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\§) . ABSTRACT

‘ ;Studies of damping in electron beam zone purified

iron indicate that there is no low temperature disloca- ‘

tion relaxation peak such as 1s found in most other materials.
It was found thatAa modulus defect could be induced

by hilgh amplitude oscillations. This is shown to be due to

dislocafions which have been displaced from equilibrium

positibns. Thé.activation.energy' for dislocation motion 1s

estimated to be rnio higher than .07 e.v. and possibly as

vlow as .Cle.v, |

-~

In view of this, it is predicted that the Pelerls

hstress mechanism for the Bordoni peak put forward by Seeger
and others, would require the peak in lron to appear telow
}QPK at about 30 keps. Consideration of the damping struc-
‘tufe in this region shows,that fhe behavior 1s principally
maénetic in character and leads to & possible‘ekplanation
for the:absence of the Bordonli peak.

}The anplitude dependent damping was' studied as a
fﬁnction of temperature, applied magnetic field, and
mechanical stafg. Thé Granato-Lacke theory of dislocation
dampiﬁg was found nqgt to apply under the cohditions met
in this~stgdy. N

Auxiliary ;:hﬁies of damping in nickel show that
there 1s a damplng peak in the expectéd temperature range
ﬁhich appears to be a Bordoni peak. The peak shows anneal-

ing characteristics similar to those of copper but at higher

temperatures.

-~



I. INTRODUCTION

Since the introduction of dislocation theory,
enormous strides have been made towards understanding the
nature of the fundamentdl processes governing the macro-
scopic mechanical behavior of solids. It has been applied
with some success fo such phenomena as creep, work hardening,
the yleld point,l and so on, Unfortunately perhaps, the
versatility of the theory is such that a phenomenon may
be explained satisfactorily by several dislocation models.
It i1s at this point that theorizing must giVe way to
experimentation so that with sufficient facts on hand‘one
may determine the model which most nearly describes the
event,

A number of the phenomena of interest depend upon
the ability of dislocations to move through the material.
Because this is a prccess that is not clearly understood
in the case of iron, a program of study of the motion of
dislocations in iron was undertaken.

Because of 1its particular advantages, internal
friction was chosen as the means by which to investigate
this problem. It has been amply demonstrated that such
methods areAcapable of providing valuable information
concerning the nature and interactions of lattlce imper-
fections. One of the chief virtues of this method is that
1t 1s able to focus attention upon what is essentially an

atomic level. As such it has contributed matérially to
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understanding the macroscopic behavior of solids in terms of
the underlying atomistic processes.

Internal friction generally refers to eheréy.lost
in a solid. Specifically, solids are capable of dissi-
pating energy when they have been set into oscillatory
motion even though the material may be so well insulated
from its surroundings that losses to its environment are
negligible. A

_ Phenomenologically, internal.friction arilses frém
fhe fact that real materials exhibit impeffect elastilc be-
‘haV1or. A tfuly-elastic material will not dissipaté energy

during oscillations since the‘stressvénd_straih are alWays
in phase. Internal frictibn may be'manifested.through
statilc anélastic phenomena such as creep, or stress relaxa-
tion, and dyﬁamically through changes in the modulus and
energy absorption peaksg’j’“; or by méans'of a static 
hysterésié'mechapism such‘aé described by Nowick.?

A conveﬁient measufé of the interhal-friction, and
the one used throughout this paper, is the logarithmic
decfemenﬁ which 1s defined as follows A

'A - 1n (An/An + 1) = aw/2v (1.1)
’wherglAn and Ap 4+ 1 aréAsuccessive amplitudes of.é body
oscilliating in free decay, dW 1s the energy'dissiﬁated pef

cycle, and W 1s the energy stored in the body. .

‘ The decrement 1is fur"‘cher related to the angle ¢

by which the strain lags behind the stress, and the width
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.of the resonance responsé curve of an oscillating body by
the following 2’3’4.' ' o . .

| A =Tg=W(w)/ur | - (1.2)
where dw 1s the width of the response curve at one half of
the maximum power poing, and Wy is the resonént frequency.
 The above relations are correct wnhen the damping is low
and .mist be modified otherwise.®

| Thelbrimary objective §f the present investigation

was a search for the Bordoni peak®s7:8,9 since this pheno-
Menoﬁ is generally considered to be éssociated only with
.the m@tion of dislocation Segments through the lattice.
The ééudy of émplitude dependent internal friction has also
'béen éhown fo be'uséful in studying dislocation motion and
this téo was observed. Most important in this context is

10 where 1t was

.the theoretical study of Granato and Licke
~ found that dislocation damping should be described by the
formula -

D= Do+ (B/e/?)exn(-a/e) (1.3)
where A and B are constants and ¢ is the strain amplitude.
This expression was‘deriﬁed under the assumption that a
disldcatién segment 1is strongly pinned at dislocation nodes,
'and less strongly by impurities. At sufficiently high
strain amplitudes the dislocation line will'break away from
fhé impurity pinning points, but hot from the nodal pinning
points, contributing a significant Ilncrease in damping.

The constants A and B of equaﬁion 1.3 are related to the

number of pinning points per unit length of dislocation and



to the network loop lengths respectively. Consequently,
whenever the theory is applicable, informétion méy be ob-
tained relating to important dislocation parameters. Inc
general, damping described by equation 1.3 is known as
‘Granato-Lﬂcke damping .

The modull of elasticity also are important means
of observing changes in the state of a specimen. A devia-
tion from the true modulus 1is referred to as a modulus
defect and is an extremely seﬁsitive indicator of dislocaF
tion beha?ior; for example, compared to damping, becauée of
the high precision with which it may be determined. As such,
this too was observed. In addition, the magnetic.field
dependeﬁce was studied to be sure that this variable was
properly controlled.

To accompiish all this, an apparatus was designed
and constructed which could be utilized over a range of
temperatures from ambient down to liquid helium. In order
to bring the effects which were of interest.to higher
temperatures, it was decided to operate in the kilocycle
region,

. Since 1t was'intended to vary the temperature over
a coﬁsiderable range, it was desirable to eliminate the use
of bonding cements which are troublesome under these con-
ditions. Hence, it was decided to use an electromagnetic
drive which, in the case of 1iron, requires nothing to be

affixed to the specimen. An added virtue 1s the fact that
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.thé electromagnetic drive 1s capable of échieving higher '
strain amplitudes than che?s such as, fof example, an |
electrostatic'drive;'zThe‘apparatus is described'in greater
‘detail below. o |

In order to establish the best conditions for a
stuay of dileéatioh motion, cpnsiderable'effort Was direc-
ted towards ensuring that the‘dislocétibns would indééd be -
free toimove. "In practice thié meanﬁ firsf, using material
‘of the higheét'purity availablé, and seéond, afranging the .
experiments so'that there would be present . the greatest-
bpportunity‘for ﬁnimpeded dislocatibn MOtionJ This Qés
accdmplished bﬁ'treating the speciméhs to Varibus aging
'treétﬁenfs>designed_to precipitate aﬁd_StabiliZe as mﬂch
»interétitial-impurity as possiblevbefqre cold work. On the -
other hénd, defofmétipﬁ was also performed in certa;n ih—
stances'aﬁ températures,below which.intersfitials were |
éabablé of migréting fo, and pinniné, disloéations. ,

-Though internal friqtion studieé‘have-been fairly
extensive in féc metals, studies of'dislocafion motion in
bee materials, especlally iron, have been somewhat of a
rarity.' Among the ﬁépeqs dealing'primarily with dislocation
phenomena in iron there are the studles of transients in-

duced by cold work by K8sterld

, which is probably related
to"dislocation rearrangement and defect pinning.?2
Recently there haﬁe been two papefs concerned with-

the amplitude dependence of the damping, one in deformed.



12 2nd the other in déformed iron containing

pure 1ron,
carbon.I?
There are other phenomena which may be related to
éislodations or dislocatlon-defect interactions. First,
,there are the trio of small peaks known as the Haslguti
'ﬁeaks14’15’16’17 which appear between -40°C and -110°C at
1050 cps. These peaks are interpreted as being due to
vacancy and interstitial interactions with dislocations
in a manner that is aﬁ present hot understood. There 1is
also the "cold work" peak which abpears in cold worked ifon
‘ éqntaining nitrogén.2:18 This phenomenon is also not
.tcleaflyAundérstood, but it 1s tentatlvely Interpreted as
belng assbciatéd wlth the motlon of impurity atoms and
dislocations, or of impufiﬁy atoms in the stfess field of
dislocations. The latter has beeﬁ_observed at about 1 cps.
A study has recently been made on iron whiskers by
Conte et ai.lg Whiskefé allow studlies to be méde under very
special'circumstances, suchvas very high purity and a nearly
- perfect structure,. Thé chief significance of this particu-
.lar paper 1s the demonstration of a large médulus defect
at 20°K, the importance of which is discussed below.

- There are two cases where mentlon is made of a
search for a Bordoni typevpéak in iron. 1In their review of
dislocation damping, Niblett and Wilks8 merely mention that
no such peak was found without presenting any details. In -

20

addition, Bruner~~ reported similar results, however, in

this case only two specimens were examined under identical



conditions and without close regard for the effecfs of
-, iInterstitial pinning., Hence, 1t was felp that the absenée
" of a peak ih‘iron was not clearly established_and that Jus-
tification:existed to pursue fhis matter further,

Though Bruner found no Bordoni type peak in iron,
he did come upon a significant feature at relatively low
temperatures. The dampling was observed to rise rapldly and
then become constant ‘as the temperature was decreased to
that of helium. In addition, Heller2l while studying the
damping behaviér of hydrogen and deuterium in iron founé
gdditional damplng structure below 100K at 1 cps which he
identified with the increase observed by Bruner. This in-
crease ih damping at very low temperatures will be referred
to as the "3runer—He11er rise" throughout the paper.

At the time'of Bruner's paper, no Bordoni type
peaks had been observed in bec metals. This fact prompted
Bruner2® to propose é mechanism which predicted that bee
metals could not produce thils phenomenon. Since then
Chambers?? has demonstrated the existence of deformation
induced relaxation peaks . in bec refractory metals. These
peaks share many, thdugh not éll, of the characterlistics of
the fcc peaks, The differences not withstanding, 1t was
concluded for a time that the peaks observed.in these
materials probably possessed an origin similar to that of
the Bordoni peaks in copper. However, in a very recent

paper Chambers?’ has attempted to demonstrate that these
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.Gdeformation-induced peaks are of a fundamentally aifferenf
nature in the'ch and bce metals. In parficular, he has 
" concluded that Seeger's Pelerls stress mechanism24 is con-
sistent with the results for the becc metals only. His
conclusions are reinforced by the recent work of Bruner aﬁd
Mecs25, whé demonstrated that copper, freshly deformed at
low temperatures, exhibits a large modulus defect at 4,20K,

' Thus it was éxpected that a deformation-induced peak
should appear in highly purified iron if conditions for the
peak apply equélly to all bce metals.



II. EXPERIMENTAL PROCEDURE

A. Apparatus and Techniques of.Measurement

1. Excitation. The specimen in. the form of a cylin-
drical reod isldriven ih longitudinal oscillation by a
telephone type electromagnetic exciting device first used
by Wegel and Walther,26 and also by Pittenger?7 and
.Chambeﬁs.és | ' »

A schematic of the excltatlon. and detection cir-
cuits, and the specimen position is shown in Figufe 1. (The
~dotted lines represent alternate signal roﬁtes.) The output
of a Hewlett-Packard Model 200T Test Osclllator may be
_direcfed either to e General Radio 3 Watt amplifier or .to
a McIntosh 75 Watt amplifier and thence to an electromagret
to excite the specimen. A Hewlett-Packard Model 522K
electronic counter measures the frequency at the oséillator
output since fhe signal generated by the specimen vibra-
tions 1s generally too low tovtrigger the counter, However,
the frequency of the generated signal eou1d be.compared
to that of the driver when displayed on a Tektronix S45A
oscllloscope.

