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Magnetic After-Effect in Iron due to Motion of Dislocations™
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The magnetic after-effect in iron at high temperatures due to motion of dislocations is investigated. The
specimens, consisting of a few large crystals, are examined, some after a careful annealing and some after a
small plastic deformation. The intensity of the after-effect is measured as the horizontal displacement
(viscosity field) between two magnetization curves: one taken immediately after demagnetization, and the
other taken a long time later.

On annealed Armco iron the magnetic viscosity begins to appear above 320°C, reaching 0.3 amp-turn/m
at about 450°C. On the other hand, in cold worked specimens the viscosity field is appreciably larger and
is already observable below 200°C. Similar results are obtained on high-purity electrolytic iron. Comparison
with the relaxation of elastic modulus, occurring in the same temperature range, seems to confirm that the
observed magnetic viscosity is due to dislocation motion.

An interpretation of the phenomenon, on the basis of the Vicena theory concerning the dependence of the
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coercive force on the dislocation density, is given.

INTRODUCTION

HE influence of time on some magnetic properties
has been known since 1889,!2 but the physical
basis of most of these effects has been clearly under-
stood only recently. Apart from the after-effect due to
thermal fluctuations®* the magnetic viscosity is gen-
erally due to diffusion of solute atoms or lattice defects
(diffusion viscosity). A comprehensive theory of the
diffusion viscosity due to solute atoms has been given
by Néel.>~7 Experimentally, a great deal of work has
been done on the viscosity due to interstitial C or N
in iron by Snoek® and recently by others.'® On the
contrary very little attention has been given to the
other possible sources of magnetic viscosity.

Since the observations of Weiss and Freudenreich!
on time changes of permeability of an FeCo alloy, the
only magnetic viscosities at high temperatures reported
until now, are those of Fahlenbrach>® on iron and on
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some iron alloys. The magnetic after-effect due to
grain boundary relaxation has been considered by us
in previous papers.!418

The purpose of the present work is to study the
magnetic viscosity due to dislocation motion. This
source of after-effect has not been examined before, at
least as far as we know. For this type of research pure
iron has been chosen as the most suitable material.
Nickel, although have a larger magnetostriction, has
a too low Curie point. On the other hand magnetic
alloys cannot be used for this type of investigation
because the effects due to diffusion and reordering of
solute atoms may entirely mask the effect of dis-
locations.

EXPERIMENTAL RESULTS

The specimens were long strips containing only two
or three very large crystals and hence for our purposes
can be considered as single crystals. The crystals have
been grown by the standard technique of a critical cold
working. After a preliminary cold rolling of about 809,
they have been carefully annealed in dry hydrogen at
about 750°C (650°C for the electrolytic iron), then
they have been deformed again by rolling of 39, and
kept at 870° for 100 hours. After this treatment crystals
several centimeters long were obtained.

The technique for measuring the magnetic viscosity
is the same as that described in previous papers.!415
At the temperature of measurement, the specimen is
demagnetized by 50 cps current, in a few seconds. Then
a 30 cps field H of the order of some amp-turn/m is
applied by feeding a primary coil made of 1100 turns
wound on a quartz tube 500 mm long, with inside
diameter 80 mm. The secondary coil of 4000 turns is
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wound on a steatite spool. The dimensions of the spool
are as follows: rectangular cross section 16X35 mm?
length 150 mm. The voltage induced in the secondary
coil is rectified and recorded.

From the curves of induced voltage vs time it is easy
to deduce the magnetization curves Jo(H) and J,(H)
corresponding to ¢=0 (immediately after demag-
netization), and to ¢{=o. (taken 30 minutes after
demagnetization, since thereafter the induced voltage
remains practically constant).

According to Néel>® the maximum value of the
horizontal distance between Jo and J, is defined as the
viscosity field, and it is taken as the measure of the
intensity of the after-effect since it can be directly
related to the cause of the viscosity. The viscosity field
is nothing but the additional field to be applied in order
to move the walls when they have become fixed in
certain positions by diffusion of some type of defects.
Hence the viscosity field is the physically most sig-
nificant quantity for measuring a magnetic after-effect.
Actually, the definition of Néel®® refers to the curves
Jo(H) and J,(H) taken under static conditions, but,
as shown previously,'® the dynamic procedure gives
essentially the same results.

