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OBJECTIVE

This study was initiated to determine some of the atomic,
electronic and crystallographic (defect structure) changes that
can be produced by various degrees of pulsed magnetic field
treatment. In the fuﬁure, it 1is expected that these principles
will lead to wider énd more unigque applications of this form of

treatment in mechanical and metallurgical applications.

INTRODUCTION

For several decades, research on the effects of magnetic
fields on physical and mechanical properties has been examined.
Several experimental techniques for the processing of materials
to control failure (in particular, the retardation of cracks)
have been developed and some extremely definitive publications on
the subject have been .published (1,2). There are indications

that fundamental changes in metal substructure can be achieved by
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2
application of constant magnetic field: stress relief, improved
fatigue properties at room temperature (3), changes 1in
fundamental diffusion coefficients and thermodynamic properties
(4) have been documented. Of particular interest, 1is the
improvement in macro-mechanical properties of ferromagnetic and
paramagnetic materials. But the commercial application and
industrial utilization of the magneto-mechanical effect has not
been developed. This may be due to the fact that high and low
magnetic fields, when applied in certain processing applications,
has not provided a stable effect on variety of materials (3,5).
Presently here in the United States, Innovex, Inc.” of Hopkins,
Minnesota, has demonstrated that applying a series of specially
designed magnetic pulses separated by periods of zero field
provides stress relief on a variety of materials, e.g., carbon
steel, high speed steel and cemented carbides. The system,

called FluxaTron®

, generates programmed pulsed magnetic fields in
region of 300 to 2,000 oersted at frequencies of 2 to 30Hz.
Multiple production tests have shown marked improvement (up to
200%) in the life of variety of cutting tools.

This paper has been designed to provide the reader with a
background of the studies that have been performed in this area
through: 1) a review of the principles of magnetism which relate
to the phenomena of magnetic processing, 2) a review of recent
practical studies in magnetic processing, 3) a review of

industrial test results of FluxaTron® U-102 and finally 4) a

brief review of ongoing basic research directed at providing a
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better understanding of the pulsed magnetic treatment phenomena

and its application potential.

*Innovex, Inc. has basic patent application on file relating to
magnetic treatment of various materials, and has established a
proprietary position in methods of such treatment.



PRINCIPLES OF THE MAGNETIC FIELD TREATMENT

In all materials, the application of a magnetic field to a
metal causes the angular frequency of certain electrons
associated with the atoms in the material to change. 1In a
ferromagnetic material, areas called domains are formed to
minimize the sum of several energy terms related to magnetic
phenomena, i.e., exchange forces, magnetocrystalline anisotropy,
magnetostatic effects and magnetostriction. Magnetic domains
were first observed in 1931 and the intensive study of their
characteristics has been conducted over the past half century.

To understand magnetic domains, we need to look at some of
the effects which bring about their existence. For example,
exchange forces are responsible for an energy term which can be
minimized if all the electron spins are parallel throughout a
specimen. This can cause domain boundary movement, which
increases the size of some domains at the expense of others, or
by rotation of magnetization vectors in domains as the externally
applied field is increased. These processes may be reversible,
or irreversible.

The stages of magnetization are shown schematically in
Figure 1 where B is the 1level of magnetization in the material
and H 1is the applied magnetizing field. The first stage of
magnetization is caused by reversible boundary movement enlarging
the favorably oriented domains (and to a smaller extent,

reversible rotation of magnetization vectors). The second stage,
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during which the induced magnetization increases rapidly, is due
to irreversible domain wall motion and, if that is prevented,
irreversible rotation of individual magnetization vectors which
suddenly flip to a more favorable orientation versus the applied
field. The final stage, approaching saturation, is again
reversible, caused by the gradual rotation of the magnetization
vectors away from the easy direction towards the applied field.

On reducing the field, the magnetization vectors return to
their nearest easy direction, thus determining the drop 1in the
magnetization from saturation to remanence. From the remanence

point through the coercivity point to approaching reverse

saturation, the mechanism 1s 1irreversible rotation of the

magnetization vectors. The coercivity is dependent on the field

strength required. Finally, there is again reversible rotation
of the vectors away from the easy magnetization direction.