The amplitude of the driver signal 1s measured
across the coil by a Hewlett-Packard Model 400D voltmefer.
The signal produced by the oscillating specimen (see
below) is amplified by a_Dynakit PAM-1 preamplifier and then
displayed on a Hewlett-Packard Model 400H voltmeter and/or

the oscilloscope mentioned above. Provisions were made to
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.allow a signal to be sent directly through the. specimen
for purposes of calibration (see below). - '

The magnet cores are constructed of 5 mil
- hipernik laminatibns:-which were heat treated after:
fabrication to minimize hysteresis losses. The hagnet
arms contain 40 laminations and are approximately 5/16"
square. The lgminations are Insulated from each other
- by meaﬁs of a silicone varnish (Dow Corning 980) which
was properly thinned and baked on. The gaplbetWeen érms
is 1/16", while the gap between the magnet and specimen
varied between one to ten mils,

Two windings are positioned on the vertical arms
- of the magnet, one for the A.C. drive and the ofher fof a
D.C. bias. The A.C. windings were constructed so that
reasonable impedance matching is achleved between the '
driving amplifiers and the windings. The D.C. field
makes it possible to lincrease the driving force many
times over that produced by aﬁ_unaided A.C. field29.'

| The magnet and windings were secured to a copper

‘shield whilch in. turn waslsecufed to a geared drive that
may be operated manually from outside the evacuated
specimen chamber. This drive permits the magnet to be
poéitioned at the optimum gap which depends upon the
temperature and applied magnetic fields.

For non-ferromagnetic specimens, a small mag-

netic pole plece was affixed to one end.ofrthe specimen,
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which was carefully machined flat, drilled, and tapped
to a.depth sufficient to allow a few threads. Then a
steel screw was‘tightly screwed in and machined flat to
a thickness of less than 1/16" with the sides flush to
‘the specimen. The results were very satisfactor&.

2. Gripping device. The specimens are gripped 1in

the center at a nodal point. The actual grips are a pair
of straight brass pins which are mounted in oversized
holes in brass sections by means of liberal amounts of
soft solder. Such a method was found to decouple
adequately the specimens from the support rods. With
more rigid couplings, the support rods may be caused to
resonate when one of their natural frequencies is close

to the natural frequency of the specimen. The resulting
coupled oscillations give rise to spurious results.

One of the brass grips mentioned above is threaded
and tightens the specimeh agalnst the other grip. The
second grip is spring loaded and together they afford a
fairly secure support. However, the grips cannot be
‘tightened too-much béfore the pins bend, thus preventing
more than a minimal amount of local deformation from being
produced.ih the specimen.

The speclimen and grips are mounted on a palir of
support rods in such a manner that the specimen may be
positioned about two mutuélly perpendicular axes in the

horlizontal plane.
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3, Detection. A simple capacitor type microphone
serves as the method of defection. The end of the specimen
opposite to the mégnet fbrms one .plate of a parallel plate
capacitor. (See Fig. 1.) When a D.C. voltage 1s applied
across the capacitor, small changes in thé gap (due to
specimgn Qscillations) will produce an A.C. voltage of the,
same frequency as that of the vibrating specimen, as- shown
below. |

The voltage across a capacitor 1s related to the
V = Q,/Co '(2.1)‘

Now, considering Figure 2 in an open circult condition, the

capacitance as folloWs

capacitor Cé will be charged by Vpq (Fig. 1) with an amoun.
of charge Qj. If ‘the rod vibrates, causing the static‘gap
width d,, to change, Cy will also be caused to change. No

charge is flowing at this point, but a voltage &V 1is

generated
§V = (-05/00%) dcq
= (-Vpe/Co) dco (2.2)
The capacitance of a parallel plate condenser is given as:
Co = K'A/d, (2.3)

where K' is a constant, A 1s the area of the plate, and d,
is the distance betweén‘them (the static gap width above).
Therefore, a variation in the gap will produce a corres-

ponding change in the capacitance

§cy = -Co-ddo/d, (2.4)
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Substituting in equation (2.2) wé arrive at

‘:V = Vpc'sdé/ao (2.5)

Thus it is shown that the voltage generated by the
vibrating specimen varies directly as the change in gap
width, which in turn is directly related to the changé in
dimension of the specimen.

Again consider Figure 2. Z4 represents all im-
pedances faced by thé generated voltagé, inéluding the grid
leak resistor of the amplif r. When the circuit 1s com-
pleted, the current is given by

I=§v/(24 + xé) (2.6)
where Xc'is the impedance of the pickup capacitor. Vi, the
voltage to be amplified, 1s simply

vy = IZ3. (2.7)

Substituting equation 2.6, we have

Vi = IZ = Vpe( §,/d0)21/ (X + 21) (2.8)

which may be reduced to
Vi % Vpo(§do/do)2s/Xe - (2.9)
since X;>» Zy. Purthermore, since the capacitive reactance
of the pickup capacitor 1is given by |
X, = 1/28£C, = 3,/20fK'A (2:.1‘0)
equatiop 2.9 becomes
Vi@ VpowK'AZg (§d,/4,) (2.11)
The RMS voltage read on the voltmeter will be
Vo, & (BVpowK'AZy/(2)8d,/d42 (2.12)
wheré'B is the effective amplification of the signal,
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This expression may be rewrltten in terms of the'
- strain amplitudé if the foilowing substitutions are made .
| €, = 2.§d,/L, and ¥ = BZ4K'Aw
(L is the length of the specimen.) The strain amplitude is
ey % 2924,5V,1 /(¥ VpcL) (2.13)
. The only unknown in thils expression is the factor,&
which is a constant of the system for any specific seﬁup
and may be readily determined. As indicated above and in
Figure 2, the detectidn 6ircuit‘is_the equivalent of a
voltage generator in series with é capacitor. It is there-
foré possible to substitute a known voltage for the ﬁoltage
" developed by the oscillating specimen, 1In pradfice, tﬁis
is accompliéhed by swltching an oscillator-power amplifier
combination in series with the pickup and cutting out the
driver coils. | | ‘
Under these éonditions, and following the same
procedure as.befqrg, this second output voltagg is given by
| Vop = BV,,21/(24 + Xe)o _ (é.lu)
V,e 1s the impressed voltage, and the other. terms have the
same meaning as before. ‘ |
Making the appropriate substitutions and rearranging,
we arr;ve at . '
Voo = ¥Vae/de - (2.15)
If there are any stray capacitive couplings to tﬁe
‘pickup, équation 2.15 must be modified to fead
Voo = [ (#/80) +8] Vo (2.16)

@ is also a constant.,
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It remains then to measure V , versus V,, at several

- known static ga? widths 1in order to determine the'constgnts

¥ andB . In order to do this, the second plate of the plckup

. capaclitor was mounted on a micrometer which permits‘the
distance between the plate and the specimén to be measured
to within ¥ .0002".

- Once the constants of the system have been deter-
mined for a given specimen and amplifiéatioﬁ, the static
gap may be determined at.any time by again placing a known
voltage across the plckup capacitbr. This permits the
detérmination of €, under almost any conditilons. .Fof
example, it may be done at temperatures other ﬁhan ambient
when thermal expansions have altered the gap. The output
Qoltage (Vol) may therefore be considered a direct measure
of the strain amplitude. | | _

Equations 2.13 ahd 2.16 were verified by direct
measurements of the output voltages as a function of each
of the parameters, i.e. d,, V,,, and VD&‘ |

4., Measurement of decrement. The width of the

resonarnice response curve 1is directly related to the
decrement.? Use was made of this fact to detérmine the
decremgnt when the specimen damping was indepéndent of the
strain amplitude.

It was found that.damping measurements are indepen-
dent of ﬁhe signal-to-noise fatio so long és,the ratio was
4;1 6r greater, Under conditions that did not provide'

maximum sensitivity, i.e. with narrow diameter-specimens,
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or large static gap, it was necessary to cperate at higher
strain amplitudes in order to meet this criterion. |

| When the damping depends. on strain amplitude use
1s made of the fact that in a specimen vibrating at
resonance, the amplitude of oscillation s proportional to
the driving force and inversely proportional to the damping. 3
- Or in terms of the damping ' ‘
D= C.Fle, - ' (2.17)
where F 1s the'driving force, and C is a constant.
It has already been shown that the etrain amplitude
is directly proportional‘to the output voltage (equation
- 2.13). A simple and rapid means of damping measurement
would be atailable if the driving force were directly pro-
portional to the output voltage of the power amplifier,
Accordingly, a sensing coil of~ten turne of No. 34 teflon
coated oopper wire wae placed about the magnet gap. The‘
induced voltage was measured as a function of the power
amplifier output .voltage and it was found that the induced
'voltage-which~is proportional to the change in flux, and
hence to the'driving'force, is linearly related to the
driving voltage over the entire range of operation..AThis
' 1s true both with and without a D.C. blas.
It is neoessary therefore, only to measure‘VD
(driving voltage), Voi, and the decrement at a low strain_
-amplitude (where the damping is independent of amplitude)
in order to determine c. Following that, the strain
amplitude dependence of the decrement may be determined

‘simply and rapidly by measuring VD and V01'

it
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5. Cryostat. The driving coils, magnet, specimen
-and grips, and pickup are sﬁspended from a pair of suppoft
rods which are affixed to a stainless steel plate. This ‘
plate forms the cover for a stalnless steel vacuuﬁ chambef
into which everything is placed. A mechanical forepump is
sufficient to maintéin a vacuum of about 5 to 10 microns.
:This vacuum chamber is inserted into a standard type
double dewar cryostat. The outer jacket is an evacuated,
double walled stainless steel dewar. The inner member is a
double walled pyrex dewar with silvered inner surfaces; A ‘
nbtable feature 1is the final length of liquid gas trénsfer
tube which 1s enclosed wilthin the double walls 6f the élass
dewar, '

Provisions were made for the introduction of dried
helium or nitrogen gas into the vacuum chamber to pfomote
heat exchange either in wérming up or cooling down. Eithér'
of the gases may be used to pump liquid coolant into the
dewar system.

| Temperature measurements were effected by a pair of
copper-constantan thermocouples. These were affixed to the
steel specimen support approximately 1 cm. on eitherAsiée of
the specimen., Tests showed that the specimen's temperature
did not differ significantly from that usually measured when
the warmup rates were as low as those encountered in these
experiments. '
| Warmup was usually effected by allowing the entire
syétem to warm naturally affer the liqﬁid'nitrogen bolled off.
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The maximum warmup rate was about one degree per minute bé;
-coming slower as room tempefature was approached under
‘ordinary conditions.
6. External magnetic fields. A coll to provide a

magnetic field parallel to the specimen axis was wound
directly onto the outer surface of the vacuum chamber. As
‘a consequence it is immersed 1n the 1liquid coolant which has
the advantage of reducing the power necéssafy to produce tﬁe
fields by a factor of ten or more. A field of 125 oersteds

could be achieved.

7. Test ofvapparatus. In order to be assuréd that
the apparatus was capable of measuring a Bordoni peak, the
phenomenon was looked for in copper and aluminum. In both
cases the peaks were readily observed and found to agrgé
quite wgll with the literature, thus 1t was concluded the
apparatus was in satiSfadtory operating condition and could:

be used for its intended purpose.

