig.A5.1.). Then:-

v(e) = (p)ej¢(p) where p and @ are f(p) hence £(6).

Upon reflection the wave undergoes a phase change.

114)

N

If o plane wave becomes incident upon the boundary of a perfect
reflector(see fig.A5.2),the reflection factor will be unity. Then the

incident and reflected waves can be written as:-
»L'”inc = ﬁexp[j(u‘x -Yz) - ng and,
wref =éexp[3(0(x + ¥z) - jwf:]

vhereo = ksin® and ¥ = kcos® which are both attenua;fi'on factors for

the horizontal and vertical directions respectively.

FighS'1 - Fghsz

At 2 =0 both waves have the same amplitude and phase. At a plane

z = h,if we substitute in equations given above,we get:-

:Z_i:: - V(o) = &3P < \"Fj%

140



This is the therefore the reflection coefficient at z = h,where[VI:
is the modulus and the phasegﬂ: 2¢h. is the phase change for the wave
as it travels from the plane z = h to z = O and back.
2 2 . . .
Genera11y¢ = 2)¥h where =ﬁ& -p ) and p = ksin® which is the

projection of the wave vecior on.the x axis,

The skip distance can the be written as:-

A = -(P-¢-> S A5.1

dp /oo

‘This skip distaﬁce is the horizontal displacement of the ray,and it
follows that the rate of phase change when greatest will give the largest
A. In the region when the phase:changes most rapidly with angle the
beam displacement will be the greatest. One of these conditions is when
the beam become incident on @ boundary between two media,at an angle
just beyond the angle of total-iﬂternal reflection. In this case it is
assumed that the velocity in the reflecting media is greater than the

wave velocity in the coupling media. This condition is discussed below.

Conditione at critical angle for a Eiquid—solid interface

For the liquid-solid interface the condition for total internal
c

reflection is when Sin® > -¥ where Cw is the velocity of the -
c 5
dilatational wave in water, gnd Ct is the velocity of the shear wave

in the solid. Near this angle beam displacement will occur.

‘.Under these conditions the reflgction coefficient can be written

as:- 2.Cos2l, + 2,84n2§ - 2
V = 1 ! t & = VM
Z Cos2f| + Sinzlf,+ ’

. PO ATT

where = -== Zt- ——= --—- and are the impedhncos for
l Cosx CosJ Cos®



the longtitudinal and shear waves in the solid respectively,and Z is
the impaﬂence for the longtitudinal wave in the fluid.

Alsola i8 the critical angle for the shear wave in the solid.

6 2 Gy = 4" Gy )
By putting Sin€ = - SinK,, s = Sin % =(—{) , q :<m~) and T =(-—),
C. Gy C C
t R 1 w
the phase angle can be calculated. It should be noted that since
Ct7'CR then |1 -8 = jf/s -1, also from the prgvious section p = k3iné

hence the skip distance can be calculated from:-

] _@é) I L _A__(__a_é_ ))

p/pox  w O(Sine) 2\ 2(Sin6

The result of this analysis is given in equation 3.22.
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APPEADIX 6

The system diagram Fig.A6.1 is a general system drawing of the
trensmit side used and a possible receive side. The switching-pulse
generator should control the gate so as to pass only the receive

echo pulse which will be detected then displayed on a digital voltmeter,

It will be possible then, to increase the accuracy of the measuring
system considerably,since the minimum voltage i.e the voltage at the

critical angle of incidence will be easily read off.

A possible circuit for the switching-nulse generator can be seen

in Fig.A6.2.
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APPERDIX 7

o e e e e e e

— — - = ——————————— - T T T " S — . 45 T s T > S B A 2

The equatiOn for an oscillating dislocation line can be written as:-

a? + B 2% _ ¢ b (a ’
=5 — e =-5 =, ue to Koehler)
Bt ot dy

where A is the effective mass per unit length of the dislocation line,

B is the damping per unit length,C is the effective line tension,b is the
3urger's vector,and bo is the force fegcrted oﬁ the dislocation line by
the external stresses. The dlsplacement x is the lateral displacemen*

of an element of the dislocation line from its equlllbrium position at

distance y from one end. (A =7er , C= ﬂé"-v) whereyis poisson's ratio)

The Granato-Lucke model for dislocation damping of a plane harmonic
. wave propagating normal to. the dislocation line leads to ah expression
for the modulus defect which depends upon the frequency of the wave(w):

This expression is :-

- ; ..
4-,.—1 = ,).szlz ( —!2—}—— e e 0ecccceo00oc e A’Zol
R 12C > '
2
(1 - 1’-) +
L w,z

Where LA is the resonant frequency of the dislocation line(w a = ),
2

1l is the length of the dislocatien line,and d is al.also N is the dislocation

density.
u
Since the shear wave velocity can be wr1tten as V .[;; wherep is

the density 1t follows that 4% = 4; which is a function of frequency.
o N
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I

1

W . ]
Since the resonant frequency fo is very high (QZOOOMHz), =3 will be
W
0
very small and equation A7.1 becomes:i-
-1
' 2 2
: 2.2
QE.—:% = B - E) Jily = 2 4 L0 ) @ WA
o A w2 w2

o) (0]

2 2
é)!;V-V(w) ~ xn?( 1 - !2)(1 + waa® + 21?'-)

Y/ w W
0 o -0 o

LB
< .
1}

2 :
therefore "-v— KN12 (1+E2—w2d2) .n-ooo-..a-oooo-o‘o A702
4]
‘ w

o

If we callQ2the"orientation factor"of the dislocation orientation then

equation A7.2 can be written as:-

éz - Kl (1+aw2) .o.oo-;cc-o--oouoo--.o-o-.nu--- A703
Vo

where:-

2
2 b 2
K, = KN1Q = (?a%]é' IJN1SSL  and,

g = (1‘2 - d2) a constant for any material.

w
(o)



