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Ahhnct. Doppler bmadened positron annihilation spectroscopy has been used to investigate the 
effects of pulsed magnetic fields on the defect smcture of heavily cold-worked nickel samples. 
The experimental variables investigated are processing tempernure (-196 to 100°C) and the 
relationship between the external field direction and sample texture. The key results are: (i) 
the maximum extent of magnetically induced recovery occw at an intermediate temperature 
of around -80% and (U) the extent of magnetically induced recovery can be increased if 
the sample is subjected to multiple magnetic treatments conducted at different held/sample 
0rie"tatiOlIS. 

1. Introduction 

The interaction between magnetic fields and atomic-scale defects in ferromagnetic crystals 
has been under investigation for some time. The presence of dislocations in Ni has been 
shown to impede the motion of certain types of Bloch walls such that the coercive field 
strength is altered substantially [I]. It has also been demonstrated that pulsed magnetic 
fields can alter the defect structure and mechanical properties of Ni [2-9]. In this work, 
Doppler broadened positron annihilation spectroscopy has been used to investigate the 
influence of magnetic processing temperature (in the range -196 to l0a"C) on the extent of 
magnetically induced recovery in Ni. The influence of external field orientation with respect 
to sample texture has also been studied. Due to the competition between the thermal and 
magnetic contributions to the energy required for a dislocation to overcome obstacles in 
a deformed crystal, the maximum amount of magnetically induced recovery occurs at an 
intermediate processing temperature (about -80°C). The interaction mechanism is believed 
to be associated with dislocation and Bloch wall stress fields. Since this interaction 
is significant only between certain types of dislocations and Bloch walls, the extent of 
magnetically induced recovery for any orientation of external field and sample texture 
is limited. If, however, the sample is rotated within the external field, new favourable 
combinations of dislocations and mobile Bloch walls occur and the extent of magnetic 
recovery increases. 

2. Background 

2. I .  Positron annihilation spectroscopy 

PAS is a non-destructive technique used to characterize atomic scale defects in materials. 
When a positron is injected into a sample it diffuses through the lattice until it annihilates 
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with an electron to produce two prays. If both particles were at rest, conservation of 
momentum and energy requires the two prays to be emitted in opposite directions, each 
with an energy of 511 keV. When the annihilation event occurs at finite temperature, 
however, the net momentum of the electrodpositron pair modifies the annihilation radiation 
characteristics. The prays are no longer emitted anti-parallel to one another and their 
energies deviate from 511 keV. The technique that measures the energy deviations, AE,  is 
known as Doppler broadened PAS (DBPAS). Due to the relative velocities of the posiii-on and 
electron, the magnitude of A E  is determined primarily by the electron momentum. 

Positrons are attracted to, and often annihilate within, open volume defects such as 
vacancies, dislocations, and grain boundaries. Since the electron momentum distribution at 
a defect site is characteristic of that defect, the DBPAS lineshape is a fingerprint of the defect 
structure in the material. Thus, by monitoring changes in the DBPAS lineshape it is possible 
to track changes in defect types and relative concentrations. In this work, DBPAS spectra 
have been interpreted using the standard S parameter [IO]. The S parameter is a measure 
of defect concentration that generally increases with increasing defect density. 

2.2. lnteraction berween magneticfields and defects in Ni 

Previous work by a variety of researchers has demonstrated that external magnetic fields 
influence the mechanical and physical properties of metals 12-91, Magnetic fields interact 
with atomic scale defects in ferromagnetic crystals in a variety of ways as described below. 

Adjacent magnetic domains are separated by boundaries known as Bloch walls. Inside 
the wall the magnetization direction changes from one neighbouring domain to the other. 
Wall thickness is determined by two competing terms-the exchange energy and the 
anisotropy energy. Domain walls are described by the angle between the magnetization 
vectors in the neighbouring domains. Nickel, with its (1  11) easy magnetization directions, 
can have 180". 1 IO". or 7 1" walls. 

A magnetic field acts to increase the net magnetic moment in the direction of the field. 
This occurs either by the growth of favourably oriented domains via Bloch wall motion, or 
by dipole rotation within a domain. Magnetization of a ferromagnetic crystal also causes its 
length to change, inducing a strain. If adjacent domains have different dipole orientations 
there will be a stxain mismatch across the Bloch wall. The elastic deformation necessary to 
accommodate this strain mismatch requires an increase in the energy of the system, known 
as the magnetostrictive energy. 