B. ' Specimen Material, Preparation and Treafments

The spééimens used in this investigétion were
primarily purified iron, but other materlals, ferromagnetic
and otherwise, were used as the occaslon demanded.

’ "The ferrous specimens were of various purities,

the lowest belng shop grade drill rod which ié an oil
hardening steel containing 0.90 per cent carbon. Next in
ordef of increasing purity comés a vacuum remelted

Weétinghquse iron; then a series of electron beam zone



melted material of one, two, and four molten passes

-utilizing Ferrovac E as a sfarting material. Also used was

‘a sample of the high grade electrolytic iron, vacuum remelfed

and zone refined by the Battelle Memorial Institute the ;
actual position of which in the scale of purity cannot be |
preclsely determined since analyses of all the materials

are lacking.

Analyses where known are presented in Table I.
Relative purities in other cases can be inferred from the
relative performance of the specimens under certain condi-
tions, as will be indicated below. |

Nickel specimens came in two groups of burity. The
lowest purity was shop grade material. High purity speci-
mens were kindly provided by the International Nickel Qompany
in the form of nickel reference eiectrodes of 99.99+ per
cent nickel.

The non-magnetic specimens consisted of 99.999 per
cent copper from the American Smelting and Reflniling Company,
and brass.

"Specimens were in the form of cylindrical poly-
erystalline rods of about 3 to 4 inches in length, and
between .150 and .187 inches 1in diameter. When possible
deformation was pérfofmed by means of swaging, or a combi-
nétion of compression followed by swaging. However, due to
the limitations in the numbef of swaging dles avallable, it

was found that the only feaslble mode of deformation which
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left a useable specimen was deformation in torsion. This
was achleved by<positioniné the specimen in a lathe after;\
carefully ensuring alignment from the head through the tail
stock. The specimen was then twisted through the desired
éngle. When the specimen has been deformed 1n this manner
the deformation is reported as per cent strain at the
- surface, |

All heat treatments were performed in vacuum, The
specimen was sealed with>titanium getter in a carefully
cleaned quartz tube ﬁsing a mechanical forepump to evacuate
fhe'tube. The vacuum was improved by firing the getfer to

-a red heat for a few minutes in order to remove'oxygen and
nitrogen. Frequently the getter was permitted to remain
during the entire heat treatment., In these cases the speci-
men and getter were separated by é narrow constriction in
the quartz tube. |

In certain instances low temperature deformation
was performed. The methods are described more fully ih the
‘appropriate sections ﬁndgr experimental results.

" All iron specimens (except drill rod) used in this
investigation received one of two alternative aging tréat—
ments designed to promote the production of gnpinned dis-
locations. The two are distinguished from each other by
whether a 3000C heat treatment occurs after recrystallization
aﬁd prior to deformation, or'whéther'a deformed specimen is
aged‘for-a short time at 300°C prior to additional deforma-

tion. In each cage 1t 1s hoped that the‘interstitial
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impurities will become trapped in the sub-structure remain-
ing after the heat treatmeﬁt and remain there during suﬁse-
quent deformation. This hope 1s based upon an observation
by Petarra,]t8 who found that not all the nitrogen which
contributes to the cold work peak appears in the Snoek peak
immediately after deformation. It is explained on the
basls of the interstitials not leaving the substructure
until the specimen is heated above the Snoek péak tempera-
fure. In addition, Fast and Verrijp12 demonstrated that
when a specimen containing .00% per cent C received the
firSt_type of aging treatment, the aging characteriétics
after deformation were consistent with those of a specimen
containing about .0005 per cent C. Thus it appears such
aging treatments are indeed capable of providing the

advantage we geek.
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IITI. EXPERIMENTAL RESULTS

The results of this investigation fall into four
broad categories: (1) the search for a low temperature
dislocation relaxation peak'at low strain amblitudes which
is primarily a study of damping as a function of tempera-
ture; (2) time dependent effects following cold work or
high amplitude osciliations; (3) amplitude dependent
dampiﬁg; and (4) effects of applied magnetic fields upon
the damping at constant strailn amplitude. Such a sub-
division of results serves to separate purely relaxation
effects from hysteresis effects, and both; which are
essentially. independent of time, from those effects which
depend strongly upon time., Lastly of course, are the
phenomena which are purely magnetic in origin.

Some effects are unavoldably bound together so
that they cannot be neatly categorized. Thus, the time-
dependent recovery of the modulus which is induced by high
amplitude oscillation§ is separated frbm the amplitude-
dependent damping studies because the phenohenon was
measured at low ampllitudes, and is simpler and more readily
understood than the complex amplitude dependence. The time-
dependent recovery of the amplitude-dependent damping is
also included here because it bears directly'upon the under-
standing of the modulus defect.

In many cases the effect of a variable is compared

for the purified iron in three states: (1) fully recrys-

tallized; (2) lightly cold-worked (<5 per cent); (3) heavily
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cold-worked (D5 per cent). Comparisons are also made to

copper and brass.

A. Damping Versus Temperature

This section presents the results cohcerning the
temperature dependence of the damping at low strain ampli-
tudes (10-7) for iron and other materials. Table II
summarizes these resﬁlts.

With respect to iron, the first point of note ;s
the lack of any sort of deformation-induced damping peak
which might be likened to the Bordoni peaks in face-
centereq cubilc metals7’8’9 or the peaks féund by Chambers?®
in the body-centered cublc refractory metals. Instead, the
typical curve of damping versus temperature for cold-worked
purified iron (Fig. 3) decreases gently from liquid nitrogen
temperature to room temperature as reported by Bruner. Th;s
is unaltered by applied magnetic fields or degree of ccld
work other than to change the level of damping, except for
~a Hasiguti peak.14,15316:17 Large impurit& concentrations
do alter thishbehavipr for in the case of arill rod the
damping is gquite low and nearly horizontal until near room
temperature where it beginsg to 1ncrease. Variation of
mechanical treatments and heat treatments to include re-
crystallization above and below the Curie tehperature,
aging, or varying tle time of aging at room temperature
after room temperature deformation, etc., produced no

damping peaks elther.
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In two cases, the 1lron was deformed below room
temperature and the damping measured from very low tempera-
tures to room temperature without any intervening time
‘above -300C,

In the first case, a specimen was fabricated of
Battelle iron and tested by the courtesy of Dr. L. J. Bruner
and Mr; B. Mecs of the IBM Watson Laboratories in their
equipment.25 ‘The flexural mode used has a fundamental fre-
quency around 500 cps. The specimen was Qeformed at 105°K
in the internal friction apparatus. However, only 1/2 per
cent plastic strain was achieved before the specimeﬁ
fractured at one of the grips. Fortunately, tﬁe internal
friction poftion of the specimen was left intact. The
" temperature was lowered to 4,20K before measurements were
commenced. The results of this test are shown in Figure 4.
While reliable data COula not be obtained below 20°K because
of the effects of the boiling liquid helium, the Bruner—He;ler rise
is clearly visible. This rise may be characterlzed by the .
'teﬁperature at which thg curve departs from the horizontal.
For this experiment the characteristic tempefature was about
28°K. , |

A careful scrutiny of the resonant frequency data
suggests that there may be a relaxation of the modulus in

the neighborhood of 450K, and also at about 160°K. The
first is within about 20° of‘@he characteristic temperature
definedmabove, while that of the higher temperature may.

dorrespond to a very smali.Hasiguti péak;
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In the second case, specimen 3 was heat treated b&
the second method described above to produce sub-grain
trapping. It was then immersed in liquid nitrogen until
the specimen reached that temperature. Liquild nitrogen was
continuously poured over this specimen as it was deformed
in a prealigned lathe. Plastic deformation was approxi-
mately 3 per cent. After deformation the specimen was
resubmerged in liquid nitrogen and then quickly inserted
into the internal friction apparatus. The chamber was-
evacuated and inserted‘into the dewar which contained
'liquid nitrogen. The entire process took about fivé
minutes. The damping versus temperature'again.showed'the
familiar gentle decrease with increasing temperature, Other
'aspects of the behavior of this specimen wlll be discussed
in following sections. ‘ ‘

In Table IV'ére.presented some figures on the value
of the damping in iron as a function of mechanical treat-
ment, It is seen that cold work always deéreéses the
' démping at liquid nitrogen temperatures,

Investigations were then directed toward the role
played by the ferromagnetic nature of the lattice and'its
possible effect on the 'Bordoni' peak. To this end nickel
was chosen since.it 1s face centered cubic, .in common with
copper, yet also ferromagnetic. A summary of the results
for nickel appears 1in Table~III.

o -The as-received nickel specimens represented a

fairly heavily cold workéd material which had been aged
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for several years at room temperature. In this state a'.
large well developed peak.appeared in both specimens, one
at -147°C (126°K) and the other a few degrees higher. When
"one specimen was annealed at 600°C for thirty minutes
(presumably recrystallized), (a) no peak was observed, and
(b) the damping level was three times the previous peak
height. On the other hand, when the second specimen was
subjected to an additional 5 per cent torsional defermation,
the peék height increased.

The first specimen was then swaged to a 4-5 per
‘cent‘reduction in area. This reintroduced the peak?at a
slightly lower temperature and with a reduced beak height.
The material was then aged for fifteen minutes at successive-
1y higher temperatures and 1t was found that the peak‘
height first decreased. 1In addifion, after annealing at
250°C a second small, bfoad peak appears at about -40°C
(233°K) . |

Annealing at higher temperatures causes both peaks
" to grow., After the 450?0 anneal, the major peak 1s sharply
reduced and the minor peak seems to disappear. Annealing
at still higher temperatures causes the background to.in-
crease a great deal, but leaving a trace of the major
peak. |

These results are very simllar to those of Bruner
and Mecsz5 in which copper ﬁas deformed at liquid helium
temberature and aged at sucdessively higher temperatures

up to room temperature,
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One of the nickel specimens was reduced to a wire
- and installed in a torsion bendulum in an attempt to deter-
‘mine an activation energy for the peak. The data are
somewhat erratic since the apparatus was being pressed to
operate at temperatures below that for which 1t was origi-
nally designed. However, it 1s evident that one peak is
present at -75°C (198°K) and there is the appearance that
the damping is rising in the neighborhood of -160°C (113°K)
presumably to another peak. Since this wire was not aged
above room temperatufe, this peak cannot correspond to the
beak at 2330K found at about 32 keps. This 1 cpspeak must
therefore correspond to a peak that lies somewhére above
room temperéture at 32 kcps.

In as much as i1ron was of primary interest, st@dies

of nickel were not pursued any fufther.

B. Time Dependent Effects

1. Induced by cold work. Among the phenomena observed

were that of the time-dependent change in the modulus and
dampi;g after deformatioh, i.e. the K8ster éffect. The
results are shown in Figures 5 to 7.

In the first two figures, the change in resonant
frequency and damping are compared for two levels of cold
work at relatively low strain amplitudes @:16‘6). The
damping 1s seen to recover at a more rapid rate and to a

greater extent in the specimen with the higher degree of

cold work. Simlilarly the .changes in nesonéntlfrequency
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are greater for the specimen with greater cold work. Note
- that the recovefy continueé for periods of the order of
“hours.

In Figure 5 there are some very obvious anomalies
in the recovery curve for the resonant'fréquency of the
specimen cold worked 6 per cent. These were induced by

“high amplitude oscillation and will be discussed in greater
detail below, '

Another point‘of interest is the fact that
recovery affects high amplitude» damping more than low
émplitude damping which 1s particularly noticeable in

“1ightly cold-worked specimens. (See Figs. 7, 9; 10.) 1It
is apparent'that more than one process contributes to the
amplitude dependent damping.