The specimens were tested under different conditions;
annealed, plastically bent with a strain of 0.169, and
cold rolled to 1 and 29%,. In the case of the deformed
specimens, before starting the measurements, we par-
tially recovered the cold work by keeping the specimens
for some time at about 20°C above the maximum
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FiG. 1. Relative change of susceptibility (in percent) vs mag-
netic field, at various temperatures, of an Armco iron specimen.
Broken lines: annealed; solid lines: cold rolled 2%. x, taken 10
sec after demagnetization. X, 30 min later. Frequencies of the
measuring field 30 cps.
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F16. 2. Viscosity field vs temperature of an Armco iron specimen.
Broken line: annealed; solid line: cold rolled 2%; dotted line:
plastically bent 0.16%. Frequency_of the measuring field: 30 cps.
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F16. 3. Susceptibility measured 10 sec after demagnetization
(xo) and 30 min after demagnetization (X.), of an Armco iron
specimen. Broken lines: annealed; solid lines: cold rolled 2%;
dotted line: plastically bent 0.16%. Frequency of the measuring

field: 30 cps.
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Fic. 4. Viscosity field vs temperature of an electrolytic Orkla
iron specimen. Broken line: annealed; solid line: cold rolled 29.
Frequency of the measuring field: 30 cps.

temperature of operation. This temperature is slightly
lower than the temperature of complete recrystalli-
zation. In this way the specimen becomes stabilized
and effects of equal intensity can be observed many
times at all temperatures below the maximum one.
Moreover after having taken the measurements on a
plastically deformed material, we annealed again the
specimen. The curves of the viscosity field, in all cases,
assumed again the original values of the annealed
condition within the experimental errors.

The results obtained on Armco iron are given in
Figs. 1, 2, and 3, and those obtained on the high-purity
electrolytic iron in Figs. 4, 5, and 6. The measurements
have been repeated several times and the data shown in
the figures are average values. The internal friction and
the elastic modulus of the same specimens were also
measured at frequencies close to 1 cps. as a function
of temperature (Fig. 7).

The results of the magnetic measurements can be
summarized as follows. The viscosity field, in annealed
single crystals of Armco iron, becomes appreciable at
about 320°C and increases rapidly with temperature,
reaching the value of about 0.3 amp-turn/m at 450°C
(Fig. 2). Similar results are obtained on the electrolytic
iron. In this case however an additional viscosity peak
at 220°C is observed (Fig. 4). This peak has been found
also on other samples of electrolytic iron produced in
our laboratory 48
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We have not yet been able to understand the origin
of this peak : however if we subtract this peak from the
curves of the viscosity field, we again get a curve, which
increases with temperature and with the amount of
cold working, in agreement with the measurements on
the Armco specimens. In specimens plastically bent
by 0.16%, the effect of cold work on the value of the
viscosity field is appreciable only in some specimens
(Fig. 2), probably because the deformation is small.

INTERPRETATION OF THE RESULTS

It can easily be shown that the dislocations present
in a ferromagnetic crystal exert an influence on the
motion of the Bloch walls: in fact the magnetoelastic
energy of the crystal changes when the walls move in
the dislocations stress field.

These interactions have been investigated by Vicena!®
in his theory of the coercive force. In the simple case of
a single edge dislocation parallel to a 180° Bloch wall,
he has shown that the interaction energy is constant
when the dislocation line is outside the wall thickness,
but across the wall there is an energy step AW, pro-
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Fic. 5. Susceptibility measured 10 sec after demagnetization
(xo) and 30 min after demagnetization (X.,), of an electroylytic
Orkla iron specimen. Broken lines: annealed; solid lines: cold
worked 2%. Frequency of the measuring field: 30 cps. Magnetic
field 5§ amp-turn/m.
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F16. 6. Relative change of susceptibility (in percent) vs mag-
netic field, at various temperatures, of an Orkla iron specimen.
Broken lines: annealed; solid lines: cold rolled 29,. x, taken 10
sec. after demagnetization. X., 30 min later. Frequencies of the
measuring field 30 cps.
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F16. 7. Relative decrease of shear elastic modulus G with
temperature for a specimen of electrolytic iron cold worked 0.59,
(corresponding to the curve #. 4 of the internal friction). The
relaxation to be considered is the difference from the linear
decrease. Internal friction versus temperature: 1 Annealed Armco
iron, large crystals. 2 Annealed electrolytic iron, large crystals
(Orkla Met.). 3 Same as 2 but cold worked 0.59,. 4 Same as 3
after partial recovery at 430°C. dotted line: curve obtained from
Ké (see reference 21).
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F16. 8. Interaction energy W, of a dislocation D with a Bloch
wall B as a function of the distance x between the dislocation line
and the middle plane of the wall.

portional to AGbdd, A being the magnetostriction con-
stant, G the shear modulus, & the Burgers vector and
d the wall thickness (Fig. 8). AW, refers to one centi-
meter of wall, measured in the direction of the dis-
location line. In other words the dislocations contained
inside the Bloch walls undergo a pressure which tends
to push them outside.

