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INTRODUCT ION

Scope of Workee This thesis was based on the investe
igation of the initial stages of defarmation mainly by an internal
friction technique. For this reason it is useful to consider at
this stage the nature and scope of internal friction and its
measurement. As the deformation of face centro?i‘;:e‘tala gives
rise to the diffusion of point defects, it is also of interest to

study the effects of point defects on the properties of a metal

In the department in the past, some interest had been
shoum in internal oxidation as a means of altering the impurity
concentration in a solid solution alloy and producing controlled
precipitates. It wvas therefore decided to pursue this field
a little further and a brief description of the propertics of
internally oxidised alloys is included.

As it would be very desirable to extend the field of
vub/c
investigation to body centredasmetals and as other effects due to
impurities intrude, it is convenient to examine the effects of

interstitial atoms.
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SECTION A

INTERNAL FRICTION

Internal friction may be defined as that property of a
solid which converts its mechanical vibrational energy into heat.
Several sources of internal friction are known and some of them
which are well understood were described by cheri. At present
several different methods of defining internal friction are in use
and the main ones are listed below.

(1) The logarithmic Decrement

The fractional decrease in vibrational amplitude per cycle
is called the logarithmic decrement 4 . This is related to the
engineering term of damping per cent as

D% = 200 A
If & W is the fractional energy dissipated per cycle

then A=..2L%

(2) Resonance Width Factar Q.i

One of the most useful research methods of measuring
internal friction is to observe the width of the resonant peak of
a specimen in free vibration

1 = »neoh

Q Vr

Where Vr = resonant frequency and V; and V, the frequencies at
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which the amplitude has fallen to 1//2 of the amplitude at Vr.
Often the more convenient method is to measure the frequencies
Vs and Vg at which the amplitude has fallen to one half that at
Vr, and then
TR e

(3) Ultrasonic Attenuation

The attenuation of an ultrasonic wave passing through a
golid can be measured and is a measure of the internal friction

of that solid. If A is the attenuation and V the velocity of
the wave in the solid, F being its frequency then

a = AF!
The full relationships may be listed ase
:ﬁ, V*W‘-v’ggag»'%w‘llica' ng

Methods of Measurement

The method used in the méasurement of internal friction
depends largely on the frequency at which-one wishes to make the
neasurenment. -

(1) 1 - 10’ cycles/second

In this range a torsion pen&ultm is normally used of the
type described pr:. In this apparatus the specimen is in
the form of a suspended wire with a cross beam inertia member
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attached to its bottom end. The vibrations are initially induced
by & magnetic methode Recording is normally achieved by an optical
method either photographically or photo-electrically. The maximum
strain amplitude induced in the apparatus is usually of the arder
of lo-aand as the specimen is in torgion the stress varies from
zero at the centre of the wire to a maximum at the surface. A
static tensile stress is produced on the specimen due to the weight
of the cross beam. While this is not normally considered very
important it is possible to invert the apparatus and suspend the
beam from an inertia free support, ilarton..

The torsion pendulum tends to have a rather high apparatus
damping often of the order of 10-. and thus may be unsuitable for
meagurements of low internal friction materials. It is quite
possible to arrange the apparatus to work under vacuum and this
reduces its apparatus damping. The strain amplitude used cannot
easily be varied over a useful range and this tends to limit the
usefulness of the apparatus. The frequency of measurement is
however easily changed by altering the inertia of the cross beam
and the apparatus finds its main application where frequency dependent
rather than amplitude dependent phenomena are studied.



(2) IO? - ld‘ cycles/seconds

This is probably the most used frequency range and
narmelly the specimen is in the form of a rod or bar which is
induced to vibrate in one of its normal modes of wvibration without
the use of an inertia member. The specimen may be driven in
several different ways. Quimh;.iintrOduccd the piezoelectric method
which used quartz crystali cemented to the specimens The crystal
is usually matched to the frequency of the specimen. A gecond
crystal is oftten fitted to the other end of the specimen to act
as a gauge. An electrostatic methodzghaa been used to excite
and detect the vibrations in the specimen by using its end as
one plate of a capacitor. Vibration can also be induced by
eddy current methods or by placing a small mngnctf. at the end
of the specimen. A nickel transducer may also be used, one
end of a nickel wire being attached to the specimen.

PR diteedussd s weAhed D oliiak o N specimen
was supported horizontally by threads or wires at points a little
removed from the nodes. The specimen is excited in transverse
vibration by electromagnetic or piezoelectric devices at the top
of one of the support threads. The other thread is connected to

a similar device which serves to detect the vibration of the



specimen. By suitable choice of driving devices a very wide
range of strain amplitudes can easily be obtained (for example
10.1°to 101ncn a plegoelectric driver). It is important

to note that damping can arise from the fact that the support
threads are not placed at the nodes but these losses can easily
be calculated and are normally of little importance.

If it is intended %0 study amplitude dependent phenomendh
it is most important to congider the stress systems in the various
modes of vibration. With longitudinal vibrations the specimen is
stressed evenly acrogs its diameter but not along ites lengths In
transverse vibration the stress system is rather involved and varies
along the length as well as across the diameter of the specimen. A
point to note however is that the strain in transverse vibration ean
be measured by a microscopic technique while this may not be possible
for longitudinal vibrations. A disadvantage of the above methode is
that the frequency used is generally restricted to the fundamental

resonant frequency and to one or two harmonics.

6 8
(3) 10 - 10 cycles/seconds

In this range ultrasonic pulse methods are used. A pulse
is introduced at the end of the specimen by a crystal and the internal

friction measured by observing its attenuation as it passes through
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30

the material. Stresses achieved are very low and no useful
amplitude dependent measurements can be made but the frequency is
readily changed. Difficulties arise in interpretation because

of the curvature of the wave front and this has to be accounted for.

12
(4) 10 cycle/second

It is possible that measurements could be made by means
of thermal conductivity or diffuse X-ray measurements at this

frequency but this does not appear to have been done yet.

Sourcesg of ]}nterml Friction

In a metal internal friction can arise from a number of
largely independent sources. The common ones are listed belowns

(1) The thermoelastic effect

(2) Grain boundary viscosity

(3) Stress induced erdering

(4) Internal friction due to dislocations

(5) Magnetoelastic effects

(6) Electronic damping
(1) The Thermoelastic iffect

When a metal is stressed its temperature changes and if
it is stressed unevenly there will tend to be a flow of heat. Under

a vibrational stress there tends to be a flow of heat back and forth
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across the specimen. At very high frequencies of vibration there
is ingufficient time for appreciable he#t to flow and the process is
adiabatic and does not give rise to internal friction. At very
low frequencies on the other hand complete thermal equilibrium is
established and the process is isothermal and does not cause any
internal friction. At one intermediate frequency however the
period of the applied stress is comparable with the time required
for heat flow. Zene:.-1 calculated the effect to give a relaxation

tine
T = d where d = thickness of specimen

e and DC = c ivi
Wﬂ
Thermoelasvic i:lernal friction can arise from both specimen
dimensgions and in a polycrystalline material from relaxation across
the grains.

The internal friction from this source can be quite high and
it is important that it should be considered. Very often it is
desirable to adjust the grain size of the material to avoid internal
friction from this source.

(2) Grein boundary viscosity

At relatively high temperatures in 2 polycrystalline material
a viscous-like digsdpation of energy can occur at the grain boundaries.
Ke showed that the internal friction could he expressed as a function

grain sige x frequency x o%f

where E was about 15 ev.
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Grain boundary relaxation peaks have been found in a large
25
number of metals . The exact shape of the relaxation peak depends

on the grain sige distribution.

(3) Stress Induced Ordering.

A metal may contain interstitial impurity atoms in
ordered or random positions when it is unstrained. If when it
is strained the interstitial atoms become either disordered or
ordered, then an internnl friction peak may be found. Zener
showed that the relaxation time " for the internal friction peak
was related to the frequency I by the relationship

i =« [~ whereoc is a constant

The interm?]t frequency peak is found when

WY =1 vhereWis the angular frequency of vibration (21F)
The diffusion coefficient D for the movement of the interstitial
atoms in the purest metal is given by

2
D =fal" a is the lattice parameter
A7 is a constant

Thus it is possible by datermining the temperature and frequency
of the internal friction peak to calculate the diffusion coefficient

D = Do e 51(7' where E is the activation energy
The ease with which diffusion data can be obtained at low temperature
is the great advantage in using this type of internal friction.

The most extensive study of stress induced ordering has
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been carried out in the B.C.C. metals and the diffusion of carbon
and nitrogen in *C iron has been widely investigated. SnOek*
showed that the interstitial atoms took up positions at the cell
edges and at the face centres. Under zero stress a random
distribution of interstitial atoms occurs but on the application
of a stress they go to ordered positions. The height of the
internal friction peak is proportional to the quantity of
interstitial in solution”. The height of the peak is also
dependent upon the crystallographic axis along which the stress
is applied. I, ag is the case with carbon and nitrogen in
iron, the metal can be made supersaturated with an interstitial,
an ageing process can be followed. If the internal friction
is measured in a torsion pendulum at about 1 ¢/s then the internal
friction peaks due to carbon and nitrogen occur at 20 - 30“C.
Little or no precipitation takes place at these temperatures
and internal friction measurements may be made after successive
temperings. If on the other hand the internal friction is
meagured at 1000 - 3000 ¢/s then the peak temperatures are
about 100 - 150°C and at these temperatures it is possible that
the ageing will proceed too quickly to be followed.

The equation relating peak temperature and frequency is

Y =% > 5 Yo being a constant



eld=
5
Wert and Zener gave the constants for this equation for carbon
and nitrogen in o iron

i 18 -1 C. N
Y G0 e ) 23 3.7
E cals/mol 19,800 17,700

From the above equation it is poseible,if the values of >
(or peak frequency) are known at different temperatures, to
calculate E. However it is not always convenient to change
the frequency and there i1s an alternative method of calculation
using the ofectérsEof the peak height with time. Cottrell
and Beilbye shoved that

Loy %
i = 3(_1_72.) Ho L(A ut) °
KT

where M€= nunber of solute atoms per unit volume which have
migrated to the dislocations after time ¢
Mo = original concentration of solute atonms
D = diffusion coefficient
L = length of edge dislocation per unit volume.
Horper modified this expression to account for the mutual

interaction of the solute atoms and gave

In(1-9 = 3(1{'5“’ L%M}’

vhere ¢ 1is the fraction of solute precipitated after time t.

This equation wag shown to hold for large amounts of precipitation.
One important feature of this equation is that it allows a
calculation of the dislocation density. The calculations which
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have been done are in fair agreement with other work.
(4) Internmal friction due to dislocations.

In a pure metal the internal friction due to dislocations
is amplitude dependant above a certain stress. Below this
stress it is amplitude independent and it is usual to separate
the dislocation internal friction into two parts as

A = 47 +Aw

vhere Ax is the amplitude independent internal friction and 4 M
ies the amplitude dependent internal friction.
Theories of dislocation internal frictions

It is generally agreed that the internal friction
arises from the movement of dislocations and the problem
resolves to finding a mechanism to explain the impedence of
the dislocation lines. Maaon7 used a Peierl's valley mechanism
and Seeger modified this but has not worked out complectely
his theory. Interaction with other dislocations is a possible
explanation and was discussed by Weertman and Koohlere. Impurity
atoms have been used in two explanations. Weertman and bhl;kov:l.tl’
used the Mott-llabarro theory of diglocation movement in a solid
solution. Foreign atoms cause a stress {ield of wavelength A i",";
where a is the atomic spacing and ¢ the concentration of
impurity atoms. When the stress peak was overcome the dislocation
moved forward a distance/(. However this theory does not
appear to agree with the experimental results.



Koehler proposed that the dislocations vibrate in
loops between the pinning points of the impurity atoms rather
ag a stretched string would do. It is possible to explain amplitude
dependent damping as the tearing away from the pinning points in
this thoery. Granato and I.txke10 expanded this theory, and gave
ag a model a dislocation pinned at its ends by the network
diglocations and at various points along its length by impurity

atoms.

High Stress Field
Low Stress Field

@ (e @®

(@ (b) (c)
Increasing Stress ——>

The number of impurity pinning points is governed by
£ 2 (o £ er Q = Cottrell interaction energy

Lc
Co= concentration of impurity atoms

They showed that

A7 = LA L"ﬂgérct where J2is a concent®at-
. = 120

Thie describes the amplitude independent logs due to the dis-
locations and assumes that the dislocation line does not tearaway

from the pinning points. Under a sufficiently high stress the tear
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away takes place as in the above diagram and leads to an
amplitude dependent loss. The description of this loss was
given by Granato and Lnlcaw .

The argument was of the foarm that the critical stress for
tearing away depended upon the loop length

g o __gi’& & ¢ = critical stress
@

After breaking away from the pinning point the dislocation
returned by a different path and the energy loss was given by
the shaded area in the diagram
3 -Ay &
4, x N Aln K& € ccto

e Le® £o

It is convenient to note that from the above relationghip §

AI “4‘9)4‘,’“2&1 Mfc*zf-"

Experimental evidence has shown that the above theory is sound
with regard to most of the parameters. It is much eagier to
examine the amplitude dependent part as it may easily be
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separated from the other types of internal friction in experi-
mental results.

A plot of logAufp/?‘o(f‘, is the measuring stress) should
be a straight line and very often this is in fact the case.
However, as mentioned above, many types of apparatus do not
strain the specimen evenly and amplitude dependant results are
difficult to assess.

The effect of impurity concentration has been measured
by Wiertman and Salkovit: for lead containing bismuth, and by

11
Beshers for copper containing gold. The effect of impurities

in <« iron was measured by Robertson and Rawlings“. The
influence of dislocation density was measured in copper by Raad“
and the results are taken to be in agreement with the theary.

The amplitude independant internal friction is rather
difficult to assess. This is due to the fact that other types of
internal friction in the material are also independant of
amplitude and may be difficult to estimate. The main confirmation
of the Granato and Luke theory for AI comes fvom the irradiation
results of Thomson and Holmeal,‘ who showed that the decrement
was proportional to & g

One of the more useful derivations of the Granato and

Luke theary concerns the time dependant effects when the number
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of point defects becopes out of equilibrium with the dirlocation
line. This situation arises after almost any cold working
process or after quenching from near the melting point. The
analysis of this process was again done by Granato and I.uksa“s
who showed that the average loop length{ is given by

2dii A, % # Y €, = concentration of defects
t T R s ElaEe
<=/ = no ¢ ype
Now if Cio is the number of vapancies and @go the number of
impurity atoms which are agsumed not to be mobile at the temperature
used.
In a F.C.C., metal

anp * Ay %['91(41015207L‘+A{%3]

GimeA ar

A3 at 1 ‘
o ' z
corio  (1+58XK 3)

- / 2‘3
Ve Bt S, 53 (RF)

Ciorlre 5
B, = TSl Koy & [ = 1T & Lo
BEC ™
¢ Lo
A = K a
30
7> ¢

U is an orientation factor .A dislocation density

(n network loop length L average loop length
K a parameter 7% Cotterell's misfit parameter
@ lattice parameter £ o the straih amplitude

¢« angular frequency ? a parameter (0 Diffusion coefficient
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It is posgible from the above equations to calculate the activation
energy for the movement of a point defect if the time and temperature
variations of thed( value can be measured. The above equations
were exteasively checked Ly the authors against independently
obtained data” mau:lth very satisfactory results. However it
was gtated by Granato and Luke that the theory should only be
applicable to high frequencies but there is now little doubt that
it may be applied to quite low frequencies.

In conclusion it may be said that the above theories
are by far the most satisfactary interpretation of dislocation
damping in metals. [However it should be recognised that they
are not completely in agreement with all the experimental facts

and possibly some slight modification is required.

(5} Magnetoelastic Internal Friction

It is well known that when a material is magnetised
its length changes. Conversely,when it is stressed its magnetic
properties change. There are three types of magnetoelastic
internal frictions

(1) Macro-eddy currentss- This is very similar to
thermoelastic internal friction because after stressing a
diffusion of eddy currents takes place from the surface of the
specimen. The process has a peak of the narmal type but
does not have a true relaxation time.

(2) Micro-eddy currentes= This arises from local
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differences in domain magnetism and is in other respects similar
to macro-eddy current damping.

(3) Magnetoelastic static hysteresiss= At low
frequencies eddy current losses disappear as the rate of change
of magnetisation is very small but a hysteresis loss can be
set up. This loss is frequency independent but amplitude
dependent. Bmlangar“discuesed this type of damping in detail.

(6) Electronic Dampings At temperatures below 20°K the internal

friction of a metal increases rapidly with falling temperature
when the meteal is in the normal condktion. If,on the other hand,
the metal becomes superconducting, the internal friction falls
rapidly. rhaon” gave as the explanation that the elesctron

ges obtained some energy from the lattice vibrations in a viscous
manner., Morse gave the explanation as a distortion of the Ferni
surface by a sound wave.

In conclusion it can be said that internal friction
measuremente have several advantages in fundamental research on
metala.”memcre directly connected with the bagic atomic
process than other forms of examination. As described above
many of the species of internal friction have been more or less
convincingly explained and may be used as & tool in obtaining

information on the basic physical properties of metals. The

study of ageing and precipitation is by far the most rewarding
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field for internal friction research as no other properties are
g0 complctely determined by the quantity of precipitation.
Excellent reviews of the subject were given by Nowick“and
Niblett and wtlksm.