Observations were made of the K8ster effect in
Battelle iron after zggzlheavy‘deformation. The results
were very complicated, but 1t is noted here that the damp-
ing went variously up and down with time with a range éf
0.8 x 1073,

" For comparison, the récovery of pure nickel swaged
to about a 4-5 per cent reduction of area, was observed,
The recovery of the damping was comparable to that of the
iron specimen deférmed only 1 per cent, The'éhénge in
resonant frequency however, was much less than either the .
1 per cent or 6 per cent deformed iron. Note also the
aﬁomélous behavior in the resonant frequency recovery curve
which did not appear to reéover quite és smoothly as for

the iron (Fig. 8).
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2. Induced by high amplitude osclllations. The

- anomallies observed 1n Figufe 5, 1.e. the increased modulus
‘defects which appear periodically, were found each time at
the termination of a measurement of the amplitude dependence
when the specimen was driven once more at a relatively low
strain amplitude. In each instance, the dlsturbance seems,
to dilsappear in several minutes time allowing the recovery
to proceed.more or léss smoothly.

The effect is.manifested in two ways: the first
is a change of frequency which is introduced at a relatively
High strain amplitude and disappears instantaneou;ly.as the
amplitude is decreased to some relatively low vélue, e;g.
10"7, The second type of frequency change remains even
after the low amplitude 1s reached and disappears on1y with
the passage of time, In as much as this phenomenon.was
observed primarily as a éhange in the resonant frequency,
the total change in frequency will be referped to as the
Af effect, with AfH‘and AfL respectively applied to the
two distinct types deécribed above, The changes are
related by the expression Af = Afy + AfL.

(a) Generation of the Af effect. The Af effect

was found to be falrly sensitive to a number‘of variables
which are describéd in this sectlon.

The difference between the two types of Af 1is
vividly demonstrated in the éase of 99.999 per cent copper.
In_this specimen it is possibie to induce a total Af

measured 1n the hundreds of cycles mosf of which disappears
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directly as the strain amplitude 1s decreased leaving a AfL
- of approximately 30 cycles.which then decays over a period
of time. This difference 1s not nearly so marked in the
case of iron or brass where AfH 1s only a few cycles at
best. The threshold strain amplitudes for these processes
are presented in Table V where it is seen that the differ-
ences between copper, brass, and iron for both thresholds
are guilte large., In addition, it is observed that the
threshold 1s a function of temperature in iron (Table Vb).

The magnitudé of the effect is a function of the
émplitude and time of high amplitude oscillation,_ the
magnetic field, and the temperature. Further, in each case
the results are modified by the state of cold work of the
iron. Figure 11 shows that, as a function of strain ampli-
tude for a constant time of applibation, the AfL Increases
as the square of the stréin amplitude for the recrystallized
material. The lightly cold-worked material‘however, ex-
hibits an initially linear increase with respect to strain
‘amplitude which changes over a narrow interval to a greater
slope and appears to continue linearly.

With respect to time at a constant amplitudé of
oscillgtion, AfL increases along a curve whiph is éoncave
dowriwards (Fig. 12). ' The exception here is the recrys-
tallized specimen which shows an arrest between 50 and 70
seconds (Fig. 13). The experiment was repeated to verify

the presence of the‘arrestedvportion and both. curves are
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shown. The curve for a heavily cold-worked specimen, which
.. is not shown, has the same form as exhibited for ‘the lightly
- worked specimen in Figure 12,

A1l of the above experiments were carried out at
room temperature with no externally applied magnetic fields.
Figure 14 shows the results at room temperature with a field
for reerystallized and heavily cold-worked specimens.

Though the strain amplitudes are unequal, both show a de-
crease in AfL‘With respect to an increasing field. In °

fact, the effect in the recrystallized material is reduced

to zero at a high fleld at the particular .amplitude bf obser-
vation. - In all cases, the AfL produced after rémoval of the
field 1s the same as at the beginning of the experiment.

The recrystallized and heavily cold-worked spe@i-
mens show a markedly different reéponse to lowered tempera-
tures (Fig. 15). Tn both cases, the AfL is depressed by
the application of a 125 ocersted field. Though there i1s
conslderable scatter in the results for the recrystallized
material, 1t is abundant;y clear that the effect is in-
creased by at least a factor of three at 77°K in the ab-
sence of a fleld. On the other hand, the cold-worked |
material exhibits only a slight increase at liquid nitrogen
temperatures., Note also that the amount of theAdepression
by magnetic field is nearly independent of temperature.

The specimen that waé_cold worked below 0°C and

1mmediately taken down to liquid,nitrogen temperature gave
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AfL values exactly the same as those given by the sbecimeh
cold-worked and aged at room temperatﬁre.
The effect 1s also easily introduced in drill rod
and shows the same qualitative dépendences as the purer
dron for all variables except temperature aﬁd magnetic

field, for which no observations were made,

b. Recovery of the Af effect. Studles of the

time-dependent recovery of the Af effect were made from
liquiad nitrogén temperatures to room temperature. Both .
the electron beam zone melted iron and drill rod were used
in the absence of applied magnetic fields: In both cases,
the recovery of the Af; was found to be fitted satisfactorily
by the following equation:
Ar = af, exp‘[-(t/%)n] (3.1)

The exponent n in equation 3.1 was observed nof
to be constanf for a given experiment over the entire tem-.
perature range. Rather, 1t was fbﬁnd that two distinct
values could be assigned in two different temperature
ranges. From liquid nitrogen temperatures to about
-10°c the data fi1t the ekpression above with n equal to
1. At OOC the recovery curve first shows quite clearly
a change over to a value of n equal to 2/3. Fig. 16 shows
typical behavior. Note in Fig. 16B that the initial portion
of the curve satisfled equation 3.1 with n equal to 1.

If the event leading to the recoVery of Afy, 1s

an activated process for which T obeys the expression

T = T, exp (Q/RT), (3.2)
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the actlvation energy may be estimated from a plot of
In T versus T'l. Data were gathered for both drill rod
and the purest iron in the absence of a magnetic field
and for temperatures below O%(i.e. where n = 1). Un-
fortunately, the results of such an analysis (Fig. 17)
showed considerable scatter. For the purified recrystal-
lized material the apparent actlivation energy is
010 X 003 ev. TFor the drill rod it 4s .002 ¥ 002 ev.
For the purified, deformediron the scattered points
determine only an upper limit of .017 ev énd a lower
limit of zero.
.As indicated before, the recovery curves above
OC are characterized by a change in the value of n from
1 %o 2/3. It was found that in the absence of a magnetic
field, the portion of the recovery curve that obeyed '
then =1 law.at room temperature increased with the
time of high amplitude oscillation; As the time of
oscillation increased from thirty seconds té two minutes
the n = 1 portion increased from about .4 to 1.4 in
units of 1n Afy, . The étrain amplitude was approximately
constant for these tests. A
The applicétion‘of an external magnetic field also
produced significant -effects in the time depgndent recovery
of AOfr, at room temperature. The addition of a fileld during
the entire period of high aplitude osclllation and recovery
greatly reduces, if not entirély eliminates, the portion

of the curve obeying n = 1. Secondly, the rate of
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recovery 1s increased by the field as evidenced by a
25% increase in -d(1ln Af)/d(t2/3).

In a critical experiment a specimen was permitted
to oscillate at high amplitudés in tﬁe absence of a magnetic
field and allowed to recover initially without a magnetié
field (Fig.18). When a 125 oersted field was applied for
a period of time and then removed, 1t was 9bserved that
there was no noticeable effect upon the recovery of
AfL at room temperafure. The.section of the curve where
the field was applied 1s seen to fit smoothly with the
remainder. In as much as iron exhibits a"AE‘effectﬁjo
i.e. the modulus, and hence the resonant frequency, increase
with maénetization, the Af7, determined while the fileld was
on represented the difference with respect to the modulus
measured after the decay was over at the particular value
of magnetization.

On the other hand, if the process is repeated
at liquid nitrogen temperature, the application of the
field produces a definite change. In Figf 18B it 1is seen
that a discoﬁtinuous; though small decrease 1in the defect
(1.e. an 1increase in the modulus) coincides with the
application of the field. When the fleld is removed,
the curve reverts to.the path it would have. taken if no
fiéld were applied at all,
| Changes in damping were also observed to coincilde
with the recovery of Afy,. A@ every temperature the

damping was found to have decreased in purified iron when

the specimen was returned to low amplitﬁde oscillations.
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With time the damping increased. Thils was determined by
the voltage ratios and reinforced by spot checks of the
‘wldth of the resonance peak.

This contrasts sharply with the behavior of 99.999%
éopper where the damping appeared to increase after high
amplitude oscillatlion at room temperature and below. At
liquid-nitrogen temperature, and up to about 140°K, the
data on this point are irregular showing both ahiincfeaSe
and a decrease,

Figure.19 illustrates the‘changes in the resonant
frequency and the damping as a function of time. As.may be
seen, the two quantities change in the same way; In order
to be ensured that the change in damping represents a real
change in the behavior of the specimen and not an instru-
mental disturbance, measurements were also made of the
apparent static gap. Since any of several constants, such
as the amplifier gain, might have varied, these measuréments
actually test the constancy of the whole defection system,
"The appérent gap width shows an apparently random scatter
of 3/4% on either side of its mean value, while the damping
changes monotonically by 9% in the same time interval It
does not seem possible for the variation of the damping to
be due.to’changes.in the gap.

5. Hysteresis. Niblett and Wilks8 have described
the results of other investigators where significant hys-
teresis was developed in certain strain amplitude meaéure-

ments. Such phenomena were absent in the purified iron,
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unless the specimen was held for a considerable length of
" time at high strain amplitudes. Even then the differences

were small.

C. Damping Versus Strain Amplitude at Vapioﬁs Temperatures
The amplitude dependence of the damping 1s possibly
the most complicated of the effects observed in iron. There
are at least two impértant sources of damping, 1.e. dis-
locations and.magnetic effects, and it 1s not a simple task
to separate the two at all times, 'Furthermore, there does
not appear to be any damping which might be definitely
Vclassified as Granato-Lﬂcke.lo No generalized description
can be given of the shapes of the curves for that depends
intimately upon the,temperature, externally applied fields
and the degree of cold work. A detalled case-by-case
description of the various aspects 1s therefqre necéssary.

1. Without magnetic field. Figure 20 (A to G)

presents a series of amplitude-dependent curves for the
electron beam zone refined material (specimen 9) which are
typical for the temperatﬁre ranges noted. The material is
recrystallized and aged. The measurements were cérried out
in the absence of an applied magnetic field.

" Several features are clearly visible in the data.
At low temperatures, the damping first fallsvand then rises
slightly as the amplitude 1s increased. At higher tempera-
tures the damping increases monotonically with amplitude at

a rate which 1s fairly rapid for iron.. At foom temperature
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the increase tapers off at high amplitudes and then begiﬁs
a new region of increase at very high amplitudes which is.
*visible only near-room temperature. ~The variety of complex
shapes observed at low temperatures may be described as a
mixture of the fall-off at low amplitudes and the rise at
high amplitudes, each of which 1s affected differently by
temperéture. The‘fall-off may still be present at 168°K,
but only to such a simall exterit that the combination results
in a nearly level curve. The damping which is linear with
amplitudé at 188°K may be a distihctly different component
from the one which rises so slowly at lower temperature.

