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MAGNETIC AFTEREFFECT OF INTERSTITIAL
OXYGEN IN IRON*

M. FOLDEAKI**, M. STEFAN*** p, VOJTANIK**** K [ AZAR***+*

Dynamical magnetic aftereffect and disaccommodation measurements were carried
out on oxygen-alloyed and oxygen-free iron samples to prove the interstitial behaviour of
Oxygen as supposed on the basis of theoretical calculations. On oxygen-alloyed samples
relaxations due to interstitial oxygen were found with parameters agreeing well with the
calculated ones. Besides these processes, relaxations due to C—0Q pairs were also found
with a very large pair binding energy. The effect of the alloying elements on the
telaxations was also examined - in the presence of Ti (max 600 ppm) all these relaxations
disappeared; in the presence of Al (max 150 ppm) the relaxation due to free interstitial
oxygen disappeared, but the C—O pair relaxation did not.

MATHUTHASA PEJNAKCAILIASA BHEAPEHHOIQO B MEXNOY3MHE
KHCIOPOJA B KEIE3E

B pa6ore onncann: OKCNEPHMCHTBI IO OTIPENENeHUIO IMHAMIHYECKOro MAarHHTHOro
nocneneicTeus u apyrue HIMEPEHUA HA 00pa3Lax Xene3a ¢ NPUMEChio U 6e3 npuMecu
: KUCIOPONIA C UENbIO JOKA3aTENLCTBA CBOMCTB BHEADCHUA y KuCNOpORa, KoTopsle
NPEANONATAUCh, UCXONA M3 TEOPETHYECKHX pactetos. B o6pasuax ¢ npumecsio
KHCROpona Gbura o6Hapykena penakanps, OGYCNIOBIICHHAS BHEAPESHHBIM B Me3oy3nene
KHCIIOPONOM, NapaMeTphl KOTOPO# XOPOIIO COrNacyroTes ¢ pacyeTHsiMu. Kpome aTux
ApoUeccoB, GuuH OGHApYXeHbI penakcauym, obycnosnenubie C—Q 1apaMH ¢ OYEeHb
Gonbuiod aHeprueii casau nap.
Bbuio Takxke OGHapyXeHO GnuAHMe JIETUPYIOUIMX JICMEHTOB HA pPeENAKCAIING :
B npucyrcramn Ti (make. 600 musnnouHbIx Yacteit) Bce 3TH penakcaiyu HCYEe3arT
B Mpucycteum Al (makc. 150 muwimnoHHbIX Hactedl) penaxcaums, obycnosrieHHast
BHEADEHHBIM B MCXIOY3/HE KHCTOPOIOM, UCHE3AET, OfHAKO penakcaums C-O nap He
ucdyesaer.
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L. INTRODUCTION

L1. The magnetic aftereffect {1}

Time effects of magnetization due to the interaction of domain walls and crystal
defects are called magnetic aftereffects,

Two main types of investigation are known: — the dynamical magnetic
aftereffect measurement, where the real and/or imaginary part of the susceptibility
is measured as a function of temperature ; it can be described by the Debye
functions —; the disaccommodation measurement, where the change of the
susceptibility is measured as a function of the time elapsed after demagnetization.

L2. The interstitial oxygen

To prove the interstitial behaviour of oxygen in iron, thermodynamical
calculations were first carried out by Frank et al. [2]. Physical methods for an
experimental verification were also discussed there. The magnetic aftereffect
— being an extremely sensitive tool in the investigation of interstitials — was
recommended first of all. The calculated values of the parameters to be measured
are:

— the activation energy (kJ/mole): 94.3+9.6

— the range of temperature recommended for  disaccommodation
measurements: T{r(T)~ 10 min] =280 +30 K

— the characteristic temperature of the dynamical magnetic aftereffect: To =
445 £45K at 1000 Hz.

— the expected amplitude of the relaxation in both measurements: Axly <
2 %.

Although these calculations are ten years old, no experimental results have been
published. As we have already reported, an aftereffect due to oxygen was found in

oxygen alloyed pure iron samples [3] but the temperature region and the relaxation -

differed from the calculated values. Lately this effect has been investigated in detail
and other relaxations at lower temperatures have been found [4].