In the field of testing mechanical components internal
friction measurements have been rather disappointing. Cracks
and inclusions are very often only detected if they lie in certain
positions in the specimen. It had at one time been hoped to
determine the extent of fatigue damage by internal friction
measurements but it was found that it did not change till

immediately before failure.
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SECTION B
Point Defects and the Low Temperature ertieg o

It 1= now generally egreed that many low temperature
aeffects may be attributed to point defects. The most notable
of these are changes in resistivity, yield point, the Koster
effect, i.e. decrease with time of internal friction and the
ageing of wertain materials.

There are several methods of introducing point defects
into a2 metal and it is convenient to discuss them separately.

(1) Roint defects introduced by quenchings The
equilibrium concentration of any type of point defect at any
temperature T is given by

29
C = exp -Lnu%r 48f) = Zener

where 4 Hp = Heat of formation of
defect
A 8¢ = Change in entropy

It ie usual to assume that _4 8~ is of the order of unity and

and by using the values of AH (obtained by calometric experiments
80
usually) to calculate the defect concentration. Broom and Ham

gave the following table for coppers
Ai (ev) 300°%K 800°K  1300°K

Vacancy ~1 16‘-" 163'8 168.9
Vacancy pair ~ 16 1643" 1619 165'.-'9

Interstitial ~4 16 3™ 3™



A=
If the metal is annealed at high temperature and then rapidly
quenched,most of the defects may be retained at room temperature.
As the metal now contains a concentration of defects far in
excess of the equilibrium concentration, migration effects are
tc be expecteds Naturally the number of defects retained at
low temperature will depend upon the severity of the quench.
This depends both upon the quenching medium and the sige and
shape of the specimen. Both gas and liquid quenches are used
and the specimen is often in the form of a thin wire ar foil.

(2) Irradistion by atomic particles+ The mechanism
of vacancy introduction in a metal by neutron bombardment is

thought to be that, when an atom is struck it obtains a very
large q uantity of energy. This atom is displaced violently
from its lattice position and displaces [urther atoms. The
result of each such neutron collision is that 100 - 200 vacancy
and interstitial pairs are formed in the area around the position
of the neutron hit. The vacancies and interstitials will be
farmed in approximately equal numberse

It has been Jmown for some time that irradiation will
considerably alter the properties of a metal. For example, a
yileld point is introduced into a F.C.C. metal and the defarmation
characteristics are altereds The ductile brittle transition

temperature in steel is raised by bombardment.



(3) Formation of Point Defects by Cold Works

Since the original expariments of lMolenar and Aartg, more data
indicating that cold wark can form point defecte has became
available. The mechanism of the point defect formation is

not clear at present. The earlier theory was that two
intersecting screw dislocations were capable of producing
vacanciess However, Friodoluhas pointed out that this is not
likely . An alternative system has been proposed making use of

a dislocation loop containing two jog components.

7

P e Joes onone Disloeation Ring with a
Bupwers Aector b 1 the ring is expand-
yigr, i (), the jogs can glide in the
direction shown without  making  point
dioteets, But if the ring s contracting, a
e is reached, diggraom (b), at which a
I of puint defects can form.

In the expanding condition no point defects are formed but during
unloading when the ring gets to stage (b) it will disappear
leaving a line of point defects between the two jogs.

Friadelu postulated a process using two FrankeReid
gourcee in adjacent planes. These are thought to coanlesce

at the end of each cycle of operation to form a line of point
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defects. He calculated that

A _ =8
C = 10 &€ ( C = concentration of defects and
£ = strain)
This result is comparable with the values of
-
cC= 20 &
82 33
given by Seitz and Mott . On the other hand, Von Buren
34
and Jongenburger gave
o
c = € 2

35
and Blewidd observed a parabolic increase in single crystalse
(4) Introduction of Vagancieg by lNon-Stoichiometrys

In certain intermetallic compounds wacancies are sometimes
formed in order that the electron/unit cell ratio may be maintained.
The properties of these alloys are not really understood at

present.

Thermal Annealing of Point Lefedts
The vacancies and other point defects are narmally

forned in the metal in a more or less random manner. There is
reason to believe that in random distribution they do not harden
the material. It is as well to note that the electrical
regigtivity is increased by randomly dispersed defects.

The defects in excess of the equilibrium concentration
will, if the thermal conditions are satisfactory, diffuse to the
ginks available to them« These sinks can be either free surfaced

grain boundaries, or dislocations. Illaturally in a fairly coarse
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grained material the vast majority of the defects will reach
the dislocations and it is these which cause most of the observed
changes in properties during annealings

It was suggest@d by Jt"trj.edel.1 that the vacancies were
not amnihllated at the dislocatlons but are retained there in
the area round the dislocation line. However, this theory
does not appear to be fully acceptable as some work on quenched
wires has shoun that the length decreases with its electrical
resistivity“. This indicates that there was in fact a koss
0 f vacancles in the process. !Maddin and Cott.rell.’ gave as
a more probable interpretation that the dislocation line was in
fact broken up by jog formation and this leads to hardening.

The mechanism of the movement of the defect is of
the utmost importance in the interpretation of the phenomenon.

It is generally accepted that
B = EF + By

where = energy ol formation of vacancy

= energy of diffusion of vacancy.
It is normal to measure the life of a defect in terms of the
number of jumps it can make in its life. The time this will

take naturally depends upon the temperature. It is generally
9
accepted that the vacancy can make above 10 Jjumps in its

lifetime, and this is equivalent to about an average travel of
-3
10 cm. Ags pointed out above, more than one type of defect

will be present in the material at any one time. The main
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type of defect will naturally be the single vacancy but an
appreciable number of divacancies will also existe Koehler“
suggested that the vacancy existed for part of its life as a
divacancy but Kimara ahd Haddin” showed that this was most
unlikelye

The various species of point defects have different
diffusion characteristics and due to the different valucs of Ey
of the diffusion activation energies, anneal out at different
temperatures. This leads to a recovery spectrum for the
annealing of point defectsy Koohlorm et al discussed the
variocus stagese There are generally six stages in the annealing

of point defects in noble metals.

f
‘ Stage | ’Sgg_e_ll_l\ Stage IV
3 s i e AR 1\ —— Iradiate
[ \\\\ \ ----- Evaporated film (after Rasor)
| 2 S ~———_\ — — Cold-worked
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£ 075 “ \\ Stage V Stage V1
7 N, X \ iy — -
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@ \ SEo
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¥ 050 (S
z 025
0
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Fig. 7. Showing the various stages in the awmnealing out of imperfections
produced m copper by various methods,
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Stages (1) and (2) are reported only in irradiated specimens.
Stage (1) ie said to be due to the motion of interstitial atoms
and stage (2) to the movement of interstitial 4o« #@s
Stage (3) is thought to be due to the diffusion of divacancies
and stage (4) is due almost certainly to the diffusion of single
wacancies. Stage (5) is at present rather vague, but stage (6)
is probably due to recrystali.aation.

The activation energies for the various stages are
known epproximately and it is of some interest to note these
for the noble metals. Hnn';:l.ngdcn‘n gave the Ey for the copper
intergtitial atom as 0+07 =~ 027 e v The Ky for a single
vacancy in copper is, according to most of the reported results,
about 1+0 e v. Bartlett and ﬂienoa“ calculated that the energy
to move a divacancy would be % 3 %o }/2 &f that for a single vacancy.

When vacancges are quenched into a metal there is
another mechanism by which they can leave the lattice and this
is to form a vacancy ring which may collapse into a sessile
dislocation. The periphery of the ring can then act as a sink
for vacancies just as a dislocation line does. Kimura, bhddi::t al
calculated the decay laws for this type of systems The complication
of thies type of vacancy sink is that it increases in sige and
vacancy capturing area as more vecancies reach it. Dislocations

on the other hand are regarded as being essentially fixed sinks.
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It wac also shown that the quenching temperatures
could influence the type of hardening produced”. When the
metal (copper) was quenched from below 800°C narmal va&oncy
recovery was found.On quenching from above 800°C two stages
of recovery occurredy the first and faster was due to divaseancies
and the second and slower stage to vacanciess

Silcox and whelan“ showed by electron microscopy
measurements in a quenched aluminium foil the movement of
the quenched-in dislocatipn loopss The activation energy for

the movement of the ring was found to be the same as that for a
single vacancy. Hashburn“ showed that the cluster could be
removed by 5 % deformation. This indicates that small amounts
of plagtic work could actually reduce the dislocation densityd

In conclusion it may be said that most of the irradiation
and time dependent effects noted after deformation may with
confidence be related tomigration of point defacis. It has
been shown that the annealing of radiation damage proceeds
with the same activation efitegy as self diffusion.

Quenching gives rise in time to quench hardening which
appears with the same activation energy as that expected for the
movement of vacancies and divacanciess Levy and Metzgen“
meagured the internal friction of aluminium after wvarious rates
of cooling. They found that at slow rates of cooling the specimen

retained its amplitude depend#nt internal friction as might be
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expecteds An air cool left less of the amplitude dependent
effect and a quench removed it entirely.

Ag wag mentioned previously Granato and Lukeu proposed
that the Koster effect was due to the diffusion of lattice defects
to the dislocations causing the internal friction to decrease.

As the above theory is falrly well established it is now possible
to get at least quantitative measurements of the numbers of

point defects introducidb,m‘ferent types of deformation and
quenching processes. The direct comparison of internal friction
results with those obtained by yileld point, hardness, and electrical
conductivity presents little difficudty.

Ag can be geen from the above equations of Granato and
I..t.tke10 , very little dislocation internal friction is to be
expected vhen the loop length of the dislocation is reduced to
about one atomic spacing between pinning points. However, it is
readily calculated that in most types of deformation which havd
been studied up to date, the number of vacancies produced is more
than enough to saturate the available dislocation lines. It would
then appear that dislocation internal friction could only usefully
study the earlicr stages of deformation. Internal friction
meagurenent will probably give useful data in the diffusion
activation energies for the various species of point defects
encountereds It should however be remembered that the theories

18

of Granato and Luke apply only to a dislocation sink for

vacancies and it is known that vacancy clusters can form an
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alternative trap for excess vacanciess Thie will probably
become significant in quenching experiments where the wacancy

clusters appear to be most common.
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SECTIUN C

The LBifect of Internal on on erties of a Metal

If a noble metal contains a small percentage of a
bager solute, then it is possible by annealing the alloy in a
dilute oxygen atmosphere to oxidise the solute without oxidising
the solvent. Rhinesﬁaahouad that the rate of internal oxidation
could be expressed by the formula

log -%:- = % + b where x is the penetration in cms.

t the time in seconds
a and b are constants

This equation was shown to hold in copper alloys for temperatures
between 750°C and 1000°C and the constants a and b were given
for a large range of solutes.

It is easily shown thnt oxide precipitatevtakes placer
on the grain boundaries preferentially because the rate of oxygen
diffusion is greatest at the boundary. Hoodfv gshowed that the
size of the precipitated oxide increased as the distance from the
surface of the specimen increased. The hardness was also shown
to decrease as the digtance from the surface increased and the
grain gige wns larger at the centre.

The present interest in internally oxidised material
is stimulated by the fact that unlike many other types of dispersion
hardened alloys, they retain their strength at higher temperatures.
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Another important point is that the reduction in thermal and
electrical conductivities is not as severe as is the case with
s0lid golutions. The only really serious handicap is that
the precipitate of oxide at the grain boundaries can reduce
the properties of the alloy. Various methods of avoiding
this are used successfully.

Oxide dispersions can be produced in a number of ways.
The most obvious and widely used is to sinter the metal and
oxide together in the form of powders which avoids the grain
boundary effect mentioned above. An alternative method is to
make up a solid solution alloy and oxidise 1t in a dilute atmosphere
of oxygen at elevated temperature. This can be done in copper
alloys by passing a stream of argon containing a little oxygen
over the specimens. The more usual method is to seal the
gpecimens up in an mrgon atmosphere over a mixture of copper and
cuprous oxide powders.

Various theories have, from time to time, been put
farward to explain the process of dispersion hardening and it
is convenient to consider these in relation to internally oxidised
specimens. Mottt and tha.rro“postuhtad that the solute caused
internal stresses in the matrix due to the misfit of the particle.
They gave P the yield strength in sheer as

T = 2GEF G = modulus of rigidity

€ = strain in precipitate
F = volume fraction of solute atoms
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When the {lexibility of the dislocation line was taken into account
the critical distance between the particles was shown to be

¢ = E-t-’-f- where b is the Burgers vedtor

This equation gave A  for the critical spacing as about 50 atomic
spacings which is of the correct order.
50
Qrow‘x proposed that dislocation loops were left
encircling the precipitated particles causing the hardening effect.

M € showed that

This equation has the advantage that it &llustrates that in
averaging as A incresses "> decreases.  Possibly a slight
modification to this theory to compensate for the particle

size is required.

G b
7 = x—:;-— vhere a is the particle radius

Geisler“suggestad that coherency strains in the lattice
round the precipitate gave it a larger effective radius and
this reduce$ A,

As mentioned above the hardness and tensile strength of
a dispersion hardened alloy is found to be mare oar lese inversely
proportional to the size of the precipitated particles. The creep
properties of internally oxidised copper/aluminium/silicon alloys
were shown by !fartin and Smith“ to be much superior to the

unoxidised alloys. On the other hand the fatigue properties
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were poorer in a polycrystalline specimen. In a gingle crystal
however the fatigue properties had improveds In every case the
fin.r particle gave the best propertiess The weakness in fatigue
in the polycrystalline material brings out the deleterious effect
of the preferential deposition of oxide at the grain boundaries.
Internal friction measurements are of considerable
interest. In the solid solution alloy the solute atoms will be
firmly attached to the dislocation lines and not amplitude dependant,
and very little independant damping will be founde On internal
oxidation the solute atoms are removed from the lattice and are
precipitated as oxide particless This will have the effect
of unpinning the dislocation.lines. This will allow amplitude
dependant internal friction to be observeds IHowever, this
argument does not allow for the hardening by the particles.
0' Hara and Gibbonss. showed for Cu/0+27%5 that when the alloy was
externally oxidised ite internal friction became higher even than
that of pure annealed copper. The reason given for this was
that the silica particles which were spherical gave rise to strain
in the lattice on cooling from the oxidising temperature and ca used
the creation of loosely pinned dislocations. There seems little
doubt that such particles can in fact cause such effects as
dislocations have been seen in gilver chlarido’.and iron allqys"

round precipitates.
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The increase in internal friction after internal oxidation,
where it should be remembered that the metal still contained some
oxygen, indicates an apparent increase in the loop length of the
dislocations. This seems rather strange in view of the fact
that the metal bad been hardened. Possibly an explanation can
be found in the fact that dislocation damping is measured on only
a few atomic spacings of dislocation movement, while the yield
point measuremente require quite extensive movement for their
measurement, Thus it may be that the precipitation barriers do
not interfere greatly with the vibration of the dislocation lines.
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The common interstitial elements which dissolve in

iron, i.e., carbon, nitrogen and perhaps hydrogen, are thought
to give rise to two types of effects The firet is the diffusion
of the interstitial atoms to the dislocation which they then
impede in motion. The second effect is the formation and
precipitation of carbides and nitrides which have varied effects
on the mechanical properties depending on their distribution
and slze.

As previously described, Cottrell and Bei].by‘ and later
Ha.rper“ gave the laws for the segregation of interstitial atoms
to the dislocations

é?e (1 :t) = =& ( (éi%l.)}j A is a constant
a fraction of atoms moved
to dislocations

This equation has been shown to hold up to almost total
precipitation at least as far as internal friction results are
concerned. The effects of ageing on the other physical properties
are rather more complex. Wilson and Ruaaell” measured the effects
on various mechanical properties. They showed that the yield point
returned when the segregation had reached about one atom per PLAVE
in the dislocation lines. The yield point rose quite rapidly during

this stage of ageing as did the Iidders Band energy.
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A second stage then started which was rather less effective in
raising the yield point. This was taken as representing the
formation of an outer envelope of interstitial atoms.lp to the

end of this second stage the 'precipitates' are easily redissolved
by straining.

When the segregation reaches more than about two
atoms over the unit length of the dislocation line the segregation
becomes more stable and reduces the ductility and affects the
work hardening properties of the material.

Ag mentioned earlicr, the height of the internal friction
peak was a measurement of the quantity of carbon or nitrogen left in
the lattice. It is thus possible to follow the ageing of an iron
alloy containing either carbon or nitrogen by an internal friction
method. Unfortunately the mare realistic experiment with both
carbon and nitrogen is complicated by the fact that interaction
takes place between the relaxation processes. The carbon and
nitrogen relaxation peaks lie close together and must overlap in
measurenent and their resolution is rather difficult. It is also
known that the presence of carbon influences the position of the
nitrogen peak. Other alloying elements are thought to have
gimilar effects.