The major effect of an 8% deformation at room |
temperature'is to depress the damping at every temperature
(measured with zero field). The shapes of the curves gre,
in general, not altered, nor are the‘progression of shapes
altered by the cold Wbrk4with the exception of the following
details. The difference from the maximum to the minimum at
liquid hitrogen temperature 1s decreased, and the tranéition-
to the shape correspondipg to Figure 20(D) is lowered 10
to 15 degrees., Furthermore, while the same compléx inflec-
ted shape 1is retalned at room temperature, the damping‘at
the maximum straln amplitude represents a greater net change
in the aecfement;

2. Wlth magnetic field. An externally applied

magnetic field brings about marked changes'in the damping
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behavior. Figures 21, 22, 23 1llustrate the results at
room temperature in a recrystallized specimen (Nol 9), a
lightly cold-worked specimen {No. 3), and a heavily cold-
worked specimen (No. 3) respectively.

The first important effect of the field is the
depression of the overall level of damping as the field
strength 1is increased. The second most noticeable effect
is the depression of the amplitude depéndence. ‘The‘damping
curve changes progressively from the complex inflected shape
at zero fleld to an approximately horizontal plateau at 125
oerStgds. At very low amplitudes a failrly rapid rise in
damping remains at the maximum applied fileld. |

The most immediate effect of light cold work is to
depress the overall level of damping. The shapes of the
curves and the effect of a magnetic field are about the same
as before. The majof.difference here 1s the apparent reten-
tion of amplitude dependence to higher fields. Note
particularly the differences in the curve for 25 cersteds
'in Figure 21 and that for 37 1/2 ocersteds in Figure 22.

When the cold work 1s increased to abopt 8-10%,
additional changes are noted. At zero field the daﬁping
curve has nearly lost the inflection point. .The damping
at lower strain amplitudes does not decrease hniformly as
the fleld 1s Iincreased, but goes through a maximum.
Furthermore, the rise at lowést‘straih ampiitudes observed

earliér is almost eliminated.
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The behavior of the damping at 1liquid niltrogen

temperature alréady has been shown to differ greatly from

- that at room temperature. The application of an external
magnetlic field similarly produces changes at these lower
temperatures, though of a different sort. It is observed
that the field reduces the overall damping as before (Figs.
24 and:25). Most important is the reduction in damping in
the low amplitude region such that the falloff with in-
creasing strain amplitude found earlier is almost eliminated
in the recrystallized specimen. It 1s entirely removed in
fhé cold-worked specimen when a field of 125 oersteds is
reached; in fact, the damping increases slightiy before
leveling off. Furthermore, there is no evidence of an in-
crease in damping with increasing strain amplitudes (Note:

the data for E‘= O actually extended to e, = 7 x 10=2 where

o
the curve appears to be ieveling‘off in Fig. 25.)
Measurements, the same as above, were made in
specimen 3 which had been deformed below room temperature
in.torsion to- a maximum plastic strain of about 3%. Quali-
tatively, the results are very similar to those of the re-
crystallized material. The fact that some cold work héd
actually been achieved 1s evidenced 5& a decrease in damping
for- the same field strength shown in Figure‘24. Unlike the
more heavily cold worked material (Fig. 25) the fall-off
in damping is not entirely éliminated.

For the sake of comparison, the amplitude dependent

damping at liquid nitrogen temperatures was observed for
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drill rod and for pure copper. In nelther case was there
observed a decrease in damping at low strain amplitudes.

In fact the drill rod showed conslderably more amplitude
dependence of positive slope than did the purer 1ron at the
low temperatures.

Almost_all of the data on amplitude dependence
presented so far represent what might be considered a
rather gross'view of the damping behavior. Starting at
strain amplitudes of about 10°7 and workiﬁg upwards does
not permit one to observe some interesting phenomena that
1ie below 107 down to perhaps 1079,

" First there 1s a view of the damping in the 1077 -
lO'6 region on a somewhat different scale than hadrbeen used
earlier (Fig. 26). This has the advantage of permitting us
to examine somewhat more closely the differences in damping
between specimens of different pur;ty but comparable cold
work at room temperature.

It appears that in the absence of a field, the higher
the purlty the higher is the level of the damping. This
order 1s however, modified by the degree of cold wofk‘(note
that specimen 9 which was deformed about 8% lies below that
of specimen 2 which received about 4% cold work). Of more
significance perhaps; 1s the slope of the cyrves. This
appears to be largely unaffected by the cold work, but pro-
ceeds 1n a regular progresslion from the least pure to the
most pure. Drill rod glves a horizontal curve, while

specimen 2 (electron beam, 1 molten pass) starts out
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almost horizontal and begins an upward turn at about 1.5 x
10'6. Specimen 9 (electrén beam, 4 molten passes) gives
an almost linear'plot with the greatest slope and with
essentially no ampllitude independent regions. It is ap-'
parent that a magnetic field and impurity content play
similar roles ﬁn defining these curves. For comparison,
the béhavior of 99.999% copper is included.

In one series of experiments very high sensitivity
was achieved and_it was possible to reach down to 10-9°
strain amplitude. The results of these measurements (Fig.
'27) suggest that in the vicinity of liquld nitrogen tem-
perature there 1s a peak in damping versus straln ampli-
tude, of which only the fall-off 1s ordinarily observed.
As the temperature 1s increased the peak diminishes and is
eliminated by 200°K, At room temperature the rapid rise in

8.st111 remains.

damping from below 10”
Light deformation lowers the damping at the peak

and aléo decreases the fall-off.

D. Damping Versus Magnetic Fileld

One other relationship worth considering is that of
the aamping versus the applied magnetié field at constant
étrain»amplitude.‘ Here too, the degree of cold work 1is an
1mp§rtant factor. In a recrystallized speciﬁen (Fig. 28)
the damping generally decreases with the field and.passes
throﬁgh an inflection point at about 60 cersteds. It

qbpears‘to be approaching.a constant valqe'at'125 6ersteds.
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The damping of a 'heavily' cold worked specimen on
the other hand; goes through a maximum at about 60 oersted
and then decreases with incréasing field (Fig. 28). In
raddition, hysteresis is clearly evident as the éurve taken
‘upon decreasing the field lies above the‘curve for increa-
sing field. |

; Lightly cold-working purified iron usually leads to
unpredictable results. The damping has beén observed to go
'through both a rglatiﬁe’minimum and maximum, as well as to
behave similarly to the annealed material.

Another Iinteresting relationship may be found in
cross-cuts of the amplitude dependent studies mentioned
earlier. For example, Figure 25 provides the data to pro-
duce Figure 29.. Here are plotted the dampling versus gp-
plied field at two temperatures as a function of relatively
high and low amplitudes; Note the curious inversion of
shapes: at liquid nitrogen temperaturés it is the high
strain‘amplitude data that go through a maximum while'at
“room temperature it 1s that due to the low amplitude data.

There 1s a simllar inverslon for the other shape.



IV. DISCUSSION

- Perhaps the most sigpificéﬁﬁ'aspect of fﬁé damping
‘ in iron is the lack of a deformation-induced low tempera-
ture relaxatlion peak such as may be foqu in many other
'materials. Though similar results had been reported for
iron preVioustB;EO the materlial had not been suﬁject to

as defailed a scrutiny as in‘the present survey. The
-impoftant quéstion of why there is no such peak 1in 1iron

is thus raised.’

When one considers further the results of this .
1nvest;gation, it becomes clear that‘thefe are additional
questions of majJor interest that should be answered.

‘These are: (1) Is the Bruner-Heller rise actually a dis-
guised deformation peak? If not, what is 1t? (2).What

is the Af effect? (5) of whaf significance are the data
concerning the amplitude dependence, and the K8ster effect?
The primary purpose of this sectlion is to attempt to

answer these questions.

A. Bﬁuner—Heller Rise

A survey of damping studies in iron at ver& low
temperatures indicates that there is very 1little which
might be attributed to dislocation behavior. We have

mentioned the damping structure observed by Heller,'21

and
the damping rise observed by Brunereo which 1s unusual in

thaf the damping does not decrease to form a_bona‘fide peak
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by 4.2°K. The above results are similar to those found in
this investigation (Fig. 4),~it‘beipg impossible in this
casé to determine whether a peak is actually formed. 1In
the absence of a clear peak, it is neceggary to find
another characteristic temperature which may be used in-
stead of the peak temperature. The choice made Was the
shoulder temperaturé, defined as the temperature where tﬁe
: risé levels 6ff to a.plateau as one goes down in tempera-
ture. A deviation of about 5 x 1074 from the plateau was
.coﬁsidered‘significant. The magnitude and characterlstic
temperature bf the rise recorded by the Qafious observers
are summarized 1in Table VI.

In ail probability these "peaks" are manifestations
of the same phenémenon in spite of the disparity of shapes.

Br‘u‘ner31

suggests that the difference in shapes may be due
to the substantlally different frequencies émployed. In
addition the data is rather sparse in this region in
Heller's plot30 so that the true shabe of the peak 1s
uncerpain.v o ' '

The question, as noted above, becomeé one of -
whether or not this démping rise 1s a‘manifestation of a
Bordoni type peak. We believe it is not for the following
reasons,
In_all respects, excepp for the position on the

temperature scale, the behavior 1s incorrect for a defor-

,maticn.inducgd relaxation peak such as the Bordoni type



peaks. First, the increase in damping 1s present in

20

recrystallized material whereas the peaks found in other

materials are veryAsmall or non-existent in recrystallized

specimens. Secondly, Bruner?o

showed that the height of
the damping 1is decreased by room temperature deformation
and that in addition there 1s a considerable downward shift
.in the %houlder temperature. A

Observations 'in the present inVestigatién also
bear upon the matter. The damping was observed to rise at
low temperatures, and while the actual plateau was not
échievgd at kilocycle frequenciles, a comparison of the
present data with Bruner's leaves no doubt that the present
rise is identical with his and that almost all the rise was
observed, so that the major part of the damping at 77°K‘is
to be assoclated with the rise. Accordingly, the sﬁbstan—
tial amplitude and maénetic field dependences observed at
77°K are also to be assoclated with the rise. The first
polnt to be made is that deformation alwéys-lowered thé
damping at 77°K- The dapa further show a sharp decrease in
damping with increasing strain amplitude and ﬁith an applled
magnetic fleld. Co;d work also reduces this damping; though
for the degrees of deformation employed here, strain ampli-
tude‘and magnetic~field prove to be more pbteﬁt: Finally,
thé suggestlion that the damping actually goes through a
peak at 77°K and above, as aAfunction'of sﬁra;n.amplitude

(Fig. 27), is sufficlent to discard the idea that this low
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temperature damping phenomenon is a relaxation caused by a
Pelerls stress barrier. If~this were the case, the damping
‘would show a rapidfincrease with strain amplitude, and not
a decrease, when a stress had been reached that éould propel
the dislocations over the Peierls barrier:

All the behavior noted is entirely consistent with
damping:of a ferrdmagnetic nature. Heller élso concluded
that the peak is reldated to magneto-mechanical damping.
When the frequencies of measurement.of the various "peaks"
mentioned above are plotted againét the reciprocal of the
shoulder temperature in degrees absolute, it is seen.that
‘the points fall on straight lines which extrapolate to»a
point obtained from the measurements of Kreielsheimer32’33:34
(Fig; 30) as explained below.

