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ABSTRACT

Research under Contract AF 33(657)-10326 was continued to determine
the feasibility of using magnetoabsorption for the nondestructive evaluation of
material properties. Previous efforts, reported in ML-TDR-64-123 and
AFML TR-65-17, have shown that magnetoabsorption signals are derived from
variations of the reversible permeability of ferromagnetic specimens with mag-
netic environment, Further, it had been shown that magnetoabsorption signals
are readily affected by changes in reversible permeability as caused by stress,
heat treatment, composition, impurity, and temperature. The effort of this
period has been devoted to a refinement of the magnetoabsorption measuring
equipment to detect low amplitude magnetoabsorption signals from specimens
offering a small effective filling factor to a sample coil or probe. These
refinements are primarily discussed in the Appendices. With this improved
sensitivity, variations in harmonic content of magnetoabsorption signals
arising from variations in the surface properties of a plate of maraging steel
were related experimentally, Magnetcabsorption waveforms were also mea-
sured from and related to a weldment of maraging steel, stressed and stress-
relieved specimens of HY -80 steel, and a bulge plate of 1020 steel. Magneto-
absorption signal changes and its harmonic amplitude variations from nickel-
plated aluminum rods and other ferromagnetic wires were related experi-
mentally to applied compressive and tensile loads.
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SECTION 1

INTRODUCTION

A, Previous Effort

Work reported previously in TDR-64-123 [1]* gave experimental
curves of the relative reversible permeability of a wire sample as a function
of the intensity of a magnetic bias field applied along the axis of the wire.
One such curve for number 26 AWG iron thermocouple wire in a varying
magnetic bias field is shown in Figure 1. Similar curves were also obtained
for both annealed and unannealed nickel.

This previous effort alsc produced a good correlation between the
theoretically and experimentally derived variations in the impedance of a
radio-frequency coil with bias field intensity. The correlation is demon-
strated by a comparison of Figures 2 and 3. The theory indicated that the
impedance variations of the coil with bias field were related for the most part
to the changes in reversible permeability rather than changes in magneto-~
resistance of the sample wire. As an example, this is demonstrated by the
fact that a 80% change in permeability of an iron sample caused by a 100-
oersted bias field results in a coil impedance variation of approximately 83%,
whereas, under the same bias field condition, the magnetoresistive change is
only 0, 09%. Thus, the impedance change for a coil with a wire core is of the
order of the permeability change.

Much of the measurement of magnetoabsorption performed at Southwest
Research Institute has used a marginal oscillatory as a detector. This device
has a very high sensitivity and is very simple to use. For practical applica-
tions, the marginal oscillator offers many advantages. However, it is not
sufficiently stable to permit the long-term detection of the effects of DC or
very low frequency AC magnetic fields (less than 0.1 cycle per second) since
the automatic RF level control system excludes these slow variations. There-
fore, to utilize the advantages of the marginal oscillator, the magnetic field
must be varied at a rapid and repetitive rate. For most of the tests, the
magnetic bias was supplied by means of a Helmholtz pair of coils fed with
60-cycle voltage. The impedance changes are identical for the same magni-
tudes of positive or negative magnetic bias fields. Therefore, the basic fre-
quency of the output of the marginal oscillator with a 60-cycle magnetic bias
field will be twice 60 cycles or 120 cycles.

*¥Arabic numerals in brackets are reference callouts. See page 59 for List
of References.
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The previous work [1] had shown the correlation between the theoret-
ical curves and the experimental curves for a very slowly varying magnetic
bias field., Several seconds were required to perform a complete cyele. Thus,
an experimental study of the magnetoabsorption signal for nickel and iron wires
with a sinusoidally varying magnetic bias field was undertaken and the results
compared with the theoretically calculated curves. In addition, a study of
changes in magnetoabsorption signals from several samples of cold-worked
and recrystallized high purity iron in three impurity ranges was made.

Finally, the variations of magnetoabsorption signals from iron and nickel
were investigated as a function of dynamic and internal stresses and as a
function of temperature [2].

A simplified description of the magnetoabsorption phenomena has been
developed and will be presented in the following paragraphs.

B. Simplified Model of Magnetoabsorption

When a ferromagnetic specimen is inserted into a static magnetic
field on which is superimposed a radio-frequency field, as shown in Figure 4,
the specimen will absorb energy from the radio-frequency field. The amount
of energy absorbed will depend upon the magnitude of the radio-frequency field
and the electrical parameters of the specimen: permeability, p, permittivity,
€, and conductivity, o. If the magnitude of the rf field is sufficiently small,
then the permeability applicable to the specimen is the reversible permeability
which is defined as

R lim (ABrf)
AHpg =0 AHrf

Mok (1)

for a constant value of the bias field where AB;¢ is a change in induction
resulting from an infinitesimal change in magnetization, AH.y.