It may well be possible to use the measurement of
dislocation internal friction to follow the ageing process. On
quenching the dislocation line will contain fewer interstitial
atoms than it would on equilibrium and its loop length will be
longer. As ageing proceeds the loop length will be reduced
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and with it the dislocation damping. As described earlier, there

is a theory which allows a connection to be made between diffusion of
point defects and dislocation damping. It is felt that this

type of measurement would be a more direct measure of the state

of ageing of a material than the previous method at least in

the first stages of ageing.
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APPARATUS

The apparatus used was of the type first described hy
Forster. In this type of apparatus the specimen, in the form
of a rod or bar, vibrates in a free-free transverse manner. The
frequency of vibration is decided purely by the shape of the
specimen. The gpecimen is supported horizontally by two threads
at positions just outgide the nodes of vihration. The upper ends
of the threads were attached to Hochelle salt piéso elactric
crystals. These crystals were used to excite and detect the
vibration of the specimen. The crystals were attached by means
of rubber faced clamps at their mid-points to heavy pieces of
steel which were supported by a three spring arrangement. This
systenm was designed to reduce as far as poscible the effects of
external vibration. The general arrangement is shown in Pig.l'i
The erystals were of the parallel bender type 1" x 06" x +25"
manufactured by Messrs. Cosmocord, Ltd. Connection to the
erystaels was made by voiled varnished wires. The driver crystal
was powered by a Muirhead Wigan D = 650 decade oscillator which
could supply up to 2 watts into a 7000 impedance at any
frequency between 1 ¢/s and 10 K ¢/s. It had a specified accuracy
of # 0+2% and on servicing checks was generally found to be much
more accurate than this.

The receiver crystal was connected to a Muirhead D 690~ A

analyser. This is in effect a tunable amplifier with a self-contained
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voltmeter. Previous experience had shown that in order to make
accurate measurement at small amplitudes, it was essential to eliminate
any spurious signal or hum in the apparatus, and this can best be
done by using a tuneable amplifier. This amplifier was fitted
with a standard attenuator, which allowed measuremenis at full
scale deflection of from 3004/ to 3V to be made at any frequency
between 30 ¢/s and 30 Kc/s.

A Cossor 1049 M III oseilloscope was used %o display the
wave form from the analyser. This instrument had ariginally been
chosen ag it usedD.C. ampdificrs which have a better frequency
response than the A.C. amplifiers in the other instruments available.
The main amplifier in the oscilloscope had a gain of approximately
800 times and in order to extend measurements to lower amplitudes
it was used to feed a valwe-voltmeter. The valve volimeter was a
Marconi TF 1300. This is quite a normal valve voltmcter. The
circuit arrangement is shown below.
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The two resistors between the oscillator and the driver crystal
require some explanation. The 10 KA potentiometer was simply
to allow finer control of the output of the oscillator. The
7 KNl resistor was put in the circuit in order that the oscillator
would be correctly loaded. This was thought necessary as the
oscillator was designed to feed into a 7 KM impedance and the
crystal was found to have an impedance of about 50 K/ at the
frequencies used.

Throughout the apparatus the greatest possible care was
taken to shield the electrical gystem from interference. It was
quite evident that a great deal of external electrical interference
could be expected in the laboratory. Allleconnecting wires were
of co-a@xial cable and connections made by jack-plugs in order
to reduce the pick up of interference. It was found that under
certain conditions electrical coupling could occur between the
coiled wires of the exciting and detecting systens. This was
largely avoided by placing a sheet steel bafile round the wires
to the receiver crystal. Three sets of crystals were used,
and while they differed in actual construction, they were made
ag far ag poseible functionally identical. Each of the sets of
apparatus had its own 7000/ resistors and it was felt that this
woe better than a gingle resgistor at the oscillator. Only one
set of flexible leads was used and comnections made by jack-plugs
at each of the three sets of crystals.
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Even with a tuneable amplifier it was felt that the
50 ¢/s pick up by the apparatus from the main should be reduced
to 2 minimums The narmal trial and errar procedure with earthing
vire positions, etc., was carried out. As every apparatus operates
under unique conditions it is pointless to describe these in deteil.

A point worth noting is that an earthed steel shecet bencath the
apparatus was of the greatest value in reducing mains frequency
interference.

The electronic apparatus required some hours to stabilise
sufficiently far accurate use and for convenience a contactor
clock was uced to switch the apparatus on in the morning.

As it was felt that it would be useful to measure the internal
friction at temperatures above and below room temperature, two baths
were constructed. The low temperature bath was simply a lagged
glass container. The gpecimen was suspended in a small copper
container whose crosg-gection wag like an inverted keyhole. This
container was surrounded by the liquid cooling medium, i.e. acetone or
methylated spirits and dricold ar liquid air. The higher temperature
bath was a lagged copper tank which was heated by an electric kettle
element. Figwre6 . For temperatures up to 200°C an oil heating
medium was used with the copper container described above. A sgimple
controller was constructed for this bath and is shown in Figure .
The apperatus functioned fairly well and gave reasonable control 3%i°c
over the working range. It was conctructed to take up as little

room as possible in the heating space.



Fig. §A Clamping of Crystal

Fig.6 Low and High Temperature Baths with
Specimen Container.
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Crystal Arrangements From a considerable amount of past
experience, it was found necessary to adjust the clamping pressure
on the crystals very carefully. /(:nln the receiver crystal especially
it was found that the output voltage for a given amplitude of
vibration was very sensitive to the clamping pressure. In practice
the clamping on the crystal was adjusted to give 80 - 90% of its
maximum possible output voltage. This allowed all the crystals
to be made as far as possible similar. It wvas necessary to check
the output of a crystal a few days after setting as it tended to
change as the rubber bedded in. The exciter crystal was simply
adjusted to give the best driving effect. It wvas found that
these crystals tended to fracture if the voltage applicd exceeded
30 volts and this limited the maximum permissible power applied.

As the crystals were cut from Rochelle salt,i.e. sodium-
potassium tartrate hydrated, they will tend to decompose under
vacuum and the apparatus was used in air at atmospheric pressure.
Replacement with a non-hydrai;.ed crystal was not considered possible
as the available materials were not sufficiently sensitive.

Ag mentioned above, the power efficiency of the oscillator -
piezo-electric system was rather poor due to the difference in
impedance of the oscidlator and erystal and this is also a factor
which reduces the maximum power available. An attenpt was made
to increase the power to the specimen by WEPLNCIM Che exciter
crystal by an electromagnetic driver (Goodman). However

it transpired that the small Goodman available (P W) did not even
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with a matching amplifier drive as efficiently as a crystal.
o larger drives were manufactured apart from very large sizes
indeed. The electromagnetic drive method was then abandoned
after 1t had been found that the vibrator was too sensitive to
a small low frequency signal in the amplifier gystem.

For reasons which will be more fully discussed later, it
would be useful to support the specimen at the nodes and drive
and detach by magnetic forces alone. A nmagneto-gtriction
drive was constructed but did not prove sufficiently sensitive
and the methou was abandoned.

Calibration of A atu

The frequency accuracy of the osciliator was checked
by the manufacturers from time to time and was accepted as
accurate to the specified limits.

The accuracy and linearity of the analyser, oscilloscope
and meter are of paramount importance. The method of calibration
is shown in Figure § . The voltage from the oscillator wes
kept constant from the reading on the valve volimeter. The
detecting system was supplied from the standard attenuator which
passed an accurate fraction of the voltage supplied to it.

A geries of readings were taken on the analyser and second
valve volgmeter as the standard attenuator was varied. Graph (1).
The supply frequency used in these experiments was 1700 ¢/s which
was close to the frequencies to be useds The analyser was found
to be quite linear and perfectly reliable. The analyser
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attenuator was checked and found to be standard. The analyger
had a self-contained calibration method and could be checked
and adjusted very quickly and eagily. The oscillogcope = valve
voltmeter system was much less linear and would require a
calibration chart if it were to be used. lHowever, using the
standard attenuator on the analyser at any time the required
calibration could be obtained in seconds.
Calibration of Crystals

The deflection of the receiver crystal caused a voltage
to be transmitted to the analyser. In order to calculate
the amplitude of vibration and the strain in the specimen it
was necessary to know the voltage/amplitude relationghip for
specimen vibration.

A proximity meter method was tried, but did not prove
sufficiently sensitive. A microscopic method was then adopted.
The centre of a specimen was coated with black cellulose and
while this was still sticky some 700 mesh Carbarundum powder
was blown into it. This gives small angular particles which
show up well against a dark background. A metallurgical
microscope was mounted horizontally at the centre( antinode)
of the specimen at ite maximum magnification. A graticule
eyeplece was used to meagure the size of a particle in the centre
of the field. The gpecimen was then made to vibrate to give
a certain voltage on the receiver crystal and its apparent

vertical sige was noted from the microscope. As it wes only
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possible to use the above method at relatively high amplitudes
it was necessary to assume that the amplitude/voltage relationship
was linear and could be extrapolated to low amplitudes. Several
amplitude, véltage measurements using different particles were
made. Graph (2). Kach set of crystals wes adjusted by
means of the clamping screws to be asg close as possible to each
other. The accuracy of these measurements was not better than
+ 107,
Cal lon of Strain Lpec
In order to arrive at the strain in the specimen from
the above microscopic results it was necessary to consider the
nature of free-free vibration of a rod.
For a gmall deflection the curvature is given by
B SRS - o
x = distance from centre
The bending moment M is given hy

B is a constant

A B is the neutral axis
Congider a b at distance

r from A B of length § x
Area ¢
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a.b' after bending = 6 x +4A

Now if E = Young's modulus
F ( force) = -Ei-f"-f‘--

low . the [ where -‘A;- =..E. (strain)

Moment = _E_%}_f_

Total moment PS8 on arec 8

& Eiwr' n .L&a-

R
2 %
2
where K = radiue of gyration = 2— » -%

if a is the radius of a circular gpecimen and

t the thiglmess of a rectangular one
R dx®
M

=BSK.1;_

dx

If F is transverse shear force, /0 is density

S 1s area

2
dY. = acceleration of #x

d t®
8 F = /OS bx %:5

s Fi- gz - g



As the area © is rotated by a smallangle & = g

Ig_%_sz*l?bx

This gives L 8 ‘q:x_ - K. Q*z - -iﬁ
dt® dx® dt® d

for small deflections we get

iz « @ { g
dt ye
where C = / ’_ the velocity of the longitudinal wave
z = a co8 n % agsumed
iy = Pu
d x' E ¥
&
Jg = ny
& 2
m = ot
E K8

¥y = (Acosh mx + B shin mx+(coemx ¢+ Dsinmx) cosnt

By applying the end conditions of a bar of length 1 and mid

point x
2
= dk = 0 at x = > *2_1
dj a x
This gives
y = (A coshmx+Ccos mx) cos nt
X = m£ = (S-J;)ﬂ' + B
2

where 8 = 1, & 8§ =

B is small except wvhen S =/



Thus m

=& én
i)
N = zﬁ%:LT_AHS' i"l. /./E-_;_-‘

Where N is the frequency in cycles per second.
This is the equation for transverse vibration

when 8 =1, (48 = 1) = 30112 ( due the factor B)
This leads to the results (Wood)

%gi_‘ _Igiib;; of Position of Nodes R:gio of
1 2 0e 2242, 07758 1
2 3 0+ 132, 050, 0-8679 R+ 756
3 4 0-094, 0-356, 0-644, 0-905 5404
4 4 5 0-073, 0-277,0-50, 0-72, 0-926 933

Now using Y% = (Acoshmx + Ccosmx) cos nt at the maximum
deflection of the bar (centre) amd cos nt =1

The radius of the bent bar is given by

WA | Amnshinmx~-Cmsinmx
d x
.‘f_";: A m’coshmx-Cm’cosmx
d x

1
R = #(Acoshmx=C Cos m x)

At the eentre of the bar x =0
KX
n (A - €)

R



How consider the nodes at the same time
% =0 (by definition of lst harmonic node)
For a 10 cm bar m = 0.473
O=Acoshmx +C cosmzx
= A cosh 00473 x 2758 + C cosh 0473 x 2753
= A cosh 1+3 « C cos 1-3

= A 19709 + C cos 74+50

= «=0+1324

< >

= C (=0-1324 coshm x + cos m x )

at x = 0

y = 08676 C
This gives the required correlation between the values of
A and C for fundamental deflections

A = =0-1324 C

= 08676 C
A-«C = 13y
R = - 1
m (A = C) 0223 x 13y

Strain &~ = o » 0231 x 00223 x 1+3y fpr 3/16" dia. bar

£m = 0067y
From the relationship of % obtained microscopically and the voltage

the £ m/voltage relation is deduced

This gives i
iv= 16 x10 iy

il -
Enm = 0087 x16 x10 = 1x10
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While the relative values of amplitude can be given with some
accuracy the absolute amplitude is not known to better than & 10%
Higher Harmonics

A bar in free-free motion can only vibrate in a node
which is symmetrical about its centre (Wood). This meang that
S = 2 is not a pogsible harmonic in this apparatus. This was
shown experimentally to be the case.
When S8 = 3 vibration is poessible, but from the equation

= acoshmx +C cosmzx

it can be seen that when x 1is greater than one centimetre, the
exponéntial part is greater than the cosine. This considerably
complicates the problem and as little advantage would be obtained
by a five fold increase in frequency, 1t was decided not to use
higher harmonics at least where the amplitude was of importance.
The Effect of Support Position

In theFio:ster apparatus the specimen is supported at a
point other than the node of vibration. This is of course
necessary if any exciting or detecting of the specimen is required.
The threads used for supporting have unfortunately a damping effect
on the specimen and it was noted by Forster than this increased as
the distance of the support from the node increased.

Wachtman and Teﬁ‘t‘;ve the following arialysis of the

systenm



It Q;‘ is damping due to apparatus
@, is damping of specimen
@;' is total (apparent) damping
Then if y is the movement of the thread and JOthe movement of the

end of the specimen
-l
2
o X kg ¥

Ry kg g

and ....;k.;‘;'..a k
ks ‘ "
G = Qv R 8 %)

Rayleigh gave the value of , %o 88 "

= 12008 (assh 4-73%«,“ 4:73€)=(shin 4:73% + sin 4:739

Where x 1s the distance from the end of the specimen, lengt.hae

By meaauring&* for various positions of %o it is possible to
calculate the values of k and ' « If as is normally

the case the gpecimens are amplitude dependant,it is necessary
to keep the amplitude constant to maintain &,{ ‘ . This was done
by OVHara, who calculated the voltage to be expected on the
receiver crystal with the supports in various pogitions agssuning
constant amplitude of specimen vibration. As it vas extremely
difficult to place the threads accurately on the gpecimen the

method was rather inaccurateé due to errors in specimen amplitude.
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The present apparatus was constructed to allow measurements
at low amplitudes of vibration ( £, = 1 x 10.3 where no dmplitude
dependance ig found in the specimens used. The damping of the
specimen was meaguped at low amplitude for the threads in a series
of positions and a graph drawn of distance from node/ A Graph (3).
This was extrapolated to the node to give the true damping of the
specimen. It was felt that this method was sufficiently accurate
for the present work.

It will be noted from the results shown that each of
the suspension sets gave a different value of apparatus damping.
This could be explained by the different types of threads used in each

suspensgion set.

Conclugionsgs
An apparatus had been developed which was capable of

making measurements of internal friction over quite a wide range
of strain amplitudes. While the relative amplitudes are known
with some accuracy, the absolute values are only approximately
known. The different sets of apparatus while similar are not
identical and it is important that all measurements in one set

of experiments should be made on the same receiver crystal method
of measuring internal friction.

The width of the resonant peak was used to measure the
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internal friction. The specimen after being placed in the
apparatus was vibratedand ite resonant frequency found by esperiment
The voltage fed to the exciter crystal was then altered until the
output voltage from the detector crystal had reached a chosen

value. This fregquency Vr was then noted and the frequency of
the oscillator raised until the voltage output was exactly half
that of the resonmant frequency Vg. The frequency was then
lowered until the voltage was again half V3. The internal
friction is then given by

d = ﬁ‘ Vg = Y
The amplitude of vibration at the resonant frequency was chosen
80 that normally a full scale deflection was obtained on the
analyser and alterations in amplitude were obtained by varying
the attenuator on the analyser. As this was calibrated in
decibels, it vas narmal to increase the amplitude by a factor
of 10 d.bs, which corresponds to an increase of about 7:6 times.
Occasionally 6 d.b. increases were used and this corresponded to
doubling the amplitude. Ag described above, it was necessary
on occagion to use the amplifier oscillator and a valve voltmeter
to make measwrements at lower amplitudess The process was

similar but a calibration of the system was needed.
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Annea Proces

Mogt of the specimens used were vacuum annealed to
remove gagcs and internal stresses as well as to obtain a
suitable grain size. The furnace used was a harizontal crucilite
furnace with a 2.1/4" mullite tube The vacuum gystem was a
normal two stage oil diifusion pump backed by a two stage rotary
pump. The vacuun obtained was of the order of 5 x lOTn.m. Hg.

o cold trap was used and a Sonders type valve was used in place
of the normal flap type.

Copper specimens were annealed in spectrographically
pure graphite rods. All other metals used were annealed on open
alumina plaques grooved to hold the specimens.