Note that in Figure 30 the point from Hellefﬂs
datael is displaced té the right of the line connecting
the other points. It is apparent from Bruner's work
however; that cold work displaces the dafa point to thé
right of the point for rgcrystallized material. Heller's
polint represents a specimen which 1is both cold-worked and
charged with hydroggn (which is known to introduce defor-
mationzl). The percentage dlsplacement is thé same in both
cases (thoﬁgh the point plotted here repreSenﬁs a high esti-
mate of the peak temperature in Heller's.data) as 1s the
direction of dilsplacement. Thgs one may conclude that the
points are in reasonable agreement with each other and are

assoclated with the same phenomenon,
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Kreielsheimer's32 measurements were concerned with
" the permeability of iron as.a function of frequency. He
"found that there are irreversible and reversible components
of the permeablility. The contribution of the irfeversiblé

éomponent is sharply diminished in the region of 106

cycles
per second. Thils may be interpreted as reaching a fre-
quency ‘that is too high to be followed by the irreversible
domain wall motion, |

| The elements necéssary for a relaxation peak aré
thus available: when the applied’frequency is low, the
domain walls can follow easily and the damping 1s guite low
“for a gilven strain amplifude. When the applied'frequehcy is
too high to'permit the domain walls to follow irreversibly,
then the damping will also be low. Between these two ‘
regions lies the point at which the applied frequenéy will
equal the characterisfic.frequency of the irreversible domain
wall motlion and thus where the damping will be a maximum.
Furthermore, the curve in Figure 30 1s indicative of a‘
‘relaxatlion phenomenon’ from which the activation energy for
the process is estimated to be 460 T 230 cal/mole (.02 *

01 e.v.). It is noteworthy that the damping data éloﬁe,
consldered without Krelelsheilmer's point for the moment,
imply that the pré—exponential factor in f =.foe‘Q/RT‘is
several orders of magnitude smaller than 1s found for

dislocation or atomic processes.
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In summary, it is concluded that the low temperature
damplng rise observed by Bfuner, Heller and the present
“investigator 1s a ferromagnetic phenomenon and may be
assoclated with the irreversible movements of doﬁain walls,

with an activation energy of about .02 e.v.

B, Af Effect
| As we turn t§ considep the Af effect it must be

emphasized thét, in as much as we are observing a decrease
in the modulus, there must be an increment of strain above
the purely elastic strain produced by the movement of a
partidu;ar entity. In iron the modulus, 6r resonant fre-
quency, may be decreased (1) by the movement of domains,
or (2) by the movement and, possibly, the multiplication of
dislocations. In addition there is the third possibility
of a temperature rise due to energy dissilpation which can -
lower the resonant frequency. These possibilities shall
bé considered in turn in an effort to determine what causes
the effect. ) |

Considering the last possibillty, 1t 1is possible to
estimate the maximum frequency change caused by a rise in
temperature due to the dissipation of heat assuming that
all the energy dissipated during a given perlod of oscil-
lations 1s converted into heat and,uniformly'distributed
throughout the specimen with no energy lost to the sur-

roundings during this time. Then, taking the logarithmic
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decrement to be equal to the energy dissipated per cycle’
divided by twice the stored energy, the total energy loss
- may be solved for and hence ATL may be found. This equals

Aty = K(T) A €g2:Tprt (4.1)
where K(T) is a temperature-dependent factor incorporating
the specific heat, the rate of change of the resonant fre-
quency- with temperature, Young's modulus, etec.

Choosing values of the varlables such as were
usually encountered during the investigation, e.g.
€o = 4 x 10"5, A= 2.5 x 1072 for heavily cold-worked iron
(Fig.llo) and f,.. = 32,000 cps, one calculates a maximum
Af = 1.5 cps at room temperature. Compare thié to that
found in Figure 11 for identical conditions, i.e. a Af of
11 cps, almost a factor of 10 greater. At liquid nitrogen
temperature, the decrease in the heat capaclity 1s nearly
canceled by the decrease in the rate of change of resonanf
frequency with temperature, and the calculated A4f{ is also
much smaller than the measured value. |

A number of additlonal, more qualitative arguments
relnforce the conclusion that thermal effects are not
responsible. From equation 4.1, 1t 1s expected that AfL
will be proportional to time and to the square of the
strain.amplitude; at least initially. If account is taken
of the fact that the decrement is a functlon of amplitude
also, the actual dependence.on strain amplitgde will be

greéter.than the second power after the initial region.
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2

The recrystallized and cold-worked specimens both show €

dependence, but the lightlﬁ cold-worked specimen shows a
“break in the curve and an initial lihear dependence on €,
which 1s inconsistent with the above suppositions (Fig. 11).

As far as time dependence 1s concerned, there is
insufficient data to determine whether there is an initial
linear-dependence (Figs, 12, 13). The data of Figure 12
fit a tl/2 or ‘52/’5 dependence better than t. Furthermore,
the arrest in AfL versus t exhiblted in Figure 13 1is clearly
inconsistent with the expected behavior of thermal effecté.

. Thus 1t may be concluded that under the worét con-

ditions met in this investigation, heat generatéd by an
oscillating'specimen will contribute only a small fraction
of the observed Ofy,.

In iron the possibility eXists that the movements
of domains contribute to AfL. The modulus 1s known to be .
decreased by the movement of domain walls at very low strain
amplitudes, a phenomenon known as the AE effect.BO There
is sufficient-evidence to indicate that domain walls are
free to move under most of thée conditions encountered with
the purest iron: the change in decrement with H, the AE
effect, and the linear increase in damping with strain
amplitude at zero'field all indicate the presence of freely
moving domain walls., Though all these phenomena are ob-
servable at the very lowest étrain amplitudes (for example,

the linear relationship between damping and strain amplitude
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1s found to commence below 5 X 10‘7), no AfL is found until
a strain amplitude of abouﬁ 1 x 1072 is achieved in the
" case of heavily cold-worked iron, or about 5 x 10'6 in the
‘case of recrystallized material.

Furthermore, in studying AfL‘as a function of applied
magnetlic fleld in the recrystallized material it was foungd
that a field of about 125 oersteds reduced AfL to zero at
room temperature (Fig. 14). Concurrent measurements on
the damping as a function of strain amplitude at the same
field strength show that the magnetic damping, while greatly
feduced, has not been entirely eliminated (Fig. 26,.specimen
9). Theérefore, up to the maximum €q achieved in this
experiment,'domain walls were still available for movement,
yet no Af; was observed.

Last, and perhaps most significant, 1s the fact that
the sudden application of a 125 oersted fleld during the’
decay of AfL for a relatively short period of time did not
in any way alter the decay at room temperature, and pro-
duced only a very small shift in the effect at liquid
nitrogén temperatures. From this we may draw two conclu-
sions. First, the fact that the structure undergoing a
change, which in turn produces a change in the resonant
frequency, 1is eséentially independent of an apblied magnetic
field indicates that domain walls are not the act;ve agents
in the Af effect. Second, the fact that there is a small

effect at 77°K when the field is applied suggests that the
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recovery mechanism at low temperatures may be somewhat
different from that at room temperature. |

Thus, because domain walls dre found to be moving
"freely without developing a,AfL, and because the recovery
of AfL is largely unaffected by externally applled magnetic
fields, one may conclude that the AfL produced by high
amplitude oscillations is not caused by the movement of
domain walls. Therefore, the only reasonable alternative,
indeed the only altemative, left to explain the Af effect
is dislocations. |
| Support for the dlslocation hypothesis for fhe Af
effect is given by the fact that the threshold'varies with
the material as shown in Table V. In particular, the values
for the initiation of the Afy and Afy described above agree
quite well with certain measurements made by means of an
etch pit technique in copper of similar purity.35 In thié
work, single crystals were stressed by applying a pure
bending moment. The resolved shear stresses necessary to
move grown-in dislocdtions and cause multiplicatlion were
determined to be 4 gr/mm? and 18 gr/mm®." The stress
necessary to move a fresh dislocation was inferred to be
lower than 4 gr/hmg. The shear strains corresponding to
these stresses are about 1.3 x 10‘6 & 6 x 10‘6 respectively.
It seems rather straight forward to identify the Af effects
wilth the breakaway and multip}icatioh of dilslocations in

the case of copper. The values of 3 x 10'6 and 9 x lO'6
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for the threshold tensile strains for the Af effects are
equlvalent to‘méximum sheaf strains of 1.5 x 10'6 and
4.5 x 10-6 respectively. Since the copper specimen used
in the present investigation was lightly cold-worked, the
numerical agreement may be fortultous, especially for the
stress necessary to move the dislocation. However, the
correlation 1s still considered to be valid,

The work meritioned above concerning the effect of
an externally applied field on Af clearly implles that '
there is a coupling of magnetic §roperties with dislocation
hoﬁion. Such behavior is supported by recent dirgcf obser-
- vation in nickel.56 Experiments on nickel foii, usiné an
x-ray diffraction. extinction contrast technique, showed a
definite change in the dislocation structure when magnétic
flux was imposed upon the specimén.

Note that whille fhe transient internal friction
due to plastic deformation and the Af effect may have much
in common, the times assoclated with recovery are vastly
different (compare Figs.IS and 18). The recovery after
deformation has been interpreted as the transfer of the
dislocations from an irregular array to more stable'poéi-
tions involving climb.® This is 1llustrated by the dif-
ferences in the rates of recovery between iron and nickel
(Figs. 5 and 8) presumably because in the bce metals climb
is much easier. Thus, becaﬁse of the differences in

magnitude of the changes and the times involved to complete
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the change, 1t appears that recovery of the Af effect
involves much smaller scalé adjustment, presumably rearrange-
ment and retrappling over only a few lattice distances.

If one considers the recovery of Afy, the first
noteworthy polnt concerning this process 'is the fact that
the decay law expressed by equation 3.1 is satisfied by
two vaiues of the exponent in different tempefature regions:
n = 2/3 above 0°C, and n = 1 below that point. Dealing as
we are with dislocations, the ‘02/,5 dependence of the re-
covery 1ls best explained in terms of the stress-assisted
diffusion of point defects to dislocations accordiné to the

8 The fact

analysis of Cottrell and Bilby37 and Harper.3
that the 1:2/3 dependence disappears in a temperature range
where interstitial diffusion is expected to become unimpor-
tant marks the principle recovery mechanism at higher
temperatures as one of ihterstitial pinning of dislocations,
This observation reinforces the previous conclusion that
there are different agents in the recovery'érocess in
-different temperature ranges.

- It 1is possible at this polnt to introduce a model
of the Af effect., At high amplitudes of oscillation, ais-
locations are freed from certain low energy positions and
move ffeely, thus lowering the modulus. Whén the amplitude
18 reduced the motion of these dislocations 1s reduced,

restoring most of the modulus defect. Some of the dis-

locations may find a barrier impeding their return to
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thelr original positions and thus continue to vibrate fréely
leaving part of the inducea modulus defect. With time the
dislocations surmount the barriers and return to their
original low energy positions. Above 0°C the freely moving
‘dislocation is also pinned by point defeéts which can move
to the dislocation.

The damping decreases with time after high ampli-
tude oscillafions in copper indicating‘that the dislocation
motion giving rise to the Af was associated with a hysteresis
damping mechanism. In iron, the damping rises indicating
fhat the dislocations undergo large motion with small
- dampling in the freed condition, but give rise fo greater
damplng, thbugh smaller strains, in their preferred positions.

The relative ease with which the Af is introduced
in the recrystallized material when compared to the "heavily"
cold-worked material is ﬁonsistent‘with many observatlons
that a high degree of cold-work depresses the effects due
to dislocation motion which were enhanced by small defor-
‘mation., This-may be relgted to the observations of the
dislocation distribution in deformed iron?9:%0 wnich nave
shown that the heavily deformed ..tructure consists of cells,
the interior of which are relatively free of dislocations.
Most of the dislocations are in the boundaries of the cells.
Such a configuration restricts dislocation motion.