Therefore, if we demagnetize the specimen at a
sufficiently high temperature, the dislocations which
are inside the Bloch walls tend to move into the bodies
of the domains. Hence, when we apply an external field,
after having allowed the dislocations to displace them-
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TABLE I. Values of H.r and H;.

H,

Hor
(theor.) amp-turn/m

Specimen disl./cm? amp-turn/m Ar/r=0,1 Ar/r=1
Fe annealed 108 1.6 0.08 0.8
Fe 100 5 0.25 2.5
Fe cold worked 29, 101 50 2.5 25

selves by diffusion, the walls move into regions with a
density of dislocation slightly higher than before. This
additional hindrance to their motion is a viscosity field.
A quantitative computation of the value of the viscosity
field due to dislocations is obviously rather difficult.
However an order of magnitude can be roughly
estimated.

The theory of Vicena,!® by proper use of simplifying
assumptions, leads to the following expression for the
coercive force:

Her=(AW1/2J.L)(InL/d)}(r)?, 1

where L is the linear size of the domains, J; the satu-
ration magnetization, and 7 the dislocation density in
disl./cm?.

This formula has been experimentally verified by
Vicena'é and later by Malek!: the agreement with the
experimental values turned out to be quite satisfactory.

By analogy with the results of Brissonneau,'® on the
hysteresis loops of iron loaded with carbon, we can
assume that the viscosity field H; is of the order of the
variation of the coercive force [given by Eq. (1)] as
the dislocation density increase by a small amount Az,
According to this assumption, putting 4 Ar in place
of 7 in Eq. (1) and developing in power series, we obtain

H,= (Ar/2r)H . (2)

The value of H,,, in the case of iron, can be deduced
from Eq. (1) by taking AW;=0.35X107®% erg/cm (from
Vicena'®); L=10"2% cm; d=10"% cm; J,=1710 e.m.u.
and for r the values given by Cottrell® on annealed
and cold worked metals: i.e., respectively: about 108
disl/cm? for the annealed specimen and 10" for the
cold worked specimen.

As far as Ar/r is concerned only a rough estimate is
possible. The maximum value of Ar/7 is obviously 1.
This corresponds to displacing all the dislocations
contained inside the walls into adjacent regions of
equal thickness. However, within the time interval of
the experiment the dislocations do not move as far as
a wall thickness (1000 A) since their movement is
opposed by many hindrances (anchoring centers,
interaction among dislocations and so on). Therefore
at a temperature of about 400°C one can reasonably
believe that Ar/r is certainly much less than 1.

17 7Z. Malek, Z. angew. Phys. 9, 279 (1957). -
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Taking the values of 0.1 and 1 for Ar/7, one arrives
at the values of H, given in Table I. Another method
for obtaining a rough estimate of the order of magnitude
of the effect is given by a simple reasoning about the
relaxation of the magnetostrictive stresses in the wall.
It is known® that the magnetostrictive strain energy
per unit surface of a 180° wall in iron of the order of:

9/ 106> (c11—c12)d/ 2, 3)

where A1o0 is the magnetostriction and ci, ¢12 are the
elastic constants of the single crystal.

If a certain fraction of dislocations is present within
the wall and if it moves toward the outside, the mag-
netostrictive strain energy of the wall relaxes accord-
ingly. At a given temperature the strain relaxation due
to dislocation movement may be measured by the
relaxation of elastic moduli AG/G observed in an
internal friction measurement.

In fact, after the magnetostrictive stresses have
relaxed in the region occupied by the wall, the wall
itself will be in a position of minimum energy and a
definite value of the field must be applied to pull it
out of this position. This maximum value of the field
is nothing else than the viscosity field.