The furnace was arranged to give an even temperature over
about six inches at its centre and was controlled by a Kelvine-Hughes
controller working from a dromel-alumel couple. (uenching was
done either from argon or under vacuum. The argon quench was
done from a 2" vertical nichrome furnace, the specimen being held
by a 40 gauge nichrome wire with a slip knob at its end. The
quenching medium was water at room temperature. The water contained
a cushion of glase wool to prevent jarring of the specimen. The

vacuum quench wag arranged so that all necessary :éper'atio "

were done under vacuum. The furnace was vertical and pumped

by a rotary/oil diffusion system. The vacuum system was attached
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to the furnace by a T junction at its lower end. A 1.1/2" dia
Saunders valve was used %o seal the diffusion pumps A by=-pass
syctem vas alco includede The top of the furnace tube was
sealed by a copper cap through which an insulated electrode
passed. The specimen wag supported by a wire with a slip knot
at the top of which was a small brase vasher. This washer was
supported from an iron wire stretched between the terminals in
the top cap. The specimen was quenched by fusing the iron wire
by a heavy electrical cwirent. The brass washer was found to be
essential in order to ensure that the iron wire did not weld to
the wire which supported the specimen. The specimen support
wire depended upon the temperature and specimen used. Platinum
wire was used for nickel gpecimens quenched from about 1200°C.,
iron wire for iron specimens and nichrome wire for silver gpecimens.

The quenching medium was diffusion pump oil in the lower
leg of the T junction. Again glass wool was used to prevent
Jarring.

Internal oxidation was done in a harizontal closed end
furnace with a 2.1/4" dia. aluminous parcelain tube. A static
atmosphere of argon was used and the pressure of this was increased
from day to day as required. The furnace which was controlled by a
Kelvineliughes controller was wound with a graded element to
obtain a very even heating gone. Wet hydrogen treatment
was also done in this furnace. A few cubic centimeters of

hydrogen per minute were bubbled through water at room temperature
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before being admitted to the furnace.

Nitriding was done ina 3" dia. nichrome furnace.
Hydrogen and ammonia were passed through separate flow gauges,
nmixed and passed into the furnace. Alracking furnace was used to
digpose of any remaining ammonia.
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CHAPTER 3

THS SFFECT OF USFORMATION ON OXYGEN FREE
HIGH CONDUCTIVITY COPPER

(1) Tensile Elongation
(2) Quenching

(3) biscussion
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The iffect of Deformation on Uxygen Free High Conductivity Copper

{l) Tengile klongation

It was known from the literature that deformation would
either increase or decrease the internal friction of an annealed
material and that certain time dependant processes were at work.
However, no complete range of data was available for different
amounts of deformation. As some wark had already been done in
the department on copper it was decided to use the same material,
as far as possible under the same conditions. The specimens
were in the form of 3/16" dia. rod made to B.S.S5. 1861. The
rods were annealed under vacuum at 930° for 1.1/2 hours in
hollow graphite rods. This resulted in a uniform and convenient
grain size.After annealing the specimens werd always handled
with the utmost care to prevent accidental deformation. The
specimens were annealed in 15 em lengths and were cut to 10 c.m.
after deformation, thus removing the rather distorted ends which
had been gripped by the jaws of the tensile machine.

The tensile machine used was a 25 ton Avery testing
machine but as it was necessary to remove the unbroken specimen
without bending a modification was necessary. The upper end
of the specimen was secured by a Hounsfield wire testing jaw
which was suspended from the upper jaw of the Avery machine by
a chain. The lower end of the specimen was simply held by
the normal gheet jaw for the Avery machine. The specimen was

first fitted into the Hounsfield grip which was then placed on
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the chain in the tensile machine. The height of the machine
was adjusted until the lower part of the specimen could be
held in the lower jaw. The specimen was then elongated in
the normal way and the load releaged. The lower jaw of the
tensile machine would then either drop free by itself or fall if
lightly tappeds The gpecimen and the Hounsfield grip were then
removeds The Hounsfield grip was unscrewed and the jaws knocked
back by & tube placed round the gpecimen. The specimen was then
sawn to length by a fine jeweller's saws Only the ends to be
discarded were held in the vices The specimen was then placed
in the apparatus and measured in the usual way.

It wvas shown by experiment that the clamping and sawing
carried out had virtually no effect on the internal friction of
the speeimen if done carefully. The probable reason for this
is that the ends of the gpecimen do not contribute to the internal
friction in the Forster apparatus and hence the slight deformation
inevitable in sawing is of no significance.

A normel stressg/strain curve for the material was
determined and this is shown in Graph (4). The extensometer
used was a 2" gauge Hounsfield on a six inch specimen for the
lower range and a pair of callipers for the larger extensions.

The following recults were obtained before the analyser

wag put into the system and this meant that no amplitude independent
(AI ) measurements could be made directly. To make such amplitude
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independent measurements it was necessary to obtain a series
of internal friction measurements at various amplitudes and
extrapolate to zero stress. While this could be done, some
time was required and 1little useful data on recovery could be
obtained.
The results shown in Graph No. (5) are the measurments
ours

of internal friction determined ]l and 24 After deformation at a

-8
maximunm strain amplitude of 2+5 x 10 . It will be noted that
the internal friction increases rapidly up to about 1/2% elongation

and then decreases more slowly until it is almost constant at
about 7% elongation. It will be clear that at the higher
internal friction ranre a considerable scatter is found in the

results while the lower internal friction results a:e more reproducible.
The extent of the recovery with time will be seen to be greatest

where the internal friction is highest. This is in complete
agreement with most of the reported investigations. The actual
rate of recovery was thought to be of some interest and it was
decided to measure it.

As recovery rates can only be compared if the specimens
used are equally stressed in measurement, it is necegsary to adopt
two standard amplitudes of measurement. The lower of these was
chosen so that the specimen was not stressed into the amplitude
dependent region. This measured not only the amplitude independent
dislocation internal friction but also all the other types of
internal friction acting in the specimen. The apparatus
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damping was also included in this measurement. The second
meagurement was made at a very much higher amplitude and included
the amplitude dependant intern=l frication. The Ay part

of the internal friction could then be obtained by simply
subtracting the two above values. The advantage of the
analyser in the circuit is that direct measurement of the
independent part of the internal friction ig easily made.

As the driving power of the apparatus was rather
limited it was necessary to select some amplitude of wibration
which could be reached with the specimens used. Naturally
specimens of high internal friction were more difficult to excite
and thus the higher damping of the specimens which had been
subjected to small amounts of deformation governed the maximum
amplitude permicsible. After some experiment it was decided

- -6
to use strain amplitudes of 5x 10 and 1x10 ag these
appeared to be the best for the elongations used, i.e. 2%, 3%,

4+27, and 56/ measurements were made only for about the first

30 mimutes after deformation as most of the recovery appeared

to take place during this time. The results are showm in

Graphs 6, 7, 8 and 9 plotted by log 'ﬁH/t”. the reason for this
rather peculiar plot ies thet from the results of 0'Hara and the
theories of Granato and Luke a straight line should be obtained.

Ag ig obvious there is a great deal of scatter in the results.

This may be explained from a shortcoming in the oscillator used.

Ags it was a decade ingtrument slight inaccuracies were inevitable
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between the scale settings and the frequency supplied. Unfortunately
these slight differences, while proportionally very small, were
enough to scatter the recovery results. It was felt that as
the t“’ low was known to hold rigidly,for this type of recovery
parallel lines could be drawn through the experimental results
and give the correct recovery line. The vertical displacement
between the lines was taken to be due to ﬁ'equency‘errors in
the apparatus. NHaturally this error will be much less severe
with high 4 H values and at all times it was nececcary to use
amplitudes which gave a reasonably high A N if thage effect was
to be reduced. However, at all times it was necessary to allow
for this effect im interpreting any recovery data.

The results while rather unsatisfactory show that the
rate of recovery is greater for the greatest elongation.
Granato and I..uke’.ls gave
= 2-5./1./\.1;;&4_4_‘__ [___J: +{;Ua i
a

nse £o it
J %)
Sl (z‘(CwaCozg)(er'c,)
Thus logd M $2
%
s 4 /‘ M 6‘ 3
2 z?'(c‘“c”)(l’cw+c.o)7-(5f'?) 4

Thus the gradient of log‘”ytk’ = R os given by

Kna Lg
R:-Z-o- (Czo)_é.__(&gr) 3

B
=B Cio(KMf) ?

Where C and E are congtants.
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Thus if the diffusion coefficient D is a constant, then a plot
of R/G;; should be a gtraight line. Cottrell gave the con=
centration of vacancies to be proportional to the elongation.
The values of /A obtained were plotted against elongation and
are shown in Graph (10). This shows quite & regular curve
and thus it seems that the value of the diffusion coefiicient D
varies with the amount of elongation.

The activation energy of the recovery process is
likely to be of more significance than the diffusion coefficient.
The activation energy is also obtained from the Granato and
Luke equation

Ay= A exp [ =As (Coo + Cgo)(1 + B :")]
logah= =A; (Cio + Cgo)(1 + B t."’)

Gradient of 3,
lcgazg,h = @iy (Cio +Cz0) B ¢

Substituting for B
3.
R= A Cyo = p) ?
£

g1t = X v § Gy, T3 &

log R-T% =2 Q.
3 KT

Gradient of log ReT 3/ is $3

Thus when the temperature dependance of gradient of logd f'/t”

is determined the activation energy for the process may be calculated.



The experimental results obtained using the method
previcusly described suffer from a rather serious drawback.

As previcusly mentioned the slight inaccurscies when changing
from scale % ccale in the oscillator lead %o an apparent
seattering of the results. The osclilatar used was a decade
Lnstrunent and while very accurate and otable when compared
wvith othor commercinl instruments, the small margin of errar
became quite importante The spread of the peak at half width
wag of the order of units of cycles on a resonant frequency of
about 1500 c/s.

With the decade instrument used a frequency variation
of 0 - 1 ¢/8 could be obbained by the rotation of a control which
gave contimuous variations over tho range O - 1°2 ¢o/s. liowever,
if as narmally was the case o frequency variation of more than
1 o/e wups required then a control giving a variation of 0 - 10 ¢o/e
in 1 ¢/8 increments wes useds It was found that the increments
obtained in this way wore not exactly 1 ¢/s but included a small error
due to the apparatus. The total insotrument error wne quoted
by the manufacturers to be & 027 of the frequency. laturally
this error did not occur altogether in one contral but this figure
may be taken as the maximun frequoncy error. While small compared
with the sctual warking frequency (approximately 1500 o/s), it is
rathex Jlarge when measuring the width of the resonant peak, over
say 5 o/s. In actual fact the total instrument error was found



to be much less than the figure quoted above. laturally if for
any reason it was necessary to change either the 10 - 100 g/s

ot the 100-1000 ¢/s ranges a more serious errar was likely to be
introduced. Vhen a messurement of internal friction was being
made the freguency difference at the half peak height was
deternined normally by moving both the 0 « 1 and 1 = 10 o/s
controls though occasiomally it was necessary to change the

10 - 100 ¢/s contral.  While the frequengy difference and
hence the intermal friction thus deternined was not absolutely
accurate, this i» not of prime importance so long ns the rest

of the readings in the set were made Ly moving the 1 - 10

and 10 = 100 ¢/s controls by @motly the same increments for each
reading time. fowever, ag the internal friction changed with time
thls was not alwaye possible. It must also be remembored that
during a recovery process the resomant frequency of the specimen
may be expected to incroase. Thus during an experinent there
will be a steady change in resonant frequency and hence a change
in the particular settings required %o measpuwre the internal friction
and the errars introduced will also tend %o changes Tims a
mmber of succescive recovery measurements ware often made with the
pame digites used and henoe with a constant error and the next
one or two readings may be made with perhape only one digit
changed but with a different error. When these results are



plotted there will be o eudden interruption of o recovery line
but both partions of the line will be parallel. Uince the

activation energy depends only on the alope of the line theoe

interruptions are not impostant 00 long as She clopes oan be

found with certainty.

A the final plot of LogAll depends on two separate
internal friction noasurenents, 1t is % be expected nt thece
vardstions would be quite frequent. lowewver, 1 the A I wvalue
i of the arder of 3 - 4 /8 1% wap found Shat the only errar
vhich wes appreciable wne Simt dus %0 the change of the 10 « 100 c/e
contrals If on the other hand the A F value was only of the
order of 1 ¢/0 ar lero Shon a preciable errars werge introduced
W the 1 » 10 o/s range.

For these reasons it was necessary when exnnining a set
of oxperimental reculte to plot a series of purallel lines rathey
than o single line which nijhé appear %o be tho best for the
evailable points.  When thore wap doubt us %o which were She
covreet lineo to draw 4% wus nocessary % auanine She arigimal
readings %0 deternine at which pointe discontinuities may be
expoctod. It wnp often the cane that two or tlwee pointe fell
on cne line, the next two or so on another parallel line, and then
perbaps some more neay the firet line.  This comes about oimply
bocnuse succeedin; errors must cancel 4f thoy are not to become
semlative. aturally somw trepidation was felt with regard to
a oingle vet of repulte of this nature and 1% wap nocespary %o



obtain confirmmtion from replicate experimente. In the
following rosults, while often only one ar two sete of results
are shown, in each case confirmatory results were obiained but
not plotted for the sake of clarity.

The method used is best apprecinted Wy considering
two typical graphs chosen at random from the following resulte.
Graph 8 shows the recovery of copper after 4+47 elongations The
pointe at 4, 8, 13 minutes are on one line, while the points
at 12 and 22 ninutes are on another parallel line.

This interpretation arices from th: faet that at
4 and 6 mimutes 0ll the readings were made in the range 1630-1640 o/s.
The readings at 13 and 22 ninutes were made with the lower readings
in the 1630 = 1640 c/e range and the wpper frequency readinge
in the range 1640 - 50 ¢/s. At the 18 mimute reading the
frequencies used were wholly in the 1640 - 50 ¢/s range. As the
internal friction was quite high in this experiment only the change
of the 10 = 100 ¢/s range gave an appreciable error.

In graph 9 on the other hand the internal friction
weg ratlior low. The nctual experimental readinge weres
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puspect but provides the last point on graph 10 from which
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For the firet point ( 4 mine) 4 and & digite were changed
to obtain the readings, while far tho next Swo points (8 and 21
aimutes) the 3 and 4 digite were changed end &6 woe theve two
pointe, which wore obiain.d on uhe same petting, which were used
to obbain the olope of the idme. After 15 minutes the 10 « 100 o/e
range wes changed und the point is not near the line.
it wnp aleo changed Wt different setbtings on the ualte socale vere useds
Taken ia icolation this set of resulte is obvicusly very

At 20 ninubes
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16210 56
1622090
1628030
1625004
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1620+ 60
16200 24
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1629069
1629045
1630026
1630003
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4020
3+40
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310
376
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For the firet point (4 ming) 4 and 5 digite were changoed

to obtain the readings, wille for the noxt two points (8 and 13

ninutee) the 3 and 4 digites were changed and 1% wag Shese two

points, vhich were obtalned on the sano setSing, which were used
%o obtain the slope of he line. After 15 nimutes the 10 « 100 o/s
range was chongec and the point 1s not near the line. A% 20 minutes
the tan cycle per second secals was altered and u$ 26 nimutes 1% was

aloo changed ut different settings ™ whe unite sonle wore used.

suupect but they provide the last point on graph 10 fron which

Tolzen in Lsolation Shls set of resulte are obvicusly wvery



it will be seen thnt they farm a consistent extension of the
remaining resultsce.

It will slso be noted in succeeding sections of this
work thet two stages of recovery are sometimes involved and it
is poesible, for example, thet the points for 20 and 26 minutes
in Fig. 9 may be affected by the second stage of recovery in
addition to the othswr factors concerning measurenent discussed
abovae.
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The method was used first on the recovery after 4.27%
elongation, as it appeared to have a reasonable amount of amplitude
dependant internal friction with a suitable rate of recovery.
Recovery was measured after defarmation at 20, 425 and 599C
and the results are shown in graphs 11, 12 and 13. It can be
seen that apparently two stages of recovery are active. The first
stage occurred during the first 15 minutes or thereabouts, and as
only a few points were obtained in this range, the second was
plotteds The data obtained for this second stage may be

summarised in Table I.

ble I-C 4-27 Elongat
i b s
%. K kx1000 T R4 305 R M | log[T* R ]
20 293 341 44+1 0-00428  0-0116 051 =0 29
42-5 315 3-18 46°1  0-0216 005 23 036
59 332 3.0 480 0168 0156  7+8 0-88

The values of log [T” il] were plotted against 1/T in graph (14)

and the activation energy for the process calculated as 20+08Kcals/mole.
As the apparatus could now be used to obtain results at

pome gspeed it was felt that an attempt should be made to measure the

activation energy far the first stage of the recovery. The

gpecimen could be placed in the apparatus two mimutes after

deformation and a bout a further one minute was required to find

its resonant frequency, and if necesgsary adjust the specimen.
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Measurements could then be made at the rate of one completed T
and 8 4 measurement every two minutec.

The specimens were elongated as before and measured
at the same strain amplitudes as above, i.e. 16 x 10'9 and
3 x .10..'3 at temperatures of 5°0, 19°4, and 27+4°C. The
rather lower temperatures used in this case were made necegsary
by the faster rate of recovery of the specimen in this first
stage.

The results in graphs 15, 16 and 17 are much more
satisfectory than the previous set and show the linear recovery
rather welil. The data obtained may be summarised in Table 2.