Although the stress field associated with a domain wall is composed of contributions 
from several sources including exchange energy and magnetocrystalline anisotropy, it is 
due mainly to magnetostriction. Since adjacent domains with different dipole orientations 
experience different amounts of magnetostriction, and since the domains are not free to 
deform independently, microstresses are induced. This magnetically induced stress field 
can then interact with the stress fields associated with nearby dislocations. This hypothesis 
is supported by the observation that cold working makes the magnetization process more 
difficult since the resulting dislocations impede Bloch wall motion. As a result, cold-worked 
samples show a slower approach to saturation magnetization [I]. 

The magnitude of the interaction between dislocation and domain wall stress fields has 
been investigated [I, 111, Seeger et a! [I21 considered the interaction between a (n2) 180" 
wall in Ni and a screw dislocation parallel to [KO]. Their calculation, based on the Peach- 
Koehler equation, yields an induced shear stress of 1.3 x IO7 N d. This value is larger 
than the critical resolved shear stress for Ni which is +.. 8 x IO6 N m-* at -195°C and 
7 x IO6 N m-* at 27°C [13]. Thus, it is reasonable to believe that during magnetization 
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the force exerted on a dislocation by a moving domain wall is large enough to move the 
dislocation. 

3. Experimental procedure 

3.1. Doppler broadened position annihilafion spectroscopy 

The DBPAS system is composed of the following ORTEC components: a GEM-13180-P 
high-purity germanium detector powered by a 659 detector bias supply, a 672 spectroscopic 
amplifier and pile-up rejecter, a 444 gated biased amplifier, and a 919 multi-channel buffer. 
The energy dispersion for this system was - 48 evlchannel and each spectrum contained 
201 channels for a total width of 511 + 4.8 keV. Data collection was terminated when 
20000 counts were recorded in the peak channel resulting in - 1.3 million counts in each 
spectrum and data collection time of - 35 minutes per experiment. 

Each energy spectrum was characterized by the standard S parameter defined as the ratio 
of the number of counts in a fixed central energy window to the total number of counts 
in the spectrum. The central energy window was 39 channels wide (51 1 f 0.912 keV). 
The S parameters reported in this work represent the average values of at least five PAS 
experiments for each pair of samples. A typical value for the S parameters reported in this 
work is 0.5375 with a standard deviation of - 0.0003. 

3.2. Sample preparation 

The material investigated was polycrystalline Ni of 99.998% purity supplied by Material 
Research Corporation. The Curie temperature of Ni is 358°C. The magnetocrystalline 
anisotropy of Ni results in (1 11) being an easy direction of magnetization, (1 10) intermediate 
and (100) hard. The important types of domain walls in Ni are 70.53" walls lying in [l00) 
and { 1 lo] planes, 109.47" walls lying in [ 1001, [ 110) and (1 11) planes and 180" walls lying 
in [110) and (112) planes [14,15]. 

The Ni samples were cut from a cylindrical rod - 12 mm in diameter. The material 
was cold worked - 80% using the procedure described as process A in [9] resulting in the 
development of a (132)( 112) texture. The samples for PAS measurements were then cut to 
dimensions of - 10 mmx - 10 mm and had a final thickness of - 1.2 mm. 

3.3. Magnetic treatment 

The pulsed magnetic fields were generated by a Fluxatron model U-102 obtained from 
Innovex Corporation. This device consists of a magnetic coil that can provide several 
different field strengths. The magnetic treatments were performed at a series of temperatures 
in the range -196 to 100°C. 

The energy, emitted by the unit in a pulsed waveform, is absorbed by a specimen 
which is placed in a sliding tray in the centre of the coil. Each 'round' of energy output 
is fixed by a microprocessor within the Fluxatron to a duration of 42 seconds. The low 
fieldhigh frequency setting was used which corresponds to a maximum field strength of - 6400 A m-' with 630 pulsedround (i.e. 630 pulses in 42 s). 
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Temperature (C) 

Figure 1. The magnihlde of the magnetically induced change in the DBPM S parameter. AS, as 
a function of magnetic processing temperature. 

4. Results 

4.1. Influence of temperature on the extent of magnetically induced recovery 
In this phase of the project all samples were cold worked - 80% and then subjected 
to magnetic processing at temperatures in the range -196 to 100°C. The samples were 
loaded in the Fluxatron so that the axis of the coil coincided with the rolling direction. 
Each sample pair was characterized by DBPAS before and after magnetic treatment. Since 
magnetic processing reduces the defect concentration in the samples it also reduces the 
observed value of S. In figure 1, the influence of magnetic processing temperature on the 
extent of magnetically induced recovery is shown in the form of AS versus temperature 
where AS is the difference between the S parameters before and after magnetic processing. 
The magnitude of AS is proportional to the extent of defect recovery. Note that the 
maximum amount of magnetically induced recovery occurs at an intermediate temperature 
of approximately -80°C. 