The second point of interest; if not actually of

major interest, concerning the recovery of the Afy is the

fact that 1ts dependence upon temperaturé is quite small
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(Fig. 17). This means that those dislocatlons which are
Afree to move do so with very little lattice resistance
which in turn 1s barely altered by a change in temperature.
_Our interpretation envisions .dislocations tied up at
secondary pinning points when displaced from equilibrium
or otherwise experilencing a barrier to return to thelr
original positlions. Therefore, the activation energy de-
terminéd>from the recovery is actually that necessary to |
free the dislocations from these secondary traps or over-
come a barrier.
It must be pointed out that the presént investi-

gation distinguishes between two types of‘resistancé stress
associated with dislocations. First is a "static resis-
tance stress", which 1s represented by the threshold values
for the Af effect, necessary to force a dislocation to move.
Once the dislocations are moving freely, they are conffonted
by a "dynamid resistance stress", which is much less than
the static stress. This is evidenéed by the fact that once a
AfL has been induced, 1t may be observed at'very low strain
amplitudes, 1.e. 1077, The data on the recovery of Af apply
to the. dynamilc situatioﬁ. Since the dislocations move easily
in the recovery (shown by the fact that the damping is low)
the time necessary to surmount the dynamic resistance stress
is much less than the time to free the disldqation from the
barriers preventing immediate return to the rest position.
If we equate the dynamic resistance stress with the Peieris
stress, we may inquire as to the limits placéd on a possible

relaxation process such as is observed by Chambers and
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Schultz.22 No sign of a peak has appeared at 779K, and
thus the T of such a proceés is much less than the charac-
teristic time of the vibraticns: U<< 1/w = 5 x 1076, 1If
‘we assume T = T, exp(Q/RT), with "(c,'z-lo‘11 as found by
'Chambers and Schultz,?® the activation energy Q is no
larger than .07 e.v. (1660 cal/mole).

- Such a low energy barrier to dislocatlion motion
contradicts the viewpoint that the large change in yield
point in iron and other bcc metals is due to a temperature
dependent Peierls-Nabarrc force, first put forth by Heslop
and Petch.)1Ll The various ideas concerning the température
dependence of the yleld point are summarized iﬁ a recent
review by Cbnrad42 and therefore need not be considered here.

There are recent papers which generally suppopt
the present findings. The studyvof iron whiskers by Contg
et all9 showed that the modulus of rigidity measured at one
cycle per second was considerably lower than thé theoretical
modulus near 20°K. Irradiation with fast neutrons increased
the modulus nearly tc the theoretical value. Clearly this
phenomenon represents the pirining by the neutron bombardment
of dislocations which had hitherto been moblile under the
low stresses realized in the torsion pendulum. If we use
this té estimate the 1limit on the activatioﬁ.energy for a
relaxation process in iron as before, we find that the value
is probably less than .04 e;v. which 1s 1dwer than before.

Lawley et al43 studying electron beam zoneArefiﬁed

molybderium, found the temperature depéndence of the yleld
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stress was 1influenced by the purity and concluded that the

Peierls stress 1s much less temperature dependent than

- previously supposed.

In a paper which bears more directly upon the present
‘work, Brown and Ekvall44 studied the temperature dependence
of the yield point 1n iron by means of a relatively high
sensitivity extensometer. They demonstrated that the
stress required to move dislocations was independent of
temperature down to 9OOK but depended upon impurity content.
They concluded that the large temperature dependence ordil-
'narily observed with macroscopic measurements of the‘yield
polnt was associated with the rate of work hardening in the
region Just prlor to the macroscopic yield point.

Though the important conclusions of this paper, e.g.
that the Peierls stress is low at 77°K, and that there is
little evidence for temperature dependence for the Peierle
stress, agree in substance with our present findings, we
wish to point out that our findings are based upon more
stringent limits than theirs: the present plastic strain
sensitivity 1is more-thaﬁ three orders of magnitude greater
(7 x 10710 versus 4 x 10'6), and it 1s possible to assign
an upper limit to the Pelerls stress at 77°K, depending on
whether 1t 1s identified with the static or dynamic resis-~
tance stress. If the static resistance stress is "the
Peierls stress," then the upper limit is about 450 psi,
compared to Brown and Ekvall‘e 2700 psi. If the dynamie

resistance stress 1is chosen, then the upper limit is 3 psi.
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In addition, 1t 1s possible to assign to Bréwn and
Ekvallt's static tensile teéts an effective frequency so
that the two means of testing may be more equably compared.
‘"This 1s accomplished by equating the number of Pelerls
‘barriers that must have been crossed per unit time during
the determination of the elastic limit, at the 1limit of
sensitivity in plastic strain, to the frequency of oscil-
lation in a dynamic test assuming uniformity of strain.
They could detect a plastic strain of 4 x_lO‘6 which ap-
peared at an elastic strain of about 3 x 10'4. Since the
‘overa;l strain rate was 0.1 minfl, the plastic strain rate
was 1072 sec™T. Using the relation € = pbv fof the plastic
strain rate, where b is the Burgers vector and v the
average veloclty of the dislocations, and assuming that the
actlve dislocation density, ¢, was 108 cm/me, the effective
frequency 1s taken as v/b. This is estimated to be about
200 cps for the static test compared to about 30 keps for'
the present investigation. It appears that we have been
aﬁle, in effect, to makg the observations at much lower
temperatures due to the shift in temperature scale
occasioned by the substantial difference in frequenciles.

It would have been desirable to make a similar
estimate of effeétivé frequency for the data of Heslop and

Peteh, HL

but because in tensile testing of iron Lflders bands
are formed, the simple analysis above is not valld. It 1is

poséible‘that under such conditlons the effectlive frequency
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1s quite high. In that case, the results of Brown and
Ekvall do not apply to the.observations on the lower yield
stress.

In a number of instances the application of a
magnetic field has been observed to affect the production
and recovery of Af. To summarize briefly, a magnetic
field depresses the production of Af at constant strain
amplitude by an amouht which i1s nearly independent of
temperature, At room temperature, where the recovery is
characterized by both n = 1 and n = 2/3, a magnetic field
feducgs or eliminates the n = 1 portion, and also deéreases
the time of recovery. Figure 18 shows that an épplied
field produces a definite effect upon the recovery of AfL
at liquid nitrogen temperatures but not at room temperatures.
These results indicate that dislocations interact with mag-
netlc fields, and perhaps moving domain walls, though in
a manner which 1s at present undetermined. ‘

The dependence of the productlon of-AfL upon
temperature is not cléarly understood. The.large AfL
generated in a recrystallized specimen at 779K compared to
room temperature (Fig. 15) implies that a difference eﬁists
possibly in the mechanism of dislocation displacement or
movement. In a recent paper, Mura and Brittain45 reported
that the presence of a yleld point at 303°K did not
necessarily imply a yleld point at 77°K which may bé

another manifestatlion of the same phenomenon. As shown in
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Table V, the strain at 77°K at which a Af, 1s first
detected in a lightly coldlworked specimen is about three
times that at room temperature. This increase might be
expected on the basls of dislocation breakaway from pinning

points.

C. Amplitude Dependence of Decrement

Some aspectg of the amplitude dependence have already
been touched upon, e.g. the decrease in damping with in-
creasing amplitude at liquid nifrogen temperature and its
relationship to domain motion. The complexity of the
phenomenon i1s amply illustrated by Figureé 20 to 28. The
problem of understanding the behavior is made more complex
by the presence of the magnetic damping which 1s elther
enhanced or diminished depending upon the degree of defor-
mation and the strain amplitude.

Figure 20 indicates that there are at least two, and
possibly more mechanisms operating. The damplng at the
lower amplitudes has_been demonstrated to 5e primarily
assoclated wiih magnetic phenomena at liquid nitrogen
temperature. As the temperature increases from liquid
nitrogen temperature, the low amplitude magnetic phenomenon
becomes less prominent. At about 170°K the onset of en-
tirely different behavior is observed. We nbte that it 1s
in this range that the Hasiguti peakslu:l5’l6:l7 are
observed, When room temperature 1s reached, the damping is
frequently observed to evidence yet another damping mechanism

~at highest straln amplitudes.
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At room temperature and at low strain amplitudes
the damping 1s also primarily assoclated with ferromagnetic
phenomena as evidenced by the effect of applied fields,
‘cold work, and impurities all of which tend to lower the
'damping (Fig. 26). From the data it is apparent that the
damping is a linear function of the strain amplitude. This
is undoubtedly an example of the magnetomechanical damping
described by Bozorth.>0 Though this has been observed in
nickel and certain alloys containing iron, as far as we can
determine this is the first observation in highly purified
Iiron._ |

"Observations of the K8ster effect also help to
distinguish'between the two types of damping meéchanisms.

In every case examined, the effects of recovery affect the
damping at higher strain amplitudes to a greater extent.
This 1s 1llustrated best in the recovery of a lightly

cold worked specimen (Fig, 9). This recovery may be more
closely linked with dislocation rearrangement, and also
"possibly pinning, rather than w;th domain movement.

It must be pointed out that results published in
two recent papers show significantly different amplitude
dependence for iron.12’13 Both these papers cite a linear
amplitude dependénce'at room temperature in the presence
of a large magnetic field, with a slope of damping versus
amplitude about 10 times higher than that found in the

present work. The reasons for such disparity are not
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readlly apparent. Several possibilities are immediately
suggested by the obvious differences in frequency, 1 cps
versus 30 kecps, the methods o6f induelng oscillations, the
modes of oscillations (torsional versus longitudinal), and

possibly differences in purity.

D. Effect of Magnetic Field at Constant Strain Amplitude’
The shapes of the curves of damping versus applied

magnetic field (Figs. 29 and 30) are of interest and may

be discussed on the basis of recent studies of the mega-

46 As such the results serve

cyecle attenuation in iron.
chlefly to demonstrate the mobility of donain walls. To
briefly.summarize the results of the above investigation,
three differently shaped curves were found for a 1010
steel specimen depending upon the magnetic and stress
states; (1) annealed-demagnetized: sigmoldally decreasing;
(2) cold worked-demagnetized, and annealed-remanent: passes
through a maximum; (3) cold-worked-remanent: passes through
both a minimum and a maximum.

Two eimple assumptions are sufficient to explain
the curves. They afe that the domain wall area varies,
and that the internal stresses induced by cold work im-
mobilize the walls at low fields. Consldering those cases
whieh apply to the present case such as (1) ebove, the
walls are able to move easily but the area decreases
steadily with increasing field and so the damping decreases.

The specimens in Figure 28 were not treated to produce a
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demagnetized state, however in a specimen of such purity
there 1s not likely to be a very great difference between
an annealed-demagnetized and an annealed-remanent condition.
The cold worked specimen in Figure 28 also resembles

" the demagnetized specimen above, In this case, the applied
magnetic fleld acts to overcome the internal stresses which
inhibit the wall motion initially, and though the wall area
may be initilally decreasing, ‘the damping increases. As
the fleld strength increases further, thelwall area 1s
decreased to such an extent that the damping once again
‘decreases. |

| - Figure 30 indicates that the damping at iiquid
nitrogen témperatures decreases monotonlcally with in-
creasing field strength. Not much may be inferred from the
apparent peak at higher amplitudes because of the fact that
one cannot be sure that a magnetic hysteresis effect is

not operating.