Table 2 = Copper 4-27 ilongation Rapid Recovery

¢ °K Hx1000 T°3 Rg2:303 R IR log[T *R]
5.0 278  3.60  42:1 0-019  0.0437  1-84 0+ 265
10+4 2024 343 438 0.035  0-0805 340 00 537
27.4 3008 3-33  44:6 0-049 0113 475 0+ 677

The values of log L) R/* were plotted in Graph (18) and gave an
activation energy for the recovery process of 1035 Kcals/mole.
This result is comparable with O'Hara's result of 94 Kcals/mole
far fatigued copper.

As the results above were thought to be fairly
satisfactory, it was decided to try to obtain activation
energies for recovery after more and less elongation. The

previous results on extension of 3 and 5 5% were thought to be
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unsatisfactary owing to the measuring stresses used and it was
decided to repeat the entire estimations. The material was

-l
elongated as before and measured at stresses of 95 x 10 and
of
3 x10 . The 37 elongation was measured at 56, 17+8 and 27.2FC

and is shown in graphs 19, 20 and 21. The results while not
entirely satisfactory are adequate for the purpose required and
the data obtained is shown in Table 3.

Table 3 - Copper 3% Elongation

% %Kk 4£x100 T3 Rhys R TR log[T7R]
5e6 278:6 359  42-5 0-0l4 00232 138 014
17+8 29048  3+44  43+8 0.024  (0-0552 293 038
27:2 3002 333  44¢6 0-036 0-0828 369  0e57

These results plotted in Graph 22 give an activation energy for the
process of 1le55 Kcals/mole.

The material elongated 5+ 5% was measured at O, 546 and
17.2° and is shown in Graphs 23, 24 and 25. The results are
much less satisfactary than before but again the gradients of the
lines were deduced and the results are shown in Table 4.

Table 4 = Copper Elongated Se
% °Kk 4x2000 2> Rhswos R TR log [T°K)
0 273 3+66 420 0-015 ©-0345 1-46 0-161
5¢6 R78+2 3+ 59 422 0-017 0-039 172 0236
17.2 2902 3+45 4348 0-0285 0-0656 28 0-462
These results plotted in Graph 26 give the activation energy for the

procecs a8 9+4 Kcals/mole.
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As can be seen from the graphs the results from the
above experiments are not as satisfactaory as could have been
hoped. However it is felt that the activation energies obtained
are at least of the carrect order. No attempt was made to
meagure the slower recovery of the gedopd stage.

It is of some interest to note that the rates of recovery ( I )

at comparative temperatures are higher for the 557 elongation. This
is as would have buen expected from the theory if the number of

point defects was higher as indeed it must be.

{2) Quenching Experiments '

From the above results it appeared that the activation
energy was controlled either by the dislocation density or the
point defect concentration, perhaps even both. It was decided
to quench the metal from near the melting point which shoudd
introduce point defec ts without appreciably allowing the dislocation
density. The quenched-in point defects would diffuse to the
dislocation lines exactly as the defects produced by deformation
had done in the previous experiments.

The material was cut to 10 c.m. length and annealed in
argon atl020°Cfor twenty minutes before quenching into water at
room temperature. As mentioned above the shock of the fall
was reduced by glass wool in the quenching tanke The strain
amplitudes of measurement used were 1l+6 x 10r°and 95 x 10‘7

readings being teken at 18, 23+3 and 45°C. The results are
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shown in Graphs 27, 28 and 29, and are fairly satisfactory. The

data in Table 5 were deduced for the first stage of the recovery.

Table 5 = Copper Quench 020°¢
¢ %k 4xi000 ™ R R log [T¥ R]
16 201 34433  44:0 0-0848 197 0-295
233 20603  3.37 4.1 0-064 2084 0-453
45 318 34 46l 0267 7475 0-88

From graph No. 30 the activation energy for the first
stage in the recovery was found to be 122 Kcals/mole.

The above resultg represents a fairly low concentration
of both dislocations and point defects. To complete the range
it wvas thought that if the dislocation concentrations could be
kept about the same as the 4+27% elongated specimens while the
vacancy concentration wag increased some interesting conclusions
might be drawn.

In order to achieve this the specimens were quenched
15 cems in length and allowed to age for 24 hours at room temperature.
This resulted in the vacancies and other point defects being
attached to the dislocation lines. An elongation of 4-8% was
then applied ahd the specimeb measured as before. This it was
hoped would result in an increased vacancy concentration while the
dislocation density remained about the same as in simple elongation.

Measurements were first made at gtrain amplitudes of
95 x lo-eand I 10‘ and a reagonably satisfactory set of
results were obtained, when an a.lowance was made for the instrument

errars mentioned above, Graphs 31 - 34.
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However it was later found that the strain amplitude of 9+5 x 10'3
was Jjust above the critical stress and the specimen was amplitude
dependent. The series was repeated using a strain amplitude of
16 x 10‘1'01' the independant internal friction Graphs 35 = 37.
As the first set of results appear to have been only slightly in
error the data from both sets of extengions is shown in Table 6.

ble 6 « Coppoer nched 1020°C Elongated 4+2

% %X %1000 T R ¥R . log [T
Strain Amplitude 1+6 x 10~°

19:9 29202 3042 44+0 0+ 0806 3+00 0- 58

46 313 3.2 46+0 0+126 508 076

55¢5 328¢5 302 472 0 32 }; 51 1+178
Strain Amplitude 95 x 10

1627 2892 3445 43¢5 0+ 0736 3.2 0 507

29 302 3+31 450 0e11 6+ 95 04695

42 315 3+18 460 0+119 50481 0s74

53¢5 32605 3406 47+0 0129 6 07 04783

These results were all plotted on Graph {38) and gave
the activation energy for the process as 5¢5 Kecals/mole. While
this result is very different from the previous ones there can be
little doubt that it 1z correct because of the good agreembat of

the seven results shown.

R]
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Discusgion

The above results appear %o fall into two groups.
The first stage of recovery gives an activation energy of about half
that far the second and slower stage. The first stage which
was most intensively investigated has an activation energy which
appears to be dependant on the severity of deformation prior to

measurement. The results are group ed in order of working in

Table 7.
Zable 7
(1) Quenched 1040°C Q = 122 Kcals/mole
(2) 3% elongation Q = 11+ 55 Keals/mole
(3) 4+2% elongation Q = 1035 Keals/mole
(4) Fatigue 1o°cyo1es at & 10,680 lb/in. Q = 982 Kcals/mole (0 thu“)
(5) 5+ 5% elongation qQ = 94 Kcals/mole
(6) Quenched 1040°C - 4% elongation Q = 55 Kcals/mole

From this table it is clear that the activation energy for the
process does in fact decrease with the severity of working as
had been predicted from the previous results.

The disparity in the result for the long term recovery
of the 4+27 elongation indicates that a different process ia
operating in that part of the spectrum. The activation energy
of 20 Kecals/mole (087 e.v.) is very close to the value of 082 e.v.

in the literature for the movement of vacancies and this is strong
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proof that the slower stage in the recovery is due to single
vacancies.

The first and faster recovery process, having activation
energies from 053 « 025 e.v., indicates the movement of
divacancies whi&¢h from the literature are expected to mowe with
an activation energy of about 060 e.v. However, the above
results are cloger to the estimated values of Bartlett Diena“
than the result of Kimura and Maddin“ mentioned above. Manhfelt
ghowed that in copper after 7 - 107 elongation two recovery
processes of activation energies, 020 and 088 e.v., were operatite.
These results are very close to those found in this investigation.

The results obtained by electrical resistivity measurements
of Kimura dnd Maddin ghowed two stagee in the decay after quenching
noble metalss When the metal was quenched from above 850°C a
large part of the recovery would be due to divacancies. Quenched
from below 850°C most of the recovery was due to gingle vacancies.
Two types of point defect sinks were postulateds

(1) Disihocation networks

(2) Formation of sessile dislocation rings (mainly by
divecancies)

It is interesting to note that when a 025 mm. wire was quenched
from 1030°C the activation enecrgy was 06 @ 005 e.v., while a
U+ 64 mm. wire gave 072 # 010 e.v. Naturally, the thicker
wire suffered the less severe quench and thus, it also appears

in these results that the activation energy is reduced by an
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increase in the mumber of point defects.

As mentioned in the introduction, as the material is
heated the concentration of divacancies increases. However,
it appears that on quenching from the higher temperature, even
more of the defects are ratayned in the form of divacancies than
would be expected.

From the results obtained in this investigation and those
of Manhfeld, “here is little doubt that divacancies are also
present after mechanical deformation. It is thought that
after both quenching and tensile deformation the recovery
process is largely similar.

After either quenching or deformation, a high concentration
of free vacancies and divacancies exists in the lattice. These
point defects will diffuse to the dislocations to form sessile dis-
location rings ar collapsed vacancy clusters. As the divacancies
will diffuse rather faster than the single vacancies, it is
feagible that the first stage in the recovery is due to the
divacancies. After a time this recovery will give way to the
slower single vacancy recovery staze as the supply of divacancies
becomes exhausted. The transition between the two recovery
stages will probably be quite complex due to the alteration of
the diffusion conditions.

From the results quoted above it appears that the
activation energy for divacancy movement is decreased as the

point defect concentration increases. While in the literature
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there is not a great deal of reliable data, what little exists
ie not incompatible with the data obtained here. 0'Hara's
fatigue result seems to indicate that the fatigue danage he
introduced was equivalent to that introduced by 4 - 5%
elongation. This persistance of divacancies after fatirue is
rather strange in view of the speed with which they diffuse.
It might have been expected that excess diwvacancies would have
continuously diffused to the dislocation lines during fatigue.
However, there can be little doubt of their existence from the
activation energy obtained.
The results obtained from the quenching experiments
were only partially satisfactory. With the rather large specimens
(3/16" dia.) used the rate of cooling would not be very great.
It would, for example, be lec:s severe than most of the quenches
used by other workers. It must be remembered that the quench
would be most severe at the surface of the specimen. The surface,
it will be remembered, is the part of the specimen most significant
in measurement in the Forster apparatus. The quenching process
must then be taken, from both the rate of recovery and the activation
energy obtained, to have been the least severe of the processes used.
The quenched-aged-elongated specimens are thought to be
somewhat different. When the metal was qlxenched the usual

divacancy and vacancy ageing would take place. The point
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defects would either go to the dislocations or form sessile
rings. After twenty-four hours at room temperature equilibrium
conditions would be approached. Subsequent deformation would
releage the vacancies and divacancies from the dislocation lines
and also sweep the material free of the sessile rings. The
process was shown to hold in aluminium by Haahburn“. Immediately
after deformation the dislocation density would be about the same
as in simple elongation but with a much higher wvacancy concentration.
The recovery will then proceed as above. The activation energy
obtained is very low compared with the other results above but
is well supported by experimental data. It is as well in
this case to examine the possibility that the recovery here is
due not simply to divacancy movement but to some other mechanism.
The activation energy obtained is close to that for interstitial
movement given by Hnntingtonw . However, as it was calculated
by Seit::s1 that the formation of an interstitial atom in copper
required 25 e v, this explanation ig rather unlikely. Another
possibility is the movement of defects along the dislocation
lines but this is thought to proceed quite quickly and might well
have a lower activation energy than that obtained here.

In conclugion it can be said that there are two stages
in the recovery. The first is probably due to divacancies and
the second to single vacancies. The actual values of activation
energies obtained are only fairly close to those in the literature

but as it appears that the value is dependant in some way upon
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the concemtration of point defects this is not surprising.

It should be remembered that superimposed in the divacancy
measurement was the normal vacancy recovery and as no attempt
was made Lo separate these the result obtained is not an
absolute measurment of divacancles. However, it is quite
close to the actual value as the vacancy recovery is quite
slow and it is comparable with the other results mentioned

where no separation was done either.
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THE JUSCOVERY OF INTRUAL FRICTION I ALUMINIUM
AFTER DEFORMATION
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The Recovery of Internal Friction in Alx um Def tion

Following the experiments on copper a similar set of
measurements were made in aluminium. The metal was obtained
in three gradess 9987 al., 99897 al. and one of better than
99-9997 al.  The 998 and 99:99%metals were in the form of
3/16" dia. rod, and the higher purity grade was 3/16" square
bar. The material was annealed at 550'C far 1l.1/2 hours under
vacuun. This resulted in a mean grain size of greater than
O+ 5 m.m., which was sufficiently large to avoid the grain
thermoelastic relaxation peak at the frequency used (2100 c/s).
This rather large grain size was also large enough to reduce
vacancy lose to the grain boundaries to an acceptable value.

The specimens were annealed on alumina plaques in the furnace
previously described.

As before, the specimens were annealed in 15 cm. lengths
and cut to 10 cm. by a fine saw after deformation. It was showm
experimentally that the clamping and sawing of the specimens
did not significantly alter their internal friction from the
annealed state. The apparatus and technique for deformation was
used exactly as before. Unfortunately the tensile machine was
such that the load required (0-o03T) represented only a very small

part of the scale and no useful variation of load wmg possible
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Ho other suitable machine was available. A series of experiments
were carried out in order to determine the optimum elongation
for recovery measurements and it was decided that 47 elongation was the
most suitable and also .ha@l the advantage of being comparable with
the results obtained in copper. However, the load required far
this elongation was only about one ton per square inch and corregponded
to only 0-03 tons stress from the tensile machine. For this reason
it was felt that the elongation could not be usefully altered as
any meagurable change in the applied stress woudd produce too large
a variation in the elongatiop.

Preliminary experiments also showed that the 9987 purity
aluninium was unsuitable for this work. It was found that even
in the amnealed state no gignificant amount of amplitude dependant
internal friction could be measured. Clearly, the reason for this
was that the emall percentage of impudity in the metal was sufficient
to pin the dislocation loops and prevent them vibrating.

Zxperimental Hegults
(1) 998 Purity Aluminiums

The specimens were elongated 47 by a stress of 1-08 T/in.
in the apparatus described previously. Measurements were made at
maximum strain amplitudes of 95 x 1o'°and 3 x 10-. at temperatures
of 2*2, 14-4 and 33+3° and the results are shown in graphs los. 39,
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40 and 41. It can be sceen from the graphs that at the lower
temperature only is the recovery a steady process over the full 90
minu.es recorded. At the two higher temperatures it can be seen
that the initial recovery procese gives way after a time to a
slower rate of recovery. It ig of some interest to note that the
time required for this transition became less as the temperature
of the experiment was raised.

The actual experimental results show, as was the cage
with the previous results, the shift in the points as the oscillatar
range was changed resulting in the appearance of a set of parallel
lines rather than a single recovery line. The results shown in
the above graphs gave the following datas

Zable 8 - 99997 Aluniniun 4% Elongation

o ok 00 ¢ pe3es R ™ R log [T R]
202 2752 3-68 4201  0-0396  0-049 374 0+ 573
144 287  3:48 43-2 0081 0180 7475 0-89
33:3 306 326 452 0163 0376 17:0 10246

These results from Graph llo. 42 gave the activation energy
for the process as 1335 Kcals/mole. The second and slower stage
in the recovery process did not yield an activation energy from the
above results and it i: thought that it i: not a true diffusion

process.
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(2) 99:999% Purity Aluminium.

These specimens were 3/16" rectangular bars and were
elongated 4% by a stress of 0-852 T/in.. This lower stress
indicates the purer and softer nature of this material as
compared with the previous one. Another indication of the
higher purity is seen in the recovery graphs, Hos. 42, 43 and 44,
where the amplitude dependant damping is higher than in the
previous results. While the influence of the errors due to
frequency variations in the oscillation are still present they are
much less serious due to the higher internal friction.

As before, the continuous rate of recovery was only
found in the lower temperature. In the higher temperatures
after a time the fast recovery gives way to a slower rate.

-8 -6
Measurements were made at strains of 95 x 10 and 3 x 10
and are given in Table 9.

Tablo § = 99-9997 Aluninium 47 kxtension

°C K Ix1000 £ e ™ R log [T} R]
=546 267-6 3.74 4l 0043  0-099 406 0+ 609

202 252 364  42:0 0-080  0:15¢ 794 0+ 859
13:3 286 3.5 431 -152  0-35 151 1-179

From graph No. 45 the activation energy of 140 Kcals/mole.
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(3) It had been hoped to obtain additional data from
material which had been quenched from near its melting point.
However it was found that after quenching the amplitude dependant
internal friction was very small and could not be used to obtain
recovery data. This is very similar to the results obtained by
Levy and Metwersiho showed complete amplitude independance after
a water quench in aluninium. For this reason it was decided
to strain the metal after it had been fully quench aged.
The specimen 99+ 997 purity aluminium, 15 em. in
length, was suspended in a vertical furnace at 570°C far 30
minutes in an argon atmosphere. The suspension wire was
40 gauge nichrome and was attached to the specimen by a simple
elip knot. Quenching was achieved by dropping the specimen
into water at room temperature. The specimen was allowed to
age for 24 hours at room temperature and then elongated 4%
in the same manner as before. The stress required was 1-08 t/inr
and the specimen was then cut to 10 cm« in the usual way.
Measurements were made at strain amplitudes of 95 = ZI.O-a
and 95 x 10-‘111 order to obtain a reasonable amount of amplitude
dependant internal friction. The results are shown in Graphs No.46,
47 and 48, The rather lower amplitude dependant part of the
internal friction has made the apparatus errors rather obvious

but the data in Table 10 was deduced.
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Table 10 = 99+99% Furity Aluminium GQuenched 570°C Eiongated 4%

. K pel000 % N sk R T3 R [log?¥ &)

-G 7 266 378 412 0- 0161 00373 1.5 0183
=lel R72 3+68 41-9 0 0217 0-05 =+ 09 0- 320
13-3 206 3¢5 431 005 0115 4+ 96 0. 696

Thie from Graph lo. 49 gives the activation energy for the process
at 13+6 Kcals/mole. In other repsects these results seem
very similar to the two previocus sets obtained.