Figure 2 shows the same AS versus temperature data as in figure 1, but this time AS 
has been normalized by dividing each value by the maximum value (i.e. the value obtained 
at -80°C). For comparison, figure 2 includes a reconstruction of the coercive field strength, 
Hc, data taken from reference [IJ. These values were scaled such that they range from a 
maximum of 1.0 at approximately -100°C to a minimum of 0.0 at 275T (the highest 
temperature for which data exists in [ 11). The H, data reflect the influence of temperature 
and dislocations generated during plastic deformation on the mobility of Bloch walls in Ni. 
The kends in AS and H, with temperature are qualitatively similar. Also included in figure 2 
is a series of points representing our simplified model for the temperature dependence of 
the thermal and magnetic contributions to the energy required for a dislocation to overcome 
obstacles in a deformed crystal. This model is described below. 

4.2. Influence offield orientation and sample texture on the extent of magnetically induced 
recovery 
In this phase of the project, a pair of samples was subjected to a second magnetic processing 
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Temperature (C) 
F i v e  2. The variation of AS (filled hiangles) and Hc (empty squares) with temperature. The 
the0reLica.I points (asterisks) were generated using the model described in the text. 

treatment in which the samples were loaded in the Fluxatron so that the axis of the coil was 
perpendicular to the rolling direction. The samples were treated at -196°C in the initial 
and secondary treatments to isolate the influence of (external field)/(sample texture) on the 
extent of recovery. The results of this experiment are shown in figure 3. The horizontal axis 
is a listing of the various processing conditions while the vertical axis shows the extent of 
magnetic recovery as measured by AS. The AS value for the parallel treatment (coil axis 
parallel to rolling direction) is equivalent to the corresponding value reported in figure 1. 
The AS value for the perpendicular treatment (coil axis perpendicular to rolling direction) 
was obtained &er the second processing operation. 

As shown in figure 3, the initial ‘parallel’ magnetic processing operation resulted in a AS 
(reduction) of 0.017 and the ‘perpendicular’ treatment resulted in an additional reduction of 
AS of 0.014 for a total AS of 0.031. Thus, the second treatment produced an 80% increase 
in the extent of magnetically induced recovery. 

5. Dimssion 

As shown in figure 2, A S  and Hc display a similar dependence on magnetic processing 
temperature. In the case of AS, the local maximum is a result of the competition 
between the thermal and magnetic contributions to the energy necessary for a dislocation 
to overcome local obstacles in the lattice. The thermal contribution increases exponentially 
with increasing temperature while the magnetic contribution increases with decreasing 
temperature due to an increase in the strength of the exchange interaction. The result 
is that the maximum amount of magnetically induced recovery occurs at an intermediate 
temperature. 

The theoretical curve shown in figure 2 was generated using a model similar to that 
used in [16] for explaining the temperature dependence of flow stress in a crystal. We 
assume a dislocation encounters a series of obstacles each of which exerts a force, K, on 
the dislocation as shown in figure 4. The magnitude of the interaction force is a function 



5964 R Vaidyanalhan et ai 

I 
8 n 
ii 0.53 

v) t 
0.51 i- 

0.54 
80% cw Parallel Perpendicular 

Processing Conditian 
Figure 3. Influence of samplelfield orientation on the extent of magnetically induced recovery 
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field 'panllel' to the rolling direction and then treated with the field 'perpendicular' to the rolling 
direction. 

of the distance, x ,  between the dislocation and the obstacle. If AF* represents the area 
under the K-x curve and if the dislocation is subjected to an applied resolved shear stress 
r', then 

(1) 

where V" is the activation volume for the process and AG* is the (Gibbs) &ee energy of 
activation, or the thermal energy required for the dislocation to overcome the barrier. 

AG* = AF" - T*V* 

K t  

(a 1 ( b) 
Figure 4. Profiles of resistance force. K. v e s w  distance, x, for bmim opposing dislwtion 
motion (adapted from reference 1163). 

The probability of energy AG* occurring by thermal fluctuations at temperature, T, is 
given by the Boltzmann factor exp(-AG*/kT). If the force versus distance curve shown 
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in figure 4(a) is approximated using the one shown in figure 4(b), then: 

AG* = A P ( 1  - [r*(T)/r*(O)]) (2) 

where r*(T) is the flow seess at temperature T and ~ ' ( 0 )  is the flow stress at 0 K. These 
equations can be algebraically manipulated to solve for the s*(T). 