II. EXPERIMENTAL PROCEDURE

I1.1. Sample preparation

The samples were made from high purity iron at the Csepel Works. They were
cold drawn to wires of 1 mm diameter. The chemical analysis of the samples is
shown in Table 1.
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Table 1

Composition of the samples in wt ppm

Sample C N o] Ti Al
P—Fe 20 10 50 20 10
1—Fe—Ti 51 10 47 215 40
3—Fe—Ti 49 16 44 600 70
6—Fe—Al 49 19 208 30 150
7—Fe—Al 46 15 97 30 90

As controlled by magnetic aftereffect measurements, no interstitial remained in
solution after a slow cooling from 875 °C. To produce interstitial oxygen, the
sample was kept in vapour saturated hydrogen at 875°C for 4.5 hours, and
quenched in silicone oil.

This treatment was done at the Central Research Institute for Physics.

I1.2. Dynamical magnetic aftereffect measurements

During the measurement the magnetization of the heated sample was kept
constant by varying the magnetizing field. The necessary change of the magnetizing
field is proportional to the real part of the reciprocal susceptibility (r) due to
aftereffect. The relative change Ar/rq (r, is the unrelaxed reciprocal susceptibility)
as a function of u,.L, the reciprocal absolute temperature, is described in the ideal
case by the following formula neglecting the distribution of the relaxation nEomJ :

bwﬁ\ﬂvn (Ar/ro)max )
To 1+ex .Nbﬁ.w.lnwlvv

PR\TT,
where Q is the activation energy, R the universal gas constant, T, the inflexion

point (characteristic) temperature, Ar(1/T) was measured for every 2K

') If the distribution of the relaxation times cannot be neglected (this is the general case in a real
material), then the aftereffect is described with the following integral, as the relaxation times follow the
Gauss distribution ;

Ar(1/T)
ra | N du
—_—= e : (1a)
Ar Vn \.x Q/1 1
ANE ~+0€N~w~MAﬂlmv+utu—

where § is the distribution parameter (for further details see : Nowick, A.S. Berry, B. S.: Anelastic
relaxation in Crystalline Solids. Materials Science Series. Academic Press, New York—London, 1972).

281




. EXPERIMENTAL RESULTS

IIL.1. Dynamical magnetic aftereffect

The relaxation Spectrum is very complicated. It was analysed in the following

carbon relaxation corresponding to this interstitial quantity was substracted from
the ralaxation ; the resulting curves are shown Fig. 1., in the upper part @vuv. It was
supposed in this calculation that the interstitially dissolved oxygen does not
influence the aftereffect of the free intersitial carbon; due to small solubility of

logarithmic transformation of eq. 1.:

axis gives 7,. If there is a two-component process present, the points from two lines, giving T, and T
at the intersections. 2nd step: Using eq. 1 and the Torand T, values, determined in the 1st step, the
measured curve was fitted with two relaxation curves. The component curve corresponding to carbon
was then subtracted from the measured curve ; this result is given in the upper part of Fig. 1.
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arrows, but when measuring at 1000 Hz this second process is covered by
precipitation.

This high temperature aftereffect is not due to interstitial Ooxygen, therefore it
will be discussed elsewhere. The inflexion points of the low temperature process

curves of Fig. 1) are:
To(1000 Hz) =417 K To(10 Hz)=355 K.

The activation cnergy calculated from these values is Q=913 kJ/mole. The
. . = o
Pre-exponential factor is: ro=3.4 x 107" sec. The amplitude of the relaxation is

15 20 25 30 1000
T K]

Fig. 1. Dynamical magnetic after effect curves of the P—Fe-—0 sample, after substracting both the
background (a) and the carbon relaxation (b).