Discussidw
The results obtained ard in good agreement with those

obtained by Federghi by electrical registivity and Silcox and whela:
by electron microscopy on quenched material. There seems to be
no doubt that the recovery measured is due to the migration of
single vacancies. The activation energy farmed is identical
with that expected for the movement (Em) of vacancies in aluminium.
This does not necessarily preclude the presence of divacancies in
the material after defarmation but it seems that they would have
fully decayed before mcasurements were started. As about four
minutes were required before any measuremants could be made it seems
quite probable that the divacanciss farmed could have fully condensed
on to the dislocation lines in this time.

A possible explanation for the deviation from linearity

of the graphs may be found in the presence of vacancy clusters or
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sessile dislocation loops. After deformation some of the excess
vacancies ape condensed to farm aR® cluctes or sesside dislocation
loops. This can act as a sink for vacancies and it is of some
interest to note that it increases in capturing efficiency as it
grovws larger.

Federinghi showed that at about 170°C a second stage
occurred in the recovery of electricial resistivity and Silcox and
uhelannshowed that this was probably due to the migration of the
vacancy clusters. It was calculated that the migration of the
clusters resulted in the generation of vacancies. It seems porsible
that some movement of this type is possible at much lower temperatures
than 170°C, indeed from Fedringhl's paper it seems that it may occur
at 50°C. Thus it appears that the farmation of the vacancy
cluster could reduce the rate of recovery of internal friction by
removing the vacancies from the lattice and this will be a rather
complex effect owing to the increase in sige of the sink as more
vacancies are captureds A second effect may be the migration of
the clusters which is thought to lead to the loss of vacancies
to the lattice and some of these would presumably reach the
dislocation lines.

The recovery of aluminium after deformation is then
visualised as follows. After deformation a high concentration of
vacancies will be free in the lattice. Thece will if the
temperature is high enough (above -30°C) diffuse either to the
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dislocation network or condense to form vacancy clusters or cessile
dislocation rings. The wacancies which reach the network dislocations
reduce the internal friction and lead to the increased recovery.
If the clusters migrate, it seems probable that a further slower
rate of recovery will be due to the vacancies produced in this way.

After quench ageing and then elongating a somewhat
different process occurs.  The quench results in a high concentration
of vacancies which either coalesce to clusters or diffuse to the
dislocation lines. Subsequent deformation was shown by Vandervoort
and Washburn“%o remove these clusters. It seems probable that the
dislocation density will be very similar to that of the previous
specimens but that the vacancy concentration will be increased.
The recovery is then thought to proceed as before.

The nctivation energy obtained for the process of 058
4 0-025 ev is in very good agreement with both results of quenching
and tracer methods. It seems quite certain that the recovery is due
purely to vacancy movement. l!lo divapancy movement has been noted
but it is not suggested thnt none existse As a divacancy is
expected to moe with about one half the energy for a single vacancy,
it will have condensed before measurements could be starteds The
PRESEVLE
Sawemems Of divacancies is indicated by the fact that no amplitude
dependant internal friction could be found after quenching. As a
quench would be very prolific in producing divacancies it could be

expected to harden the metal very quickly.
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Conclusionss

The activation energy for the movement of a vacancy in
aluminium at near 300%K is 058 + 0+0R5 ev which is in agreement
with previous results. It appears that within the ranges used
vacancy and impurity concentration do not noticeably alter the

value of Em.
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s BIFBCT UF DEFURMATION ON NICKEL

(1) Recovery after Slongation
(2) Recover y after Fatigue
(3) Recovery after Quenching
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From the previous resulte it appears thot while in
aluminium the activation energy for vacancy diffusion is constant
in copper it varies as a function of deformation. It is thus
desirable to test a metal intermediate in character between copper
and aluniniun. It was felt that as copper was characterised Ly
a lov stacking fault energy and aluminium by a high energy
(20 @ 120 ev) 4t would be instructive o use a metal with an
intermediate stacking fuult energy. The available F.C.C. metal
wag nickel which was thaught to have a gtacking fault energy of
75 iv. lowever recently Seoger has cagt some doubt on thio
value and the eitustion is at present rather obscure. The result
obtained for the stacking fault energy seems to depend on the
nothod used for its determimtion. |

The material was surplied by the Mond lickel Cos, Ltde,
in the forn of 3/16" dia. rud of imkaown purity. The initial
meagurenents on annealed material were rather interesting,
the internal friction was remarkably high and almost dmplitude
independente The internal friction was about 7 « 8 x fo'
even at very low amplitude though naturally not much variation
of amplitude could be obtained with a specimen of so high an
internal friction.
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Very high internal friction which is mainly amplitude
independent can indicate either (1) a very pure (almost theoretically
pure metal) which would exhibit this behaviour from the Granato
and Luke equationy or (2) a material which contained a large
volume of crackse.

When a little cold work was applied to a gpecimen it was
found that its internal friction was reduced to 1/6th of its ariginal
value at once and tol/IBth after 24 hours.  This indicated that
the metal was quite pure originally. However, the situation was
confuged by the fact that very often inter ranular failure was
observed in specimens even before treatment. The conclusion
reached was that the metal being very pure was susceptible to
contamination and was e brittled at the grain boundariese. Efforts
were made to determine the exact nature of any contamination but were
quite unsuccessful. It was suggested by the manufacturers that
sulphur was the most probable cause of this type of emurittlement.

The metal was goftened in lengths of about one foot a2t
500°C under vacuum and then straightened. It was then cut to length
and annealed uncer high vacuum at 1200°C for 1.1/2 hours. This
resulted in the large grain gize required for this work.

(1) Recovery after Llongation
The specimens were annealcd as above in lScm. lengths

and stregsed in the apparatus previously described. By experiment



80

it was found that the most useful recovery measurements could be
made after 37 elongation which was equivalent to a stress of
9+ 05 Tons/ 1n'.

Measurements were made at stresses of 1+6 x 10
and 3 x 10"6 exactly as described previously. The results are
gshown in Graphs 50, 51 and 52. It can be seen that two recovery
processes are actives the first, as before, is the faster, giving
way after a time to the second. It can be seen that as the
temperature was increased the shorter became the duration of the
first stage. The results are by no means satisfactory, but it

was possible to obtain the following data for the two stages.

Table 11 - HNickel 3% slongation

¢  °k <000 3 R38R ™ R log [T% R]
Firgt Stage <
18:3  201:3 3.435 44 00205  C-0472 2:08  0-318
37+8  310-5 3+215 458 00393  0-905  4.15  0-418

52 325 3.07  47.1 0-0590 01355 638 0805
Second Stage

18+3  201-3 3:435 44  (-0013  0-00312 0:137  =0-88

37+8 310-5 3215 458 0+ 00525 0. 0122 0. 506 =0+ 296
52 325 3.07 47-1 0-0119 0- 0275 1-3 +0-114
These results plotted in Graph 53 gave the activation energies as
9+15 Keals/mole for the first stage and 18+3 Kcalg/mole for the

second.



‘2) Regcovery after Fatigue

The specimens were 15 cm long and annealed as before.
The fatigue machine was an Amsler High Frequency Vibrophowe
in push-pull stressing. A geries of preliminary experiments to
determine the most suitable stress foar these experiments were made.
Eventually a stress of & 0-453 T/ina which gave a life of 28 x 10‘
cycless The specimens were fatigued to 2+5 x 10. cycles, that is
about 1/10th of their life measurement. As the speed of
the fatigue machine was about 5500 ¢/s the fatigue process
required a bout 45 minutes.

It was found that a small positive bias was necessary
in the stress at the commencement of the fatigue run. This bias
had however disappeared by the end of the test. A number of
premature failures were found. Thece were either due to a
faulty anneal or more probably the metal was contaminated when
received. Freshly annealed material proved quite satisfactory.
As before the specimens were cut to 10 cm. after fatigue and
measured.

The results are shown in Graphs 54, 55, 56 and 57
and there appears to be only one recovery process active. The
results show little scatter and the following table was obtaineds



Table 12 - liickel Fatigued

© K x1000 ™
1627 2897 345 44.0
445 317-5 3.15 462
58¢5 3315 3.02 477

70 343 Re 97 49.0

R/2+ 303
0 0008

0+ 00525
0- 01075
0+ 01385

«9]le

R ™ R log[T$ R
0-00184 0084  =1080
0+0l21  0-557  -0-354
0+ 0167 0795  =0+10
0+ 0318 1:565 0195

These resulis from Graph 58 gave the activation energy far the

process as 153 Kcalg/mole.

3) Rec e ne

The apparatus used was the vacuum quenching unit previously

described. As quite a high quenching temperature was required a

platinum wound furnace was required.

The vacuum obtained was not

particularly goo d as the mullite furnace tube used was alightly

-l
porous at 1400°C and was of the order of 5 x 10 m.m.

Owing to the large weight of the gpecimeng and the small volume

of oil the quench obtained was not particularly severe.

It was found that quenching from 1400°C did not give

enough recovery for measurement by this method and it was decided

to quench from 1416°C.

The results, shown in Graphs 59, 60 and 8l,are rather

scattered and unsatisfactory but the following results were

ob tained for two stages of recoverys
e



fable 13 =~ llickel - Guenched from 1410°C

° K x1000 % R/2303 R 3R 10g [2Y¥ &)
Fagt rate of recovery

172 2902 3+45 43+6 Q- 0177 0. 0317 1-38 014
35-C 308 324 452 0- 280 0 064 287 0458
51-0 324 308 47-1 0. 0435 010 471 0 673

plow rate of recovery

172 2902 3¢45 43+6 0. 000825 0-0010 00813 =l1-02
350 308 324 452 0- 0050 0- 010 0572 =0e242
S51+0 324 3+08 471 0- 0142 0. 0328 155 +0- 1779

From Graph 61 the activation energies for the process are
10-0 Kealg/mole for the fast process and 202 Kcals/mole for the
slover.

It had been hoped to obtain a set of recovery results
from quench aged and elongated specimensyhowever, it was found
on stressing that the grain boundaries opened up. This was
probably due to the attack of the specimen during annealing by
the oil vapour from the quenching medium. However as this could
not eagily be prevented,no further experiments were carried out

on nickel.
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Discuggion

It is quite clear from the results obtained that two
procesces are active. There can be little doubt that the
values obtained refer to vacancy and divacancy movement. The
actual values obtained on elongation and quenching are quite
close to the value given by Exj.cholci:15 (098 @v) for a single
vacancy. There seems from the results obtained that the activation
energy obtained is lowered by the severity of deformation.

The value obtained after fatigue is rather hard to
understands It appears %o refer to the movement of single
vacancies only. From the recovery graphs it seems %hat there
is little if any divacancy movement. It might possibly be
expected that the divacancies produced during the fatiue would condense
to the dislocation lines as the fatigue continued. However from
the results of ('Hara this does not appear to happen. It may in
fact be the case that the result obtained refers to diwacancy
recovery in which case it would be rather hich when compared with
the othere,

With the exception of the fatigue result it would seem
that as anticipated the dependance of Em on the vacancy concentration
lies roughly between the effect in copper and aluminium.
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CHAPTIR 6

SELF LD FUSION IN SILVER

{a) Wenched from 810°C
(b) Quenched from 910°C

Discussion



Self Diffusion in Silver

It was thought desirable that the behaviour exhibited in
the low stacking fault energy metal be checked om another metal of
gimilar stacking fault energy. Silver was the most suitable metal
available but owing to the expense involved, it was decided to
carry out only quenching experiments.

Kim ura et a{q showed that two possible types of recovery
are possible in noble metals. If the metal is quenched from
below 800°C most of the observed recovery was due to single
vacancies. If however the metal was quenched from above 800°C
then most of the observed recovery was due to divacancy migration.
It wvas also shown that the farmation of vacancy clusters provided
a gink for the quenched in point defects.

In veiw of the larger diameter of the specimens used in
these experiments and the consequent rather milder quench the
quenching temperatures used were 810°C and 910°C. The two
temperatures chosen should provide both a range of wacancy concent-
rations and divacancies when quenched from the upper temperature,

The material used was Johnson Mathey fine silver,supplied
as 3/16" diemeter rod. This was cut to 10 cm. lengths and

annealed at 900“C for 3 hours under vacuum. The specimens were

quenched from an argon atmosphere into water after soaking at the
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quenching temperature for one hour. The quenching medium used was
water at room temperature and a glass wool cushion was used to
reduce the shock of the impact.

a enched from 810°C

The silver was quenched as described above and measurements
made at temperatures of -l+1l, 4+4, and 15°C, the results being
shown in graphs 62, 63 and 64. While the results obtained are
only moderately satisfactory, it is evident that only one recovery

procese is active. The results are summariced in Table 14.

Table 14 - Silver gquenched from 810°C

oG K }x 1000 5% R/z.303 B TIR log[T™ R]
15 288  3+475  43+6 00252 0:058 2053 0-43
4e4 2772 3465 422  0-00866 00199 084 - 0:075
“1sl 272 372 41:8 0- 00653 0+0153 0-642 - 01925

When thece results were plotted on Graph lo. 65 the activation
energy for the process was found to be 166 Kcals/mole.

‘m Quenched from 910°C

The procedure was the same as above and the recovery
measurements made at thc same temperature. The results shown in
Graphs 66, 67 and 68 show two recovery processes. The data obtained

is ghown in Table 15.



Table 15 - Silver quenched from 910°C

¢ ok %x 1000 ™  Bf2303 R ™R 1og [T¥ &)

short Time lecovery

15 288 34475 43+6 0- 052 0119 5022 0-718

144 277+2 3+65 42:2 0-0315 00726 3+07 0482
11 272 372 418 00282 0066 2672 0-442

Long Time Recovery

15 288 34475 43+6 0-0163 00375 1+69 0» 218

14+4 277+2 365 4242 0+0127 040291 1-23 0+ 09
-1+1 272 8072 41+8 0¢ 00466 0:0175 0+45 -0+ 3468

Irom Graph 69 the activation energies for the two processes were
found to be

(1) sShort time recovery Q = 7+82 Kcals/mole

(2) Long time recovery Q = 14+5 Keals/mole

Discugsion »
The results obtained above are of the correct order of

magnitude and it appears that the recovery after the 810°C quench
is due to the movement of single vacancies. The quenching
temperature of 910°C gave two stages of recovery, the first of
which is almost certainly due to the movement of divacancies. The
second stage may with confidence be ~scribed to single vacancies.
The relative values of the activation energies for these two

processes are about correct as the activation energy for divacancy

movement should be abut half that for vacancy movement.
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While the results from quenching from 810C were not
entirely satisfactory, the activation energy for the process is
certainly greater than 145 Kcals/mole. It would appear that
the activation energy is reduced by a more severe quench. [However,
it vill be gseen from Tables 14 and 15 that the cor:responding
values of R for the higher quenching temperature are lower indicating
that the vacancy concentration was lower. A poscgible explanation
of this is found in Kimura's work where it is suggested that the
point defects are retained mainly as divacancies after the high
temperature quench.

It would seem, therefore, that the reduction in activation
energy found is a function of the total number of point defects
rather than the concentration of any one species. It is of
some interest to note that the high concentration of divacancies
reduced the value of Em for single vacancies even though they
had condensed on to the dislocation lines. It might then be
that the value of Em was connected with the lattice strain.



GRAPHG62 SILVER  QUENCHEDBIO®C -I.1C

2.'6 \\
v : Pt
) , o ]
; I ﬁ .
i | |
; 9 ' . ﬁ
L1 | | '
Ho e & ! ! ;
| ! [ :
l | { i
| | |
. i | 2
2.2 ‘ |

1 S 10 [20 30 40 5060 80 90 120150 180
T3 MINUTES

_GRAPH63 S]hLV ER QUENCHED 8l0C.£2°C

|
{
l
| ' f =
. ! 5
! ! { |
i
+ ! |
| |
| |
+ 8
{ ! | {
| ! |
| |
| | |
i {

L 2.0

| S 10 20 30 <0 S060 80 100 120150 . 180
172 MINUTES | -




2.2
GRAPH 64 SILVER QUENCHED 810C IS°C
2.8 L |
\ao 1
= !
I |
< i
-1 d 68 m ES ol
5 |
|
E
2'0 B Y AT B T T v w v
1 5 10 20 30 <0 S060 80 100 120 150 180
| T"” MINUTES |
GRAPH 65 SILVFR OUENCHED 8I10%C
‘ A
| i
0.S
=4 ;
R |
K138
b4
a
| -
9
o
=)
ot - ]
1
|
-0.25

13




LOG gHX 10°

LOGAHX |OS

2.5

2.9

2,7

2.5

2.3

GRAPHGG

SILVER QUENCHEDY9IOC -1

Ll

S 1O 20 30 40 SO60 80 100120 15O 180
T3 MINUTES
GRAPH67 SILVER QUENCHED9IO'C «4C

s

® 20 30 <0 SO 60 80O 10O 120 i50 180

15

MINUTES




1.1

2.9

LOGAH X IO{

2.7

" -

LoeRX T 23

adl @ 7

|
|

GRAPH 68  _SILVER QUENCHEDIIOT IS C
\ i : ;
sl o 20 Yo 40 soco 80 100 120 ISO | 180
| | I MINUTES | |
| gamisicie
i fiEasten | |
~GRAPH 69 suvt-:ﬁ QUENCHED 910 c
| ERefinieas | |
: i 0 S T SUER R e el AL RO UL o,
| \ gggND stAGE
_FIRST STAGE
|
33 3.4 3.5 3.6 3,7
A xig | | |
| |




CUAPTIER 7

ANALYSIO OF pi rUSION RESULLS



Analysis of Diffusion Results

In the experimenital work described above a selection of
FoCoCo metals have beoen examined and a number of different effecte
illustrated.