E. Damping Peak in Nickel

Evidence 1is presented which indicates that nickel
exhibits a damping‘beak very similar to the Bordoni peak in
coppér. In particular, the aging characteristics resemble
those for copper?5 with the following exception. In copper,
the increase during annealing occurs at aboﬁt 230°K whereas
for nickel this occurs between 520°K and 620°K. In both -
cases these events appear to be explained by the annealing

first of interstitials, which lower the peak helght by
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shortening 1obp lengths; then the Interstitials are

annihilated by migrating vacancles which causes ‘the peak
to grow.
The temperatures for these occurrences in nickel

" agree falirly well with those determined 'by Clarebrough
et a147 who made measurements of the stored energy re-
leased aﬁd changes 1n electrical resistivity accompanying
annealing after deformation.  Two stages of annealing
prior to recrystallization were found to be centered at
393°K and 53%°K and could be explained best by the an-
nealing of Interstitials and vacancies respectively.

| Comparing the results of iron and nickellin this
respect, one may infer that ferromagnetism affects the
deformation peak- in bee metals but not in fce. Therefore,
the results suggest that the two mechanisms are not the'

same, thus reinforcing'the Chambers-Bruner-Mecs conclusilon.

F. Absence of Deformation Peak in Iron

As one speculates upon the reasons for the absence
of a deformation indﬁced.low temperature relaxation peak,
'three-possibilities’come immediately to mind: (1) crystal
structure, i.e. becc as opposed to fcc; (2) purity; and
(3) the ferromagnetic nature of iron.

The first possibility is immediately dismissed on
the basis of Chambers' observations.22
The effect of impurities has been to depress or

even to eliminate the low temperature deformation
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peak.7’8’b'8’49 Most of the models which have been advanced
to explain thése low température peaks are based upon the
motion of dislocation segments which are confronted by an
energy barrier characteristic of the given.metél. Generally
speaking, the impurities act to pin dislocations and leave
the energy barriers unaffected. Consequently, 1if the
situation is such that the impurity level 1s sufficlently
low, leaving freely moving dislocatidns, éne might expect
to observe the peak. However, in the present case no such
peaks were observed, yet it 1s belleved that there were
l ségments of freely moving dilslocations present whiéh could
have contributed to a Bordoni type peak. The‘reasons for
this belief are concerned with the Af effect.

A specimen deformed well below 0°C exhibited Afy's
at liquid nitrogen tempratures Which were the samé as those
found in a specimen'deformed at room temperatures. We have
demonstrated that the Af effect is in all probability due
to dislocatlion motion. Thus, 1f a specimen 1is deformed at
a temprature where Interstitial motion 1s negligible, which
_provides the greatest opportunity for the production of
free lengths of d;slocations, and it 1s found to prodﬁce
a dislocation effect equal in magnitude to_that for the
case Where no sﬁch precautions were taken, one may conclude
that the available impurities did not interfere with the
partlcular dislocation motion involved. This 1s not to

imply that the specimen receiving four molten passes in an



67
electron beam zone refining apparatus 1s necessarily pure
enough to allow the damplng effect to take place unimpeded.
It is also possible that the aging treatment completed the
purification process by preclpltating sufficient impuriﬁies
from the matrix so that the fresh dislocations were .pre-
sented with a highly purlfied environment.

The problem of ferrcmagnetism is not so easlly
Jismissed. On the one hand, the preéence of a peak in
nickel and its absence in iron indicate a difference in
mechanism such thaﬁ the peak 1s affected in iron. On the
. other hand, if one accepts the premise of different
mechanisms in the two crystal structures, one.cannot argue
that the pfesence of a peak in ferromagnetic nickel implies
a peak in ferromagnetic iron. In any case, the possibility
exists that ferromagnetism 1is iﬁstrumental in preQenting
the formation of a Bordoni type peak. |

The absence of a peak 1in iron might be explained by
one of at least two guesses related to the nature of dis-
lbcation motion and the very low Pelerls stress. As 1t
happens, one 1s dependent upon the ferromagnetic properties
of iron and the other not. .

Results of various investlgatlons have indicated
that there 1s some doupling between magnetic properties
and dislocations, as shown above. We are also struck by .
the fact that in the regioﬂ where ihvestigation suggests
the Bordonl type peak will most likely be found, there is

considerable activity of a magneto-méchanical nature. We
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suggest that there may be a coupling between dislocation and
domain wall motion so that the dislocation "sees" a sub-
stantially reduced Peierls stress. This might be brought
about if the dislocatlion in iron possessed an intrinsic
local magnetization such that moving domain walls are able
to supply the energy necessary to propel a dislocation over
a Peiefls hill,

Since the motion of the‘domain.wallé and dislocations
are coupled, the motion of the dislocation would also be
frozen out at the very low temperatures which stop domain
motionf Under these conditions,‘the disloeation peak, if
it exists, would be coupled with that of the doﬁain walls,

The second possibility for a Pelerls stress which
1s consistent with our data 1is that the dislocation coné
has two atomic configurations (pefhaps only at low tempera-
tures): one in which the dislocation may be easily moved,
and the other in which the line is immobile._ A stress
would then be required to transform the dislocation from
the.static to the dynamic configuration which might be the
threshold stress observed for ‘the Af. The time dependent
recovery would be the conversion from one configuration to
the other at low stresses. The increase in damping during
Af recovery mighﬁ reflect the ease of motion. of the dynamic
configuration, with small associated damping, while the
static configuration might mdve with difficulty. Note that

the recovery of Af, which is observed at very low strain
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amplitudes (e.g. 1077), suggests that the dislocations face

a vanishingly small Peierls'stress. |
The two configurations subposed here are analogous

to the two configurations which have come to be accepted

for the interstitial in fcc metals: it propagates as a

crowdion and rests as a split interstitial.so
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V. SUMMARY |
No low temperature dislocation relaxafion peaks are
found in iron.
It is possible to produce a moduius defect by high
amplitqde oscillations. This 1s concluded to be
principally a dislocation effect.
The fact that dislocation motion occurs at extremely
small stresses even at 779K, and that no dislocation
relaxation peak is observea suggests that the Pelerls
energy barrier is very low. It 1s estimated to be |
no higher than .07 e.v. and possibly as low as .Oi e.v.
Evidence of soamall an activation energy for motion and
hencé a very low Peierls stress at low temperatures, is
contrary to earlier ideas concerning increased yield points

at low temperatures wl.

Support is drawn from several
recent investigatilons 19,43, 44, which conclude that
dislocations move freely at low temperatures and that
increased yield points at these temperatures are not
due to an increased Peierls stress.

For an activation-energy for dislocation motion of
.07.e.v. one expécts to find a Bordoni type peak at
véry low temperatures, 1.e. below 70°K at 30 keps based
upon a Seeger,type mechanism. In this region are found
some interesting damping phenomena. HoweVer, because
of the fact that this damping is reduced by magnetic
fields, cold work, and goes through a peak with strain
aﬁplitude, it 1s concluded to be principally of magnetic

origin. By correlation with measurements of permeability,
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it 1s shown fo be due most probably to domainwall motion.
Observed interactions between domains and dislocations
suggest that domalns may lower the activation energy
for dislocation motion. Furthermore, if there is a
dislocation peak it may be coupled to that of the
domain walls because of the interaction.
An:alternative explanation for the absence of a Bordoni
type peak 1s proposed on the basis of a static and
dynamic configuration for the dislocation core suggested
by the difference in stress necessary to initlate dis-
location motion and to allow return to low energ& positions.
The presence of a damping peak in nickel and ﬂot in iron
reinforces the conclusion that the mechanism for the

Bordoni type peak 1is different in fecc and bce metals.
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TABLE I

Specimen Analysis

Battelle Fe Ferrovac  Ferrovac B 99.999% Ni

E 2 passes Cu
Carbon 10 A 30 20 - -
Oxygen 17 55 8 - -
Nitrogen 1 5 nd<0.1 - -
Sulfur 12 o - <1 _
Aluminum 15 - nd<5 : - 1;10
Boron 5 - - - .v<1
Chromium 15 100 nd<10 <.5% nd
Cobalt 5 70 nd<10 - "1-10
Copper 7 60 1 - 1-10
Manganese 0.1 10 nd<1l - nd
Nickel 20 150 nd<5 < 1% -
Silicon 10 - 5 <.1% 1-10
Tin 5 - na<50 <1« 1-10
' Titanium 1 - nd<10 . _ <1
Vanadium 1 40 nd<10 - <1
Molydenﬁm 5 100 | nd<10 - ' nd
Magnesium - - ‘ 1 - 1-10

Note: 1. 'nd' indicates element was not detectable
2. * signifies spectographic analysis

3. Analysis is given in parts per million by
- welight
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TABLE IIT

Summary of results concerﬁing-deformation induced

peak in nickel

0.4 2 -1559% 15

._A
Amax. Tp Eitp ;ﬁ fr Secondary Peak
Treatment x 10° o X 1o§ (cps) Tp °c Amax
' : at Tp, X10°
10:As rec'd 4.1 -140 .9 35,000 - -
600°C, %0 min Damping very high, no peak apparent
1l:as rec'd 3.8 -147 .8 34,950 - -
' AGd 5% c.w. 5.1 -142 1.5 214,852
10:5% R.A. 1.65 -144 1.70 31,096 - -
after rext'l
Age 15 min. 1.35 -145 0.90° 31,960 - -
150°¢
250°¢C 1.20 -145 0.90 31,963 -40 .2
350°C 2,40 -148 1.60 31,909 _30 .3
450°¢C 0.% -150 3.60 21,990 not visible
600°C 31,916 - -



TABLE IV

Effect of cold work on low amplitude

damping at liquld nitrogen temperatures

Speéimen Treatmént Field Ax 10°
1 Annealed 40 oe 1.90
1 5% R.A. 42 .60
3 Annealed 30 . 2,10
3 8% R.A. 30 1.90
3 8% R.A. 0 1.70
6 Annealed 0 3,25
& 5% Tors. 0 2.80
9 Annealed 0 3,00
9 8% R.A. 0 2.50,
9 10% Tens. 0 "~ 1.70



TABLE V
(a) Threshold strain amplitudes for Af at room temperatures

FPirst noticeable Onset of time

Material Afy at high €, dependent AfL
99.999% cu 3 x 1070 9 x 107°

Fe (No. 9)} 1-2x10° 2 x 107
Brass | 6 -9 x 1075 1.5 x 1074

(b) Threshold for Af; compared at 1liquid nitrogen and
L
“room temperature

Room temperature Liquid Nifrogen
‘ _\D 6 temperature
Fe (No. 3) 5 x 10~ 1.5 x 105

1Spec. No. 9 lightly cold-worked

2Spec. No. 3 heavily cold-worked



TABLE VI

Low temperature dampling 'peaks' in lron

State fax 10° 71 (°K) Frequency Source
Annealed = 1.98 60 26 .41 kcps Ref. 20
Deformed 1.51 40 26.35 keps Ref. 20
Light c.w.(?) 2.60 28 520.5 cps Fig. 4
C.W. & Hp 0.85 7-10 1.67-1.11 Ref. 21
charged (cps)
C.W. & D 1.6 7-10 1.67-1.11 Ref. 21
charge§4 (cps)

Deformed .5 88 89.28 keps _
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Fig. 11 MODULUS DEFECT AT LOW AMPLITUDE VS. STRAIN AMPLITUDE
One minute at high amplitudes (@ Recrystallized;
© 1lightly cold-worked; 4 Heavily cold-worked).
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Fig, 20 DAMPING VS, STRAIN AMPLITUDE AT VARIOUS TEMPERA-
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Specimen is recrystallized; H = O,
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Specimen is recrystallized:;. H = O,
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Specimen is8 lightly cold-worked.
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Fig. 23 DAMPING VS. STRAIN AMPLITUDE
Specimen is heavily cold-worked.
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Fig. 25 DAMPING VS. STRAIN AMPLITUDE
Specimen is heavily cold-worked.
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28 DAMPING VS. APPLIED FIELD AT ROOM TEMPERATURE
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Specimen is cold-worked
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