3.2and 2.6 %, at 10 and 1000 Hz, respectively. As the determined parameters of
this relaxation agree well with the theoretically estimated values [2], it can be
concluded that the relaxation is due to interstitial oxygen. The amplitude of the
aftereffect is slightly higher than the calculated value; but in the calculations

greater for oxygen than for carbon, The difference in the amplitudes for 10 and
1000 Hz can be explained on the basis of Hejnal’s results : (6] the relaxation
amplitude is inversely proportional to the absolute temperature.
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This alloy was heat-treated also in hydrogen containing less oxygen
(half-saturated with vapour). In this case only one relaxation was found with the
following parameters -

Ty (10 Hz) =3409 K T5(1000 Hz)=3942K
A=34% A=349%
Q =95.5 kJ/mole To=3.2X10 " sec.

point temperatures are hear to that of the interstitial carbon, but the higher
activation energy and shorter Pre-exponential factor suggest that this relaxation is
strongly pertrubed by Oxygen, perhaps by the formation of C—Q pairs. The

of the gas containing less Oxygen.

The amplitude of the relaxation is the same at 10 and 1000 Hz; this may be due
to the following reasoris -

a) The measurement at 1000 Hz was done first, and the amplitude of the
aftereffect at 10 Hz corresponds to a precipitated state.

b) There is one more process present, (e.g. C—O pairs), which cannot be
Separated because of the small amplitude. ‘

To(10 Hz) =342.5 K To(1000 Hz) = 393 K

~20

Q0 =101.8 kJ/mole T0=4.3%x10 "~ sec.

The parameters suggest that the relaxation is caused by the reorientation of

interstitial pairs, namely C—O pairs. Free interstitial oxygen is not present in this

presence of Al,Q,.

The 7—Fe—A] alloy. In this alloy free Al is also present. Curiously, both the
aftereffect of interstitia] oxygen and of carbon disappeared in this sample. The
disappearance of Interstitial oxygen can be interpreted by the presence of free Al
and by the rapid forming of the stable ionic compound ALO,.

The carbon relaxation was probably broadened by the interaction with finely
dispersed precipitates, and therefore covered by the background.

Summarizing the results, a2 dynamical magnetic aftereffect due to mterstitial
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Table 2

Low-temperature relaxations in samples containing oxygen

LK) T, (K) Q (kKI/mole) To sec Physical meaning

D—Fe 355 417 91.3 34x107° - free oxygen
,,more 339 402 82.7 25x107°  free carbon
oxygen*
d—Fe 341 394 95.5 32x10"7  Perturbed
,less interstitial
oxygen* C, and C—0O
pairs
6—Fe—Al 342 383 103.9 43%x10™°  Perturbed
interstitial
C, and C—0
pairs
7—Fe—Al 1o no free
relaxation interstitial
1—Fe—Ti

3—Fe—Ti <

Fig. 2., oxygen disaccommodation was mvestigated between 275—320K. The
amplitude of the disaccommodation was 2.5—3 % when the measurements were
begun and it decreased by about 20 % when the bulk of the measurements was
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carried out a month later. It seems that interstitial OXygen was rather sensitive to
aging as the interstitial content decreased although the samples were keptin dry ice
after quenching. On the basis of Hejnal’s result [6], an amplitude of 3.9 % would
correspond to the dynamical magnetic aftereffect measurements. This discrepancy
may be due to the following reasons - .

1. Precipitation during the transportation from Budapest to Kosice, where the
Measurements of the disaccommodation were carried out.

2. At the high temperature of the dynamical magnetic aftereffect there is more
Oxygen in solution (FeO starts to dissociate).

3. The proportionality factor between the amplitude of the aftereffect and the
interstitial content is not the same in the two measurements.

No physical reason supports the difference of the proportionality factors;
however, some discrepancies were already found by Bosman [8], Hejnal [6] and
Anagnostopoulos [7]. These effects are smaller than ours, therefore the role of
precipitation cannot be neglected. .

Determination of the relaxation time. Two different relaxation times were
involved in all measurements. The processes were separated into components and
analysed with the help of a semilogarithmic plot in the way shown by Rathenau
[9]. :

Determination of the activation energy. Kig. 3 shows the relaxation times as
a function of the reciprocal temperature in a semilogarithmic plot. The slope of
these lines is proportional to the activation energy. The measured points form

%o

106
105

104

097

Fig. 2. Magnetic susceptibility  of samples
P—Fe—0—C: P—Fe—Cand 3—Fe~—Ti—0O as
a function of the temperature after demag-
netization.