In copper the activation energy obtained after 4/ elongation
(20+1 Xcals mole) could be reiated with confidence to the movement
of single vacancies. This value of 20+1 K cals/mole is close to
but rather lower than other reported values. The reason for this
low value will become clear later. It was also shown that
another recovery process was active with an activation energy of
about half the above fizure. This indicates that the process was
due to the movement of divacancies which are thought to move with
about this energy.

From the series of results shown in Table 7 it appears that
the value obtained for the activation energy is lowered by the
increasing severity of process used. It would also appear that
this reduction in activa.ion energy is a function of point defect
concentration rather than of dislocation density.

As previously stated the value of 55 Keals/mole obtained
in the quench-aged-elongated specimen seems rather out of place.
The value is closge to the 0«25 ev estimated by Huntingtonéo for
the movement of a copper _nterstitial.  However, as it requires

63
4 gv to form an interstitial atom in copper compared to
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1.3 ev“ to form a divacancy, it is difficult to imagine a process

where a high coneentration of interstitials is f ormed. COttren“
INVTERSECT ioms

has illustrated that screw-screw imberstices will probably

result in the production of interstitials. As this effect was

only noted when a fully quench aged specimen was elongated, it

would appear that the heavily jogzed dislocation lines have a

controlling function if in fact intersections are produced. The

other possible process, i.e¢. the movement of jog segments

alon g the dislocation linés does not seem very reasonable.

Indeed it would appear that only rearrangement of jogs on a

dislocation line would result in an increase in internal friction.

Thue while no firm explanation can be given for this process, it

may possibly be due to the movement of interstitial atoms

produced by a rather unusual process as a result of prior

quenching.

It can be said however that the decrease in activation
energy predicted from the preliminary work was in fact substantialed
over a fair range of deformations.

The results obtained with quenched silver showed that
the Em value for single vacancies was affected by the concentration
of point defects. From these results it appeared that the

reduction in km was occasioned by the total concentration of point
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defects and not by any specific species. Again, a further type
of recovery was noted and attributed to divacancies.

llickel yielded two resudts for both vacancy and
divacancy recovery. While the reduction in Em was present a
rough comparison with the values obtained for copper and silver
indicated that it was leseg in nickel for a similar change in
deformation. The value of the activation energy after fatige
seems to be out of sequence and cannot be explained at present.
The actual values obtained are quite cloge to the value given
by ilicholaa“ (0-98 ev). In this respeet nickel differs
from the other metals used in that the value of Em is less than
Balf the value of & (activation energy for self diffusion),
which is about 27 ev“.

The aluminium used gave results which were in very
good agreement with those obtained by cther methods. While
only two stages of deformation were possible it appears that
within the limits of experimental error no significant change in Em
occurreds There is no doubt that the value obtained refers to
the movement of single vacanclec.

It now remains to find an explanation why these four
rather similar metals chould behave in these rather different
ways. The only significant difference between the metals lies
in the strength of atomic binding and this may be rationalised

in terms of the stacking fault energy &. The values of which



for the metals used ares

(1) silver = 25 ergs/ o:

(2) Copper = 40 etgq/our

(3) Nickel = 120 erts/cn'

(4) Aluninium = 200 ergq/car

It wouM now appear that the reduction in Em for both
vacancies and divacancies 18 controlled in some way by the value
of the stacking fault energy. Silver and copper showed a quite
marked reduction in Em with inereaging point defect concentration.
lickel showed a somewhat reduced effect and no significant decrease
was noted in aluminiunm.

The most gignificant effect of the stackin:; fault energy
in this type of process is the control it exercises over the
size of dkslocation pile ups. In a metal of low stacking fault
energy the partlal dislocations are widely separated, cross slip
is difficult and large dislocation pile uppare possible. On
the other hand, a high stacking fault energy means the partial
dislocations are not greatly separated and cross-slip ic quite
easy. This prevents the build up of diglocation against a
barrier.

The effect of the widely separated partial dislocations
and large areas of dislocations concentrations is to provide

a path of strained lattice in which the point defects can diffuse

relatively easily. A high concentration of point defects will
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contribute to the latiice strain and tend {0 make diffusion
rather easier. It scems likely that divacancles will be mare
effective in this respect than single vacancies.

In a metal of high stacling fault energy there will
be few areas of straincd latitice in which eagy diffusion is
possible.

It is difficult to fully assess the significance of the
data obtained here as the dislocations which contribute to the
internal friction may not be the same ag those governing the
mechanical properties of the metal. It is true that the
internal fyiction of a metal is greatly influenced by factars
which seenm scarecely to affect other mechanical properties. In
this respect the measurements made here are very similar to
data obtained by electrical resistivity measurements. When
point defect ageing proceeds in a metal there is no doubt that
the modulus of elasticity of the material is raised. This is
indicated by a steady increase in the resonant frequency of the
gspecimen, The yield strength and hardness of the material will
also increage to a very limited extent but it is likely that these
changes will be difficult to measure. Useful datawl:’ obtained
on the different species of point defect produced by various
kinds of defarmations. This and the nature of the recovery
procese is useful in understanding the later stages in deformation
leading up to fracture. [However, it seems unlikely that any
very much more extensive deformations could be employed with

the method uged here.
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The experiments described in the previous sections
have hed to the following picture of the recovery of & metal
after deformation. Imnediately after deformation or quenching
a large non-equilibrium number of point defects exists in the
lattice. These point defects then migrate to the sinks
available which may be either dislocation lines, grain boundaries,
or free surfaces. Bach species of point defect has ite own
digtinct activation energy for movement and these have been shown
to be about the values expecteds A point of some interest is
the large proportion of the recovery which is attributable to
divecanciesy even after quenching the number of divacancies
retained was far greater than could have been expected.

The farmation of vaecancy clusters or sesgile dislocation
ringe by condensation of point defects was indicated. This type
of gink is rather complex in action owing to the fact that it
expands as more vacancies condense on it and becomes & more potent

sink.
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The alloys used in these expaeriments weres
Copper 2% silicon, ocopper 2% aluminium, copper 62
mognesium. and copper  0+15/ titanium.

The first two allqys were supplled ly Messrs. Thomns
Jolton, Ltde, and the remaining two made in the department.

The specimens were in rod farm 3/16" diameter and cut to 10 cn.
lengthe These were given a prelinminary vecuum anneal at 950°C
for 2 houps to onours unifarnity of grain sise, ect. The
internnl oxldetion wns cerried out using the cuprous axide/copper
powder method in an inert argon atmogphere. The spocimens
worg suppoarted on a parous refractory plaque which was grooved
toprevent gpecimen movemente This plaque wae placed above
50gan. of the nixture of 50 mesh copper powder and 200 mash
cuprous oxilde powder in a copper container. One end of the
container was permanently closed by a copper disc and the other
covered by a copper foil cap which was wired in place.

This container was heated in a cloped end refractory
tube in a furnace wound %o have a long even hot sones The
furnace tube was evacuated and filled with argon to a slight
positive presoure. This prescure was checked from time to
time and any lose made good from an aprgon cylinder.

The time required far internal oxidntion could be
calculated from the equations and data given by Rhint:‘lmd it
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wes decided to check this data by deliberately incompletely
internally oxidicing some gpecimens and comparing the calculated and
meagured depths of penetwration of the oxidation front. This
wvas done by oxidising for 100 hours at 910°C and the results are
ag followss
Copper 0«27 Siy Dppth of penetration 1+5 m.m.

Calculated dppth 1+8 m.m.
Copper (#27% Al, DUepth of penetration 2¢2 m.me

Calculated depth 1+ 9 m.m.
Thece results are fairly satisfactory and indicate that the
data given by Rhines is quite reliable. In the case of
the aluminium alloy it seemg likely that some of the solute was
already combined with oxygen in the metal and this reduced ite
aeffective concentration allowing the greater depth of penetration.

Complete oxidation was carried out at 960°C far 100 hours
which was calculated to fhw be more than sufficient for colploﬁ
oxidation in any of the alloys used.
It is convenient to consider separately the silicon and

aluminiun alloys. Theve were oxidised as described above.
Pure O.F.H.Ce copper specimens were placed in the container far
comparisons The specimcns were measured before and after
internal oxidation and then annealed in vacuum at 1020°C for
24 hour: Lo remove oxygen dissolved in the metal and

eagured'y The results are showm in Graphs 70, 71 and 72.
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The pure copper shows marked amplitude dependence in
the unoxidised state. After bein; saturated with oxygen the
amplitude dependance wag markedly reduced indicating that the
oxygen in the metal was present to some extent on the dislocation
lines. After another vacuum anneal the amplitude dependance
returned partially. Thie indicates that befare the first
measurement the specimen had been slightly strained by handling.

In the unoxidised state the copper gilicon alloy was
colipletely amplitude independent as might be expected. After
internal oxidation the internal friction was very high indeed
and was reduced on annealing but was still greater than pure
COppers

The copper aluminium alloy showed a similar sffect
but on a rather smaller scale. fowever it should be noted
that the internal friction after annealing was reduced was less
than was the cage with the silicon alloy.

The copper nmagnesium and copper titanium alloys
wvere unfortunately much less satisfactory. The alloys prepared
contained a great deal of parosity and oxide inclusions and the
analysés given do not represent the true condition of the
alloy.

The average behaviowr of the specimens was as

shown in Table 15.
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Table L5 - &
Internal Friction x 10
Copper 2% Magnesium Low Amplitude High Amplitude
Originally 05 0-79
After internal oxidation 102 1-80
After anneal O 65 1-24

Copper 1+ 5% Titanium

Originally 0. 57 074
After internal oxidation 112 220
After anneal 0= 65 1-22

It will be seen that the specimens were slightly amplitude
dependent befare internal oxidation indicating that most of the
alloying element was precent as oxide inclusions. However, the
same general effect on internal friction was observed.

In order to compare the results obtained after the
anneal it was decided to divide the 4 H portion of the internal
friction after annealing by the & H portion after internal
oxidation( i.e. before annealing) It was felt that possibly
the reduction in internal friction would be related to the

thermodynanic stability of the oxid@ precipitate.  For this
reason the approximate A.G wvalues far oxide formation at

1000%C are given with the internal friction values.
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| A H ﬁg anneal
Allay A Gooo “C(Keals) a ore anne

Copper silicon =155 024
Copper titaniun «-160 031
Copper aluminium «200 036
Copper magnesiun =220 Qe 77

From this list it is clear that the reduction in internal friction
is connected with the stability of the oxide precipitateds The
nogt probable explanation is that the oxide precipitate decomposes
under vacuum at high temperature, the oxygen leaving the system
and the alloying element being rediesolved in the copper. This
does not, on first examination considering the thermodynamic data
above, seem very probable but it must be remembered that in this
system any oxygen evolved may be removeds This will allow
the decomposition of the oxide to proceed even against the thermodynamic
barrier. It is thought that the mechanism of decomposition is
MOEH + 0 + Cug ™ Cu¢07‘
The oxide is in thermodynamic equilibrium with solute and oxygen in
the metal. Some oxygen is lost from the surface of the specimen
either as free axygen or more probable as CugQ which is reasonably
volatile at 1000°C. The energy of formation of Ciig0 will aid
the reaction by reducing the thermodynamic barrier. Once the
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oxygen 1ls free of the surface of the specimen it is pumped away
and lost to the gystem. This allows the oxide to decompoge
slowly but steadily. The rate of decomposition will naturally

be dependent upon the stability of the oxide and this is confirmed
by the experimental results.

A point of some importance is the fact that after interngl
oxidation the damping in the alloyswas higher than in pure copper.
Congidering that the metal was loaded with oxygen this indicates
that dislocations were quite free and suggests that the precipitates
had deformed the metal on cooling. There is little doubt that
the oxide particles formed in the latiice at 1000°C cause quite
a considerable lecal strain in the metal on cooling due to the
quite different coefficients of thermal expansion of the metal
and oxides This results in areac of local strain round the particles
vhich raise the internal friction by freeing the dislocatlions in
the metal.

The copper silicon alloy showed a more marked effect and it seems
poceible that this was due to the rather irregular contraction of
silicdy on cooling.  The/3-§ tridymite change causes a sudden
ghrinkage on cooling from 170°C. This shrinkage will relieve
the compression round the particle and allow an 1ncréaaa in internal
friction in the metals As the other oxldes formed do not show
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this type of change this particular effect is not found in the
other alloyss It should be remembered that the shape of the
particle will also be important in the amount by which the
internal friction is raised.

It might be thought that the reduction in internal
friction on annealing could be due simply to the annealing of
these areas of local stress. However, it must be remembered
that in this case the particles would still be present in the
lattice and would again stress the material on cooling. In
any cesge no difference sghould be found between different allay
systems.

Microscopic examination was carried out on the internally
oxidised materinl, The results were largely as expected and
it was shown that the particlc size increased towards the centre
of the specimen. Preferential precipitation took place at the
grain boundaries. As the precipitates were too small to be
properly resolved in the light microscope, sn electron microscope
was useds The replica technique used was as followss
1, A small piece of perspex (1" x 1/2" x 1/i6") was washed
in warnm soapy water followed by distilled water and then clamped
on to the surface to be exanmined at a pressure of a few lbs. per
square inch.
2e The specimenand perspex plate were placed in an oven
at 120C for one houre They were allowed to cool before“‘:lanping.

3e A £ilm of carbon was evaporated on to the perspex replica



in high vacuum.
Qe A layer of nitrocellulose was spread over the surface to
protect the thin carbon film - which formed the final replica -~ from
a 2% solution in amyl acetate.
Se A specimen grid was placed over the area of interest
using the light microscope to locate any special feature in the surface.
A small disc of paper was pla.ed on top of the grid, the diameter of
the disc being slightly less than that of the grid so that the rim
of the latier was clear.
Ge A strip of gummed paper was then stuck on the entire surface
of the perspex, covering the grid and holding everything in position.
7 The whole compogite replica was placed overnight in
chloroforme. s#ie perspex dissolved away but the gum on the peper
was ingoluble in chloroform and so held the grid and carbon film
intact.
8. The grid was releaged from the brown paper and placed
with cerbon film uppermost in amyl acetate (using a wire mesh to
support). This removed the protective layer of nitrocellulose.
% The carbon replica was finally shadow-cest with gold/palladium
befare examination in the electron microsccpe.

This replica was then examined in a Metro-Vickers Em3
inst. unent.

The silica particles were showm to be almost perfectly

spheroidal. The alumina particles were irregular and rather
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angular and were deposited along preferred crystallographic planes.
A point of some interest was the rather peculiar growths of some
of Ghe silica pariticles indicdting that some decomposition had
taken place. The specimen for this examination was polished
chemically to prevent surface distortion. ~An attempt was
made o use a bromine etch for disglocations, to show free
dislocations perheps in loops round the particles but the
resulte were rather incimclusive.

Concluglouge

The particles deposited on internal oxidation can be
various shapes governed Ly thelr chemical compogition. The
size of the precipitate increanses towardas the centre of the
specimens The rate of inlernal oxidation is very close to
that predicted by Ihines.

On cooling from the internal oxidation temperature
the particles set up stress in the material,due to the different
coefficients of expansion of oxide and metal, which free the
dislocations round the particle and increase the internal
friction. Silica particles were shown to have a mare pronounced
effect and it is thought that this is due to the sudden
contraction of silica on cooling below 170°C.

The oxide precipitate on further vacuum annealing ean
decompose with a2 consequent decrease in damping and a possible

mechanism for this was discusced.
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VEMENTS IN N

(a) Point Defect Movement

(b) Nitrogen Movement

(1) Rate of Decrease of Anelastic Pealk
(2) shift of Peak

(3) Dislocation Internal Friction



on Iron

A, Movement of Vacancies.

It had been hoped to obtain data for iron similayr
to that for the face centered metals. The metal used was
Armeo iron which was supplied in 1/2% diameter rod. These
were drawn down to 0+ 169" by a wire drawing bench or rolled
to rectangular specimen.

Some specimens were annealed at 1200°C for two
hours under vacuum and on measurement were found to be slightly
amplitude dependent. Specimens 15 cm. in length were then
elongated as previously described and measurements made at about
room temperature. However, it was found that the internal
friction did not decrease appreciably. As the activation
energy for self diffusion (Ed) in iron was Xnown to be of the
order of 80 Kcals/mole this did not seem unreasonable and the
experiments were repeated using recovery temperatures of 70°C,
but they were no more succegsful than before.