The ease of domain boundary movement is the primary variable
in determining the shape of the B-H loop and it is extremely
structure sensitive. 1In contrast, the saturation magnetization
is a structure 1insensitive property and is determined by the
overall composition. If movement is easy, the loop is small and
the material magnetically soft. If movement is restrained, the
loop is broad and the material magnetically hard.

Magnetocrystalline anisotropy describes the variation of
magnetic properties with crystal direction. Electron zone theory
of metals shows how the energy of electrons varies with direction

in a crystalline solid. . Since electrons are responsible for
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magnetism, 1t 1is therefore not surprising that magnetic
properties are influenced by crystallographic direction.

Free magnetic poles are created at a boundary whenever the
component of magnetization normal to the boundary changes across
the boundary. The boundary may be a free surface or a domain
wall. The magnetostatic energy term is due to the self-
demagnetizing field which results from the free poles 1in
opposition to the local magnetization. A specimen of the
material tends to break down into fiber-shaped domains with
opposing magnetization vectors in order to minimize the
magnetostatic energy as shown schematically. |

The magnetostriction energy term is elastic strain energy
arising from the change of dimensions occurring on magnetization.
With different directions of magnetization in adjacent domains in
a crystal, internal'stresses and strains are developed. It may
be positive or negative, 1i.e., the material may increase or
decrease in length upon magnetization. Domain boundary motion
only occurs because magnetocrystalline anisotropy makes rotation
of the spin moments energetically difficult. Boundary motion is
then inhibited by stress and magnetic inhomogeneity. Since the
direction of magnetization changes across a domain boundary, the
direction of the magnetostrictive strain will also change (except
for a 180° boundary). A rather complicated stress pattern
develops at a domain boundary. As a result, the boundary can
interact with any nonhomogeneous stresses in the material. The

interaction is stronger with a greater value of the



magnetostrictive coefficient.

The presence of magnetic inhomogeneities, such as
nonmagnetic inclusions, in the middle of a domain, causes the
appearance of free poles. These are suppressed when a domain
boundary intersects the inclusion and the domain closure area.
The attraction of the boundary to the inclusion 1is stronger the
greater the value of the magnetocrystalline anisotropy. For
small fields, the boundary movement will still be reversible, but
for large fields, it will become irreversible.

Magnetic inhomogeneities, the extreme case of which is the
presénce of a non-magnetic 1inclusion, can similarly cause
irreversible boundary motion and hysteresis loops. The resulting
magnetostatic energy is reduced by the formation of supplementary
domains 1in the material. Therefore, on a micrec scale,
irreversible wall motion does not take place smoothly, but
involves a series of jerks and this may produce other effects in
an inhomogeneocus material; i.e., one might propose magnetically
induced atomic diffusion.

Based on descfibed example, a conventional scheme of
redistribution of stresses, can be offered (Figure 2). Domain
wall movement under magnetic pressure may produce a more uniform
distribution of the internal stress field in a material.

The different behavior of annealed and cold worked Ni in low
magnetic fields can be attributed to difference in internal
stresses in the material. For a cold worked material domain

prealigned by the cold working must first be dissolved, and this .
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can mean an annealing or stress relief effect before
remagnetization.

Thus, it 1is obvious that the magnetic properties of
materials are directly related to the crystallographical
characteristics of the material and the mechanical properties of
the material. Further, the relation between the defects in the
crystallographical structure (dislocations and vacancies) will be
effected by a magnetic field of sufficient intensity.

Hence, one can deduce that a magnetic field of the right
intensity and duration can change the mechanical as well as other
material properties depending on the history and state of the
material. There is strong evidence that the magnetostrictive
force and related domain movement can produce a redistribution of
inner stress and may also effect diffusion and solute

redistribution in a material.

A REVIEW OF SOME OF THE BASIC STUDIES ON THE EFFECT OF MAGNETIC
FIELD PROCESSING ON THE MECHANICAL PROPERTIES OF METALS

The effect of dislocations in ferromagnetic materials may be
studied by examining either the change in some magnetic property
with a change of dislocation structure, or the change of some
mechanical property as a function of magnetization. For example,
dislocation structure change as a function of magnetization has
been reported by Vicena (5) and Seeger et al (6). Whereas, the
latter has been demonstrated by Franyuk (7) in the creep of
nickel around 200° C, comparing apparently magnetized and

demagnetized states of the metal, and by Cullity and Allen (8)
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examining the room temperature stress relaxation of a compressed
nickel ring. The microcreep of iron and nickel tubes, deformed
in torsion under a maghetic field was reported by C. W. Allen and
J. A. Donovan (9). The experiments were undertaken to
demonstrate an interaction of dislocations with domain walls and
to attempt to estimate by experiment the interaction energy.

The influence of a constant magnetic field (1500 and 2500
oersted) on the mechanical properties and dislocation structure
of niobium and molybdenum was investigated by V. A. Pavlov, et al
(4). In his work the magnetic field brought about: 1) a change
of the temperature dependence of the yield point, 2) an increase
of the plasticity and stress relaxation at constant strain in a
given temperature range, and 3) a decrease of the Peierls
activation energy.

The effect of a magnetic field on the mechanical properties
is usually associated with a decrease 1in deformation stresses
with increased plasticity. The investigations of (4) revealed a
rather complicated influence of the constant magnetic field on
the mechanical properties of paramagnetic metals. When the
temperature and deformation rate vary over a wide range, not only
the magnitude of the  effect undergoes changes, but its sign as
well. It should be also noted that the effect 1is very sensitive
to the original structure of the specimens, i.e., it is dependent
on the whole thermal and mechanical prehistory of the material.

Fatigue life is influenced by a number of factors such as

corrosion, temperature, stress concentration, residual stress,
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etc. Magnetic fields have been shown to influence the fatigue
life of a ferromagnetic material. Experimental results by
M. S. C. Bose (3) have shown the influence of a constant magnetic
field on the fatigue 1life of carbon steel specimens. In
comparing the S-N curves obtained in the presence of a field with
that obtained in absence of a field, it was observed that the
application of a saturating magnetic field (about 40 KA/m) during

fatigue test produced the following changes:

a. The endurance fatigue limit shifts to a higher stress
level,
b. The knee in the S-N curve shifts towards

lower number of stress cycles, and

c. The low cycle portion of the S-N curve decreases.

The observed changes 1in the S-N relationship due to the
presence of a magnetic field during the fatigue tests were
attributed 1in general to dislocation movement and deformation
characteristics as well as a change 1in damping capacity, and
strain aging behavior. In addition, the existence of other
mechanisms which may also influence fatigue life cannot be ruled

out but are not obvious at the moment.

INDUSTRIAL TEST RESULTS ON MAGNETICALLY TREATED TOOLING

Multiple production tests of FluxaTron® uU-102 magnetic field
processing has been made on a variety of cutting tools, including
drills, taps, end mills, gear hobs, etc. These studies were
conducted during the past two years by a series of large, medium,

and small manufacturers involved in a wide range of industries.
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The results have proven magnetic treatment to be effective on HSS
and carbide, both coated and uncoated.

The effect of magnetic treatment on new end mills was
demonstrated by Metcut Research Associates, Cincinnati, Ohio.
Tests at Metcut looked at the wear rates of carbide and HSS end
mills used in machining 304SS using 1localized wear of 0.010 in.
as the criterion for determining when a tool is to be removed for
resharpening, preliminary results show that the process improved
life of HSS mills by 18% and of carbide mills by 35%.

Increases 1n tool life are generally greater for resharpened
HSS and carbide tools. For example, a major hydraulic component
manufacturer reported 200% increased 1life of small, resharpened
drills used in drilling 300 series stainless steel. Another
manufacturer reported magnetically treated resharpened end mills,
running on a 12 spindle machine, produced an average of 775 parts
before Dbeing changed. This compared to their untreated
counterparts which produced only an average of 625 ©parts
indicating an increased tool 1life of approximately 25%. This
also produced a marked reduction in machine down time.

A major power generation egquipment manufacturer has shown
that magnetic treatment increased 1life of reground, brazed
carbide gun drills by 50%. And, at the Ford Motor Company,
magnetic treatment increased the 1life of HSS drills used for
carbon steel by 25%.

Magnetic treatment has also been demonst;ated to be an

important method for increasing the life of coated and uncoated
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carbide inserts. At Ford, magnetic treatment has increased the
life of coated and uncoated carbide inserts used in machining
steels and cast iron by between 17% and 83%. At Miller Fluid
Power, magnetically treatment carbide inserts turn an average of
53% more Cr plated, hardened AISI 1050 steel piston rods than
their untreated counterparts. At Bob, Inc., studies on a Micro-
100 turning tool showed the shop was expecting tool breakdown
five times daily; after using magnetic field treatment, the tools
needed to be sharpened only three times daily.

Magnetic treatment produces the greatest 1increase in the
life of carbide inserts where the primary mode of failure
involves chipping. Figure 3 documents the effectiveness of
magnetic treatment for reducing chipping in carbide inserts for a
major bearing manufacturer and current user of magnetic
treatment. The inserts shown were used to machine an equal
number of gray cast iron (BHN 215) under identical machining
conditions. By reducing chipping, this manufacturer more than

doubled tool life.

IN PROGRESS STUDIES EVALUATING THE BASIC EFFECTS OF MAGNETIC
TREATMENT OF METALS

A series of ongoing studies to examine the basic
characteristics of magnetic treatment of metal 1is presently
underway under the direction of the authors. The preliminary
results of these studies are presented in the following brief

summaries.



Defect Structure Studies by Positron Annihilation.

Positron annihilation analysis is a method of
determining the concentration of defects (dislocations
and vacancies) in a metal or alloy. Initial studies
have shown definite variation in the defect structure
before and after maghetic treatment. Positron
annihilation decay experiments are underway to
determine the nature of the change in these
substructure defects. Paramagnetic as well as
ferromagnetic materials are being examined in this
study. The characteristics of magnetic stress relief
are also being compared to thermal stress relief by

positron annihilation.
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Quantitative Fractographic Analysis of Magnetically Treated

Tungsten Carbide Tools.

Three-point bend tests were used to measure
transverse rupture strength of sintered tungsten
carbide (WC) with 6% and 12% Cobalt (Co) binder. The
resulting specimen fracture surfaces were analyzed
fractographically to determine if differences 1in
fracture topography resulted from magnetic treatment.

Initial results indicate that for WC-6%Co,
magnetic treatment results in larger facets (see Figure
4) and a 4% increase in surface roughness. The effect

of magnetic treatment was less pronounced for WC-12%



Co.

Tensile Stress Relaxation and Microhardness Changes.

Magnetic treatment has been shown to relax tensile
stress in the plastic region by the stress strain curve
by 5 to 10% for pure iron wire. The stress versus time
curve in Figure 5 schematically illustrates the results
of these tests to date.

In the teét, the wire was loaded into the plastic
region constant rate of stress. At point (A), the
crosshead displacement was stopped and the magnetic
treatment device, FluxaTroﬁPU102 was turned on. During
the 42 second cycle, the stress (load) was observed to
relax 5 to 10%. At the end of the cycle (B), the wire
was again locaded and plastically deformed (B-C).
Magnetic treatment was again observed to reduce the
stress.

Another example of the effect of magnetic
treatment was observed when studying the microhardness
on the surface of cold worked pure iron. Figures 6a
and b visually show a marked variation in the size of
the hardness impressions (larger impression indicates a
decrease in hardness) on the surface of the
magnetically treated material compared to nontreated
samples. Because of the statistical wvariation from
sample to sample and because of the characteristic

difference between the surface and subsurface effects,

14



no quantitative results are presented at this time.
However, 1t 1is obvious that the effect is there and
once it is better understood both physically and as a
function of specimen geometry (depth vs. surface
effect) effective use of the phenomena may be made.

The substructure of magnetic treated and untreated
samples is now being studied by transmission electron
microscopy and position annihilation.

Surface Composition Variation Analysis.