The temperature dependence of the magnetic contribution to dislocation motion can 
be modelled by replacing the quantity ~'(1) in equation 3 with an equivalent magnetic 
'energy' term M*(T).  In this case, the probability, P(T), of energy AG" occurring by 
thermal fluctuations at temperature T is given by 

P(T) = exp(-AG*/kt) = exp(-(AF*/kT)(l - ( M * ( T ) / M * ( O ) ) ) ) .  (3) 

Taking the logarithm of both sides of this equation, and absorbing the constant AF* by 
relaxing the equality to a proportionality, yields 

In(P(T)) a -(U - (M*(T)/M*(O)))/W. (4) 

The ratio M*(T)/M*(O) represents the magnitude of the magnetic contribution to the motion 
of a dislocation normalized by the corresponding value at 0 K. We have chosen to use the 
relative saturation magnetization as a function of temperature, with experimental values 
obtained from reference [15], to estimate the ratio M*(T)/M*(O) in equation 5. The 
theoretical curve shown in figure 2 is a normalized plot of this equation. It is interesting 
to note that this extremely simplified model corresponds reasonably well with both the AS 
and H, data. 

The Hc data, taken from [l], reflects the influence of dislocations on the mobility of 
Bloch walls as a function of temperature. In a sense it is the inverse problemdislocations 
influencing Bloch wall motion rather than Bloch walls influencing dislocation motion. We 
believe, however, that both phenomena are controlled by the interaction between the stress 
fields of the Bloch walls and the dislocations. 

Trauble [I] has explained the shape of the HE versus T curve in heavily deformed 
Ni single crystals by modelling the coercive field streno@ as a function of the Bloch 
wall thickness, the shear modulus, the magnetostriction constants, and the spontaneous 
magnetization. The local maximum in the Hc data results from a change in the important 
magnetization mechanism from Bloch wall motion at low temperatures to dipole rotation 
at high temperatures. This analysis is not directly applicable to the polycrystalline samples 
examined in our present work, however, since i t  does not include the strong magnetostatic 
coupling between grains which is difficult to treat mathematically [l]. 

The data in figure 3 shows that the extent of magnetically induced recovery can be 
increased if the sample is subjected to a second series of magnetic treatments conducted at 
a different sample/field orientation. The magnitude of the force between a dislocation and 
a Bloch wall depends on the projections of the Burgers vector, b, and tangent vector, t ,  of 
the dislocation onto the plane of the Bloch wall. If b or t are perpendicular to the wall. 
then wall motion will have no effect on the dislocation. Additionally, only certain types of 
Bloch walls have long range sbess fields capable of interacting with dislocations. In nickel, 
the important types of Bloch walls are (100) 71". (110) 71", (110) log", and (111) 109" 
111. 

Thus, for a fixed sampldcoil geometry, only a limited number of appropriate Bloch walls 
will move in response to the external field and only a subset of the dislocations will be 
favourably oriented such that significant interaction can occur. By changing the sample/coil 
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alignment, however, new combinations of interacting Bloch walls and dislocations are 
obtained and additional magnetic recovery occurs. 

Despite the use of the optimum processing temperature and two sampldfield orientations 
the maximum extent of magnetically induced recovery is still only - 50% of that obtained 
by thermal annealing. The reason may be that the magnetic field does not interact strongly 
with point defects [9]. Thus, during magnetic processing and significant reduction in point 
defect concentration occurs, and perhaps more importantly, the absence of dislocation climb 
limits dislocation mobility. 

6. Conclusions 

Doppler broadened positron annihilation spectroscopy has been used to investigate the effects 
of processing temperature and the fieldkample orientation on the extent of magnetically 
induced recovery in nickel. The maximum amount of magnetically induced recovery 
occurs at an intermediate temperature of -80°C. It is believed that this is a result of 
the competition between the thermal and magnetic contributions to the energy necessary for 
a dislocation to overcome local obstacles in the lattice. The thermal contribution increases 
exponentially with increasing temperature while the magnetic contribution increases with 
decreasing temperature due to an increase in the strength of the exchange interaction. 

The extent of magnetically induced recovery can be increased by subjecting the sample 
to multiple magnetic treatments at different orientations. Although there are only a 
limited number of favourable Bloch walVdislocation combinations for any given applied 
field direction, by changing the sampldcoil alignment new combinations are obtained and 
additional recovery occurs. 
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