On a further temperature increase it became clear
that the anelastic peaks due to carbon and nitrogen in the
metal would cause an unduly high background 4I  in the internal
friction results. In any case the deformation would probably
free the interstitial atoms whose subsequent diffusion would
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confuse any vacancy recovery. For those reasons it was
deciued to remove both carbon and nitrogen from the metal by
a wet hydrogen treatmont.

Hydrogen gne which had been bubbled through water
at room temperature was pageed over the speeimens at 700%C.
The time required for complete decarburisation of a 3/16"
specimen wus eptimated to be about one weeks  After this
time dry hydrogen was paseed for an hour or 80 %o remove
molsture and the gpecimens coolsd under argon.

Hy making use of the anelastic peaks in the material,
the internal friction tochnique is a very sensitive and convenient
mothod of analysis for carbon and nitrogen. The ariginal
specinens were cooled from 160°C and the internal friction
meagured as the temperature fell and ic shown in Graph 73.
There is a pronounced but rather irreguler pesk. This pealk
will be due %o the combined effects of carbon and nitrogen.
Some of the iLrregularitics on the curve are very probably due
to temperature fiuctustions and variations in the bathe It
is almost impocsible 0 neasure nccurately the temperature of the
specinen in changing conditions in this apparatus. After the
wet hydrogen Sreatnent the specimen was again tested and the

peak had disappeared indicating that the impurities had been
succepsfully renoved.
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: The decarburised specimens were elohgated as before
and kept in an alcohol/COp mixture at - 80°C until measurements
could be made. However, it was found that when the gpecimen
was placed in the apparatus very little amplitude dependence
remained. It was thus concluded that all the vacancy
recovery had taken place at - 80°C. This did not at first
seem very likely but some information which became available
ag this work was being carried out sugzested that vacancies diffused
in iron with an activation energy of about 4 Kecalg/mole. At
this very low value it is quite possible that all the recovery
could have taken place before measurements were made even when
stored at -~ 80°C. The value of Em for vacancies is remarkably
low compared with the Ed value but it seems quite probable that
self diffusion is carried out mainly by another process than
vacancy migration, perhaps a four ring diffusion mechanism.

It was decided to proceed no further with this
investigation ag the temperature required were rather too low
to be practicable. However, it ies quite feasible that
meagurements could be made on this apparatus if one were
prepared to work at liquid air temperatures. Low temperature
work is made difficult by frost forming on the specimen.
Be ment of N n

The initial measurements made on specimens containing
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a little carbon and nitrogen had shown some recovery. This
was presumably due %o the movement of carbon and nitrogen
atoms, freed by the defarmation, to the dislocation lines.
This suggested that the movement of interstitial atoms was
likely to be very significant. In the recovery after
deformation it probably plays a similar role to the movement of
point defects in F.C.C. metals. For this reason it was
decided to study the movement of nitrogen by this apparatus.

Specimens were nitrided in a horigontal furnace
at 600°C for one weeks The gas mixture used was 1071Hy + 907Hg
passed with a flow rate of about 100c.c./minute. Bhis was
calculated to be sufficient to saturate the specimens at the
temperature used. That is to give a nitrogen concentration of
O+1% in the iron.  lNaturally there will be a concentration
gradient of nitrogen in the metal but it was hoped that this
would not be very serious. It was found that the specimens
would only absorb nitrogen if their surfaces were bright and it
was necessary to cool them from the decarburising temperature
under hydrogens

After nitriding the specimens were stored in an
alcohol/CO; mixture until required. They were then vacuunm
annealed at 600°C for one hour in the vertical quenching furnace
and quenched into oil at room temperature. The vacuum
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anneal removed the dissolved hydrosen and dissolved the nitrogen

in the ferrite. The quench retained the nitrogen in supersaturated
solution and it then diffused to the available sginks.

, Normally this ageing of nitrogen 1s followed by measuring
the decrease in the anelastic peak height. The height of the peak
is thought to be directly proportional to the quantity of nitrogen
in solution. This method has been widely used but naturally
it is by no means certain that the nitrogen leaving the ferrite is
condensing on the dislocation lines. Exactly similar results
would be obtalned if the nitrogen reached any other sink. The fact
that it can be shown that the sink hag about the same length as the
dislocations are estimated to haveis a rather empirical confirmation.

It wvas decided to attempt to correlate the different
methods of determining the activation energy for nitrogen diffusion
with measurements made directly on the dislocation lines. This
can best be done by using the dislocation internal friction methods
previously described.

(1) Rate of Decrease of an Anelagtic Peak

After quenching a specimen was placed in the apparatus
with the bath at a temperature of 1l08°C and measured at a fairly
low gtrain amplitude over a period of time. The temperature of
108°C while not exactly on the top of the nitrogen peak gave resulis
which were perfectly representative of the peak behaviour. The
results are shown in Graph 74.



118«

In order to see if the ageing followed Harper's equation
it was necessary to extrapolate the recovery line to zero time
to obtain an estimate of the original nitrogen concentration.
This is quite simply achieved by the fact that the height of the
peak is proportional to the nitrogen in g olution. From
Harper's equation

dog (leq ) * .

where ¢ is time and @ is the fraction of the nitrogen precipitated.

Thus if the internal friction at time ¢ is divided
by the internal friction at time zero and plotted logarithmically
" against ¢ 73 a straight line should be obtained.  This was done
in Graph 75 and as can be seen a fair time wns obtained over most
of the recovery. This indicates that Harper's equation holds
true even at ageing temperatures a: the relatively high temperature
of 108°C. The deviation of line after about 30 minutes is
to be expected as the equation is said to hold only for about
807 of the recovery.  In order %o obtain an activation energy
by this method it is necessary to obtain the rate of recovery at
at least two widely separated temperatures. As the temperature
of the anelastic peak only changes slowly with respect to changes
in frequency, a large change in frequency would be required.
This did not seem practicable as the change in specimen size
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would be too great and no higher harmonies could be used because
because of the grain size thermoelagiceffect at about 10,000 c/s.
It is extremely important to note that results were obtained

by this apparatus at a temperature above 100°C on peak ageing.
It had been feared that the recovery would be too rapid to be
followede

(2) Temper:

An alternative method of measuring the activation
energy of nitrogen movement is to determine the change in the
tenperature of the anelasti:{;:"the frequency is changeds As
previcusly described the activation energy for the shift of the
peak is exactly the same ag that for nitrogen diffusion.

The experiment was tried at first using circular
specimens with 3/16" diameter and one which had been drawn down
further. Unfortunately, t;he change in frequency was not
sufficient to give an adequate chonge in peak temperature.
Unfortunately, it was not possible to make use of the second harmonic
at about 10 Ke/s owing to the presence of the grain size thermoelastic
at that frequency.

It was decided theh to use a rectangular specimen with
one side about helf the size of the other. The specimens were
decarburised and nitrided as before. After quenching it was
necessary that the specimen be stabilised by ageing before
measurement. This was done by amnealing it at 100°C. for an

hour or so. Unfortunately, the height of the peak was reduced
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by this process but .sufficient nitrogen remained in the ferrite
to allow measurement. The results are shown in Graph 76 in
which the specimen had slowly been cooled through the peak while
meagurenents were made at low strain amplitude. It is clear that
the specimen had not been fully stabalised as the peak had reduced
in gize between nmeasurements. The activation energy obtained by
this method was 22-8 Kcalg/mole but the accuracy is not very great
as it is difficult to determine the actual temperature of the peak.
Once again it ies evident that there is difficulty in determining
the temperature of thé gpecimen while the bath ie slowly chnngimg
its temperature.
(3) Deter vislocation In iction Me

In order %o use dislocation internal friction methods in
iron it is first necessary to re-examine the relevant equations.
The theories of Granato and Luke are are gpecifically for part
diffusion in F.C.C. metals.

The problem ie simplified by assuming that the nitrogen
atoms are the only impurity mobile during the experiment. This is
quite reasonable and is equivalent to Granatoand Luke's assumption
with regard to vacancies.

The next alteration necessary is in the number of
atoms per unit cube, i.e. a' =2 and not 4 as is the case
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with F.C.C, metals. This appears in theﬁ term which becomes

ke ()

where CaA” is the concentration of
nitrogen atoms.
The other terms are aos befope

How : T
AH = A exp[~hs (C + Cgo)(1+48 ¢3)]

This by exactly the same process asg previously described
gives the activation energys The factor of 2 in tho/5 term
does not appear in the final calculation which is just as for a
F.C.Cs metal.

The specimens were quenched from 600°C under vacuum
into oil. It wvas found that a water quench gave a lower internal
friction and it was concluded that some vacancies were present
after . water quenching. This was probably due to the stresses
set up' on quenching rather than retention of vacancies from the
quenching temperature. Again it was not possible to investigate
this effect and oil quenching was used throughout these experiments.

It was found that if the upper measuring stress used
was 95 x 10-‘ incongistent results were obtained and it seens
that this strain is too high and tends to remove the nitrogen
atoms from the dislocation line in the early stages of precipitation.
The strain amplitude was lowered to 3 x 10“"I and it wvas found that
reasonably b&tiafactcry resultes could be obtaineds A% this low

amplitude however the internal friction was not very high :



and the errars due to the apparatus were rather evident.
A series of results were obtained at various
tenperatures and are shown in Table 16.

Isble 16 - Iron fitrided, Quenewsd from 600°C_
. K #x 1000 T3 R/2:303 R T4 log[td R]
346

156 288-2 432 0- 00836 0-0192 083 =0-909

2l 294 340 44.1 0. 0157 0-0362 1-61 020
29 302 3+31 448 0+ 0286 0066 2+96 047
378 3108 322 45+6 0. 0426 0-098 4-+46 065
44.5 3115 3155 46+ 5 0. 075 0173 803 0905

This data plotted in Graph 77 gives the activation
energy for the process as 21+ 5 Keals, mole, This result is in
good agreement with those obtained by other ' thods and provides
& satisfactory confirmation of the Cottrell-$jlby and Harper
equationss It is a convineing verification thot the nitrogen atoms -
do condense to the dislocations.

Cone '
A It was found that data could not be obtainedgibout
- room temperature on vacancy diifusion in iron but it appears that
fhc vacancies move with quite a low activation energy.

The movement of nitrogen in iron was investigated and
it was shown that it was quite feasible to measure the decrease
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in peak height even at frequencies of 2,000 ¢/s where the peak
tenperature is of the arder of 120°C. It was shown that the ageing
at this temperature obeyed Harper's equations The slift of peak
temperature as the frequency changed was quite a convenient method
of determination but it would have been desirable to have some
direct measure of the gpecimen temperature.

It was also shown that the dislocation internal friction
theories could be adapted to the interpretation of nitrogen diffusion
in iron. The experiment was carried out and satisfactory data
obtained.

To obtain further data on iron either for vacancy or
interstitial diffusion it would seem desirable that a modified
apparatus be used. It would scem that a longitudinal type of
vibration is best as the frequency can easily be changed Ly lengthening
or shortening the specimen and a thermocouple could be directly
attached to the node of the specimen. It would however be necessary
"to change the specimen temperature quickly and this would possibly
be difficult under vacuum. '

Longitudinal vibration cannot narmally be made to have
a very high amplitude and this would tend to preclude dislocation
damping measurements. Transverge vibrations with the specimen
supported at the nodes and electromagnetically driven and detected
might be best if the supports were made to act as thermocouple
wires allowing a fairly accurate measurement of the specimen

temperature to be made.
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Torsi en Re

The theory of Granato and Luke discussed earlier was
stated hy them to apply only to frequencies of the order of 10‘0/3.
However the results of Smith, which they uced in their disuussion,
were obtained at about 700 ¢/s and O'Hara's and the present work
indicatee that the theory applies at much lower frequencies. It

It was decided therefore tc endeavour to see if the theory could

be extended at least quantitatively to very low frequencies i.e. lo/s
and it was thus necessary to construct a torsion pendulum. The

type built was roughly that described by Ke. The specimen in

the form of a wire was held in a fixed upper clamp and its lower

end was attached to & swinging inertia bar. Below the inertia

bar a pointed rod of brass protruded into a container of oil.

This was used to reduce transverse vibration of the specimen ascembly.
Heasurement of the amplitude of vibration was measured by deflection

of a 1light gpot by a nirror fixed on the cross beam inertia member.
This spot of light was focused on a transparent screen. The vibration
wae win the gpecimen by electron magnets near the cross bean
which were excited as requirede. The method used in these experiments
was to excite the beam to give the maximum amplitude regquired. and

%o note the amplitude of vibration as it decayed every 10 cycles for 200
cycles. This resulted in virtually a complete recard of the amplitude

$PECTALM
dependent speedmen of the internal friction. In this respect



the torsion pendulum is superior to the Farster method.

Both copper and aluminium wires were used in the
torsion pendulum. The copper (0+036") specimens were annealed
in a horizontal furnace at 600°C for one hour, and then carefully
placed in the pendulum and amnealed for a further four hours
in situ. Measurements were made on the amnealed material and
the material then lightly stressed in situ and remeasured as
soon ag possible, i.e. after about 15 minutes, The results
are shown. 4XPPH 18

The aluminium wire was measured immediately after an
anneal at 400°C for 1/2 hour in situ, Testing was carried out
after various timec. Y8APH 79

D of 3

The results for the copper specimen ghow & very distinct
change from the amplitude dependent range to the independent range,
This rather precise break away of the dislocations from the pinning
points allows a calculation of change in loop length due to stressing
to be nmade.

From the Granato and Lulte equation

Ar =«<¢*

If the background damping is subtracted from the measured

values of Ar the reduction 4is found by

als = tst (STRESSED)
4In Ca¥ (AvNVERCD )



«126=

-t
If a value of 5 x 10 is taken ag & reasonable value

and this gives

By =wwe
The stress at which breakaway occurs is given by
[}
fc - -/Z‘
and this
&) . &s
Ec () A

amd using the value from the graph
&, =110

The above results are in very good agreement with each other and
if in fact the background damping of the apparatus was higher
than 5 x 10.‘ &5 seemg likely thesgreement would be much better.
The above is taken as a con vincing demonstration that the theary
is gound at low frequencies.

The aluninium specimens on the other hand did not
give any amplitude dependents internal friction in the stress range
used but its recovery was measured and plotted according to the
equation log ARl/log (1 + Bt‘) using the value of B given by
Granato and Luke. As can be geen a fair straight line was
obtained. This is reasonanle proof that the theory of recovery
applied even at quite low frequencies. gAY @0

Conclusiongs (1) It was shown that the theories of
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Granto and Luke were applicable at low frequencies and the recovery
stress wvas a.so sound at least for amplitude independent recovery.
(2) If the above theories are acce;ted & very convenient method

of determining the background damping of a torsion pendulum is

to determine the reduction of loop length befare and after
elongation.
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GEUSAL CUNCLUSIONS



G IRAL CONCLUSIONS

The existing apparatus was modified and improved.
Measurements can now be made at much lower strain amplitudes
with accuracy and it was found that direct measurements on
the amplitude independent part of the internal friction could
be made and this greatly facilitated the interpretation of
recovery phenomenon. Brrors arising from shortcomings in
the apparatus were encountered and in the interpretation of
recovery results it was necessary to allow for the errars of
the osecillator. Some experience was necessary to do this
and even then results could not always be successfully inter-
preted. This type of error could naturally be avoided if a
frequency measuring device was put into the circuity commercial
instruments have quite adequate accuracy. Sut it means that
the use of this instrument would slow down the rate of measure-
ment and might make recovery measurement difficult under certain
circumstances. If an oseillator without the errors mentioned
above, some form of accurate sweep inetrument, were used these
errors would .e avoided.

The recovery of internal friction in face centred cubic
metals after various types of deformation was extensively
investigated. It was found that various types of recovery

mechanisme were active. Of these vacancy and divacancy
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movement were identified and the activation energies of the
process obtaineds These were found to be generally in good
agreement with those in the literature. It vas shown that a
decrease in the activation energy for point defect movement
occurred as the concentration of point defects increased.

It was indicated that the magnitude of this effect was dependent
upon the stacking fault energy of the metal. The effect Leing
greatest in metals of low stacking fault energy, it was suggested
that the dislocation arrangement, which is controlled by the .
stacking fault energy, was responsiosle. The contribution of
divacancies to the rocovery after deformation was found to be
unexpectedly large and indeed appears from the results to be of
major importance.

The resulte from the internally oxidised alloys
showed the effects of the different types of oxide particle.
It was shown that in the case of silica particles the rise in
internal friction after oxidation was emphasised by the phase
change in silica below 200°C. The thermodynamic stability of
the oxide was known to be of some importance as the oxide can
decompose on amnealing under vacuum. The results obtained by
optical and electron microscopy largely confirmed publiched
data.
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Experiments were carried out on pure iron but it
DIFF«s 7
seemed that any vacancies produced differesd with quite a small
activation energy. Uitrogen movement in iron was studied hy
a number of methods. The internal friction method was
successfully used %o measure the diffusion of nitrogen and

gave confirmation to the theories current on nitrogen ageing.
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