096

On the basis of physical reasons 1. is the most probable, as it was shown that
interstitial oxygen is — perhaps due to its small solubility — very sensitive to aging.
A significant dissociation is not probable, because there is no discrepancy
between the amplitudes of the aftereffect at 10 and 1000 Hz, in the case of

a significant dissociation A SS:NVD o would have been found,
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Fig. 3. Determination of the activation energy for interstitial oxygen disaccommodation.

30 32 33

seven lines. The activation energies and pre-exponential factors were determined
by the least squares method. The error in the activation energy value is +10 %.
The values are summarized in Table 3.

We do not think that there are seven physically different relaxations. They can be
separated into two groups containing relaxations I—IT and III—vii, respectively,
because the related processes have similar activation energies.

Processes III—VII will be discussed first. The different relaxation times with
similar activation energies are due to the different mobilities of the Bloch-walls and
to the superposition of short and long range ordering, as pointed out by Rathenau
[9]. The average values of the parameters for relaxations IIl— V] are: 93.8 kJ/
/mole and 6.4x 10" sec. These_values are in very good agreement with the
calculated results and with the dynamical aftereffect measurements. The higher
activation energies and shorter relaxation times of processes [—IJ suggest that they
are due to pair reorientation,

Because of the small quantity of solutes, the existence of C—C and O-—Q pairs is

ot probable. But as carbon-and oxygen have a high chemical affinity, C—O pairs
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Table 3

Activation energies and pre-exponential factors of intestitial
oxygen disaccommodation

1 2
L 1L IIL. Iv. V. VI VIL
Q (kJ/mole) 111.9 103.9 95.5 99.7 87.1 91.3 95.5
To (10" sec) 1.1 85 7.5 3.6 1.7 9.5 5.6
n 19.9 18.0 16.0 16.0 13.0 14.0 14.0

may exist. The formula of Wert [10] was used to determine the binding energy of

the pair:
_E

_=AD.JIQ+W1~: (2)

where A is the amplitude of the aftereffect, T the absolute temperature of the

measurement, E the binding energy of the pair, R the universal gas constant, C the
constant.

A binding energy of 81.3 + 16.8 kJ/mole was determined with the help of the

least squares method. This value is significantly higher than the usual one of pair

binding energies (10—30 kJ/mole), but it can be understood on the basis of the

oxygen and in 6—Fe—ALl, it can be concluded that the role of C—0O pairs must be
significant in these processes.

In the @—Fe sample, osidized in an atmosphere containing more oxygen this
pair relaxation was not found. Calculating with Q =108.1 kJ/mole and 1,
= 4.3%x 10" sec this relaxation would appear at 346 +30 and 394 +30K at 10
and 1000 Hz, respectively, in the dynamical aftereffect measurements. As the
corresponding temperatures for the free carbon and free oxygen relaxations are
339:402 K and 355:417 K, respectively, this process is hidden, due to its small
amplitude by the broadened carbon or oxygen relaxation and/or carbon
precipitation, which was neglected in the calculations. As the distribution
parameters of the fitted curves are : (for definition see Eq. 1a)

Bo(10Hz)~1.5 B (10 Hz)~0
o (1000 Hz) ~0 B (1000 Hz) ~2
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itiS very probable that the effect of C—O pair-reorientation caused the broadening
of the nearer process, which may be OXygen relaxation at 10 Hz and carbon
relaxation at 1000 Hz. The 10 Hz —O relaxation and the 1000 Hz —C relaxation
had a slightly higher amplitude than the values calculated on the basis of Hejnal’s
results [6]. This phenomenon may also be due to the above-mentioned effect.

SUMMARY AND CONCLUSIONS

The magnetic aftereffect and disaccommodation measurements carried out on
iron and iron-rich Fe—Al alloys containing oxygen proved the interstitial
behaviour of Oxygen, as supposed by Frank, Engell and See g¢r on the basis of
theoretical calculations. Regarding the amplitude of the aftereffect, the interaction
of oxygen with iron atoms must be similar in nature to that of carbon and nitrogen,
in opposition to Levy’s calculations [11], who found no interaction with the

atmosphere, impurities, etc.).

In samples containing oxide-forming elements (Al Ti) the relaxation due to free
interstitial Oxygen disappeared, as the interstitial atom formed chemical
compounds with the added elements. ’

This behaviour proves the interstitial nature of the observed Ooxygen relaxation.
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