Hence from Eq. (3) and taking into account the
relaxation of the elastic moduli AG/G, the maximum
value of the viscosity field will be of the order of:

Hyox= (1/27)(9/4) (cui—c12)M100®- AG/G.  (4)

In fact this maximum value of the field will be rea-
sonably reached for wall displacements of the order of
d/2. In the case of iron this corresponds to a magneti-
zation of about ten gauss as an order of magnitude.
Above this value the viscosity field should remain
rather constant for the reasons already given in the
case of interstitial carbon in iron.?:

By introducing in Eq. (4) the values of the magneto-
striction of iron (20X 10-%) and a relaxation of elastic
moduli of the order of 29, as observed in a single
crystal of iron at about 400°C (see Fig. 7), we obtain

H t0x=0.8 amp-turn/m,

which is of the right order of magnitude as the experi-
mental values.

COMPARISON WITH THE EXPERIMENTAL RESULTS

A careful examination of the curves given in Figs. 1
to 7 leads to the conclusion that the observed viscosity
fields are due to dislocation movement according to the
interpretation given in the preceding section. Firstly,
the viscosity field in single crystals increases with the
amount of cold work, and is of the same order as those
tentatively computed above (Figs. 2 and 4). Secondly,
the relaxation decreases with increasing field strengths
(Figs. 1 and 6): this shows that the viscosity is due to

2 C, Kittel, Revs. Modern Phys. 21, 541 (1949).
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a diffusion of defects contained within the domain
walls,51% as we have assumed in our interpretation of
the effects.

Further proofs of the correctness of our interpretation
are given by a comparison of the magnetic results with
the internal friction curves. Our data on internal
friction (Fig. 7) agree with those reported by others,?!:22
and correspond to other evidences of the dislocation
movement. The shape of the curves of the viscosity
field vs temperature appears to be analogous to that
of internal friction. After a slight cold work the viscosity
field increases, as the internal friction does, and be-
comes already appreciable at a low temperature
(~200°C). '

Unfortunately the relaxation spectrum of the mag-
netic after-effect is very broad and hence it is impossible
to determine the actual diffusion constants on which
the after effect depends. However, at least in the case
of annealed Armco iron (Fig. 2), we can obtain some
rough information by comparing the temperature
above which the magnetic viscosity increases rapidly
with the temperature at which the internal friction
increases rapidly too. From the internal friction
measurements taken at two frequencies (Fig. 7), in
agreement with other authors,2?? we obtain that in
the region around 450°C the activation energy of the
effect is about 80000 cal/g atom, assuming that the
relaxation times follow the simple law

=19 exp(Q/RT).

By using this value for Q and taking into account that
the magnetic viscosity measurements have a relaxation
time of the order of 3 min while the internal friction is
measured dynamically at a frequency of the order of
1 cps, we obtain that the knee above which the internal
friction increases corresponds to the knee in the mag-
netic viscosity curve as a function of temperature.

2T, S. K&, Metals Technol. T. P. 2370, 448 June (1948).

2 T. S. K¢, Trans. Am. Inst. Mining, Met. Petrol. Engrs. 188,
575 (1950).
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As far as the results on electrolytic iron are con-
cerned, the higher values of viscosity field observed
could be attributed to the higher mobility of disloca-
tions in a very pure metal.

The decrease of the initial permeability at the tem-
perature at which the viscosity field due to dislocations
is observed, is a direct consequence of the presence of
the viscosity effect itself (Figs. 3 and 5). In fact, the
effect is identical to that observed in the case of inter-
stitial solutions and already explained by Snoek.32
However, since in this case the relaxation spectrum is
broad, the decrease in permeability observed is gen-
erally more intense than that actually measurable in a
relaxation experiment at a given temperature, because
the time interval of measurement can never be very
long.

However it can be seen that the dislocations, together
with the grain boundaries and the atoms in solutions
may be one of the causes of the anomalies in the initial
permeability observed in the high-temperature range.

CONCLUSION

In the present paper we have made a first attempt
to find a magnetic after-effect due to dislocation move-
ment and to correlate this effect with the results of
internal friction measurements.

The density of dislocations in single crystals of iron
has been varied by cold working. A magnetic after-
effect, increasing with the amount of cold work, has
been observed. The temperatures at which the effect is
observed are consistent with the measurements of
internal friction.

A semiquantitative interpretation of the effects has
been given: the observed magnetic after-effect can be
explained as a relaxation of the magnetostrictive
stresses due to the interaction among domain walls
and dislocations.

28 G. W. Rathenau, Seminar on the Magnetic Properties of Metals
and Alloys (American Society for Metals, Cleveland, 1959), p. 168.