The configuration of Figure 4 ig highly analogous to the operation of a
transformer where the coil represents the primary and the cylindrical speci-~
men the secondary. The primary coil induces circular currents in the speci-
men which exhibits a surface impedance that is dependent upon the electrical
parameters of the specimen and its physical configuration. From electro-
magnetic principles, a surface impedance [3]

Zs == (2)

can be defined for a conductor in a time varying field where Eg is the electric
field at the surface, and I; is the total current in the conductor. The exact

T A AT O MR R K e e e S
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form of the impedance reflected into the rf coil can be obtained from Equa-
tions (2} and (3) of [2]. These equations are

Fg = 2.23 X 107 %aWp_ - 0.18 X 1077
7 (3)
Fp,=2.23 X107 %W+ 0.08 X 10"

In this case, these express for nickel wire with radius (a)thenormalized imped-
ance reflected into the coil at a 500-kcps frequency. FpR is the dissipative
part and Fp the dispersive part, The above impedance suggests that a surface
impedance, derived from the definition of Equation (2 )%

Z

g = Rg + jwlg

_ OpoHy .

*¥The surface impedance shown is actually applicable to the case for a conduc-
ting half space. But as the skin depth becomes appreciably small compared
to the diameter of the specimen, Z_ for the planar case is approached.
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is involved in the impedance experienced by the coil since both Equation (3)
and (4) are proportional to the square root of reversible permeability. This
surface impedance at the specimen is, by the nature of the physical configura-
tion, reflected into the rf coil. The surface impedance, when reflected, dis-
plays a dissipative term proportional to Rg and a dispersion term proportional
to Lg. Thus, as the value of reversible permeability is changed by varying
the static bias field, Hp, a new value of impedance is reflected into the coil.
During a cyclic variation of the bias field, a magnetoabsorption signal is
detected by the marginal oscillator which senses the impedance changes in

the radio-frequency coil caused by the variations in the surface impedance
terms Rg and wLg.

If a ferromagnetic test specimen is now subjected to an axial stress,
the values of reversible permeability will be highly influenced. If the ferro-
magnetic specimen has a positive magnetostrictive characteristic, the perme-
ability will increase for tensile stresses and decrease for compressive
stresses. For a specimen having a negative magnetostrictive characteristic,
the opposite is true. A more complete discussion of this effect is given in
Bozorth [4] and in Reference [2]. A study of the influence of stress on the
magnetoabsorption signal is the major subject of this technical report.

C. Summary of Efforts for 1965

A refinement of the magnetoabsorption measuring equipment technique
was realized to detect low amplitude magnetoabsorption signals from specimens
offering a small effective filling factor to a sample probe. The conditions
under which the sensitivity of a marginal oscillator can be maximized and yet
reproduce a magnetoabsorption signal with sufficient fidelity were derived.

With these conditions serving as guidelines a vacuum tube marginal oscillator
having a large sensitivity to small magnetoabsorptions was developed. Also,
developed in the efforts were an assortment of probes that are effective in
measuring material properties or defects at specific small areas on ferro-
magnetic surfaces. A transformer method by which these small probes can

be coupled to a marginal oscillator and yet sustain oscillations was demonstrated.

With these equipment refinements, the variation in the magnetoabsorp-
tion signals and harmonics were measured from maraging steel plates, one of
which contained a weld and the other different degrees of surface roughing.
For the weldment, atternpts were made to relate the magnetoabsorption signal
to the direction of the stress both at the weld and at the unwelded areas. For
the plate with different degrees of surface roughing, the harmonic amplitude
variations were related to the observable surface conditions,

Other studies employing magnetoabsorption techniques were also
performed. Samples of HY-80 that had been bent in a constant strain fixture
were investigated. From these efforts, it was shown that magnetoabsorption
signals can determine the direction and type of stress caused by the internal
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or '"locked-in'' strains. It is also shown that magnetoabsorption signals from
nickel film plated onto aluminurmn rods and plates can be related to the stress
within the nonferromagnetic material, aluminum, when undergoing compressive
and tensile loading. The method by which the nickel is plated tc aluminum is
described, andevidence is given to the quality of the bonding strength. It is
further indicated that repetitive results (magnetoabsorption signals) can be
obtained with variations in loading if the aluminum is not yielded. Finally,
throughout the report, evidence is developed to indicate that harmonic analysis
of the magnetoabsorption, to include both phase and amplitude information,
will be a useful method by which to investigate the properties of ferromagnetic
materials and nonferromagnetic materials with ferromagnetic coatings.
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SECTION II

MAGNETOABSORPTION SIGNALS FROM MARAGING STEEL PLATES

A, General

Magnetoabsorption measurements were made on a maraging steel 5
plate containing a weld and on a ground sample of maraging steel having nine
EDM slots. The surface around some slots had been scratched and roughened.
The top and bottom of the welded sample, after it had been ground, are shown
in Figure 5, The weld is visible as the central portion of the top of this plate.