Secondary ion mass spectroscopy was used to
examine small changes in the surface chemical
composition which might be attributed to magnetic field
treatment. Tool steels, basically containing chromium
and vanadium, with small amounts of a titanium residual
were examined before and after magnetic treatment. The
various intensities of the elements were checked
against the host material, iron and the normalized

results obtained were as follows:

TABLE 1
Sample # Treatment Relative intensity
v Cr Ti
A Before 1.2x10"1  9.6x1072 7.sx10°4
After 1.0x10-1  8.3%x10°2 s5.0x10°4
B Before 5.0x10"2  7.8x10"2 8.0x10"4
After 5.0%10"2  7.2x10"2 4.5x10"4

In sample A slight changes were:- found in vanadium,

15



more in the chromium concentration, and a major
variation was observed in the titanium residual. 1In
sample B, no relative change was found in the wvanadium,
a small but significant change was measured for
chromium and again a very marked change in the amount
of titanium was observed. Since these studies were
performed in essentially the same area of the same
samples before and after treatment, it appears that
indeed changes in the surface composition, particularly
for those elements low concentrations, c¢an result.
Evidently, magnetic enhanced surface or subsurface
diffusion does occur. It is significant that with a
relatively low concentration of titanium a significant
concentration variation was found. Of course, if one
goes to the higher concentrations the significant
change becomes smaller percentage wise although there
is still a significant atomic¢ movement producing the
variations observed. The apparent -depth of this
modification was found to be only of the order 10 to 20
atomic layers. However, these preliminary results do
indeed indicate changes in composition due to

magnetically induced diffusion is indeed possible.

16

Residual Stress Analysis by Magnetomechanical Acoustic

Emission.
Magnetomechanical Acoustic Emission (MAE) 1is a

useful method to evaluate the level of residual stress



17
in a magnetic material. Type 410 stainless steel
sheet, hot rolled medium carbon steel plate and low
carbon steel sheet were all studied by MAE. Results
(Figures 7 and 8) did indeed show that there was a
difference 1in the magnetomechanical acoustic emission
of materials in the nontreated and post magnetically
treated conditions. However, the large magnitude of
the changes which were for cyclic and multiple
treatments was not anticipated. Based on
Magnetomechanicai Acoustic Emission it 1s obvious that
the magnetic energy treatment does indeed produce

relief of residual stress as anticipated.

CONCLUSIONS

Both the Dbasic ana practical studies which have been
performed wutilizing magnetic energy have shown significant
changes 1in material properties and processing conditions.
Magnetic processing has produced: 1) stress relief, 2) changes in
defect concentration, 3) chemical changes through magnetically
induced diffusion, 4) crack arrest and crack initiation effects,
5) changes in processing and heat treating conditions, and 6) an
increased fatigue endurance limit. It 1is obvious that the
potential for improving processing and the resistance of
materials to failure, indeed extending the 1life of these
materials, is possible. One can even consider the extension of
fatigue 1life by removal of first stage dislocation pileups by

intermittent magnetic treatment.
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Fundamental interactions of a magnetic field with both the
physical and mechanical nature of metals has been shown. One may
also look at the prospect of locally c¢ontrolling surface
chemistry and even redistributing elements in a material. The
potential, therefore, of improving the overall properties of
materials and processing materials appears almost endless, for
example, the prevention of mechanical failure, modification of
heat treat properties, improvement of rolling, machining and
compacting operations, etc. However, one must evaluate this
potential case by case in light of the economic good that can be
achieved. Certainly, the simple improvement of life of tools is
well documented and in most cases very economically feasible. We
are sure that continued basic research will extend the
application of magnetic field processing to most of the fields
touched upon in this work and many not even considered as yet.
Why? Because this 1s a very easy procedure, suitable for
incorporation into existing manufacturing processes where 1t can

produce useful changes in material properties.
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(b)

Figure 4. The Effect of Pulsed Magnetic Field Treatment
on Fractographic Features of WC-6% Co: a)
fracture surface of untreated sample, and b)
fracture surface of magnetically treated
sample (5,600 x magnification).
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Schematic Diagram Summarizing the Tensile
Stress Relaxation Studies Produced 1in the
Laboratory by Pulsed Magnetic Field
Treatment. (High purity iron wire 0.01"
diameter.)
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Figure 6. Micro Hardness Differences Produced by
Magnetic Field Treatnient of High Purity Iron:

a) as deformed, and b) magnetically treated
after deformation.
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