The sample with the EDM slots is shown in Figure 6. The locations of
the slots are marked with ink for ease in identification. The slots should not
be confused with the numbered lines on the right and their image on the left.
These numbered lines indicate the number of the scan made across the speci-
men. Each of the nine slots is 20 mils wide and 375 mils long. The three
slots on the left side are believed to have been untouched and are approximately
30 mils deep. The three centrally located slots had been roughed to various
degrees to obscrure them with local surface imperfections. The degrees of ¥
roughing are visible in the photograph of Figure 6, Not visible in the photo-
graph, however, is the evidence that the rims of the center slot of the three
had been folded by grinding and honing. The right-hand slots had been ground
and honed until the glots were hardly visible, The experimental observations
of the influence of welds, surface conditions, and EDM slots in maraging steel
plates on the magnetoabsorption signal are presented in this section. These
samples were provided by the Boeing Company at the request of the Sponsor
for a period of two weeks.

B, Measurement Techniques

Different measuring techniques were employed for the samples. For
the maraging steel weldment, magnetoabsorption waveforms were photographed
from an oscilloscope screen when a 1/4-inch double-D sample probe* rested
at various positions on the top and bottom sides of the plate. This discrete
measurement technique is suitable for a sample having well-defined regions
of interest. However, for the plate with EDM slots, characteristics of the
magnetoabsorption signal other than the waveform were considered. Since
the material properties varied extensively over the surface, continuous mea-
surements were appropriate. As an example, peak-to-peak amplitude of £
magnetoabsorption signal or harmonic amplitudes of the magnetoabsorption
signal could be measured along each scan line. Phase measurements of the
harmonics wouldalso prove useful, but this type measurement could not be
made without extensive equipment additions. Of the initial two measurement

*A description of probe configurations including the double-D design is
presented in Appendix I,
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techniques, the harmonic amplitude analysis proved to contain information
most easily related to the slots and surface conditions within the time limit
allowed for the use of this sample,.

The magnetic environment of the samples was varied by means of a
solenoidal bias coil. The weldment was oriented with its weld both longitudinal
and transverse to the direction of the bias coil, and magnetoabsorption wave-
forms were measured at various positions for both cases, For the specimen
with EDM slots, the bias field coincided with the length of the sample. There-
fore, since the slots are transverse to the length, the changes in the magnetic
properties of the material will be those caused by the width and depth rather
than the length of the slots. Time did not permit measurements on the EDM
slotted sample with the bias field in the transverse direction.

The same double-D probe, 1/4 inch in diameter, was employed to
detect the magnetoabsorption signals from the EDM specimen. The probe is
supported by a long cantilever beam mounted to the carriage of a lathe. The
probe, driven by the carriage, scanned the surface of the specimen. The
radio-frequency field generated at the tip of the probe is primarily oriented
along the direction and in the plane of the biasing magnetization. The canti-
level beam, probe, bias coil configuration and other components are shown in
Figure 7. The scanning probe was energized from the primary of a ferrite
radio-frequency transformer whose secondary is the tank circuit of the mar-
ginal oscillator. This transformer has a very large turns ratio (150/3) so
that the voltage in the primary, proportional to the absorption in the probe, is
fifty times larger in the secondary. The detected amplitude change, the
magnetoabsorption signal, is then harmonically analyzed so that a voltage pro-
portional to the amplitude of a harmonic is produced. An X-Y plotter, whose
X-axis is synchronized with the probe displacement rate, records the ampli-
tude of the harmonic as a function of distance along a scan line, The block
diagram of the system that measured rmagnetoabsorption signals is shown in
Figure 8.

C. Magnetoabsorption Measurements from a Weldment of Maraging Steel

In Figure 9a are shown the magnetoabsorption signals with longitudinal
bias at 21 positions on the top of the welded sample. A total of nine of these
signals are in the area of the weld itself. Also included in Figure 9a are the
magnetoabsorption signals from seven positions on the upper edge and seven
positions on the lower edge., For all of the signals of Figure 9a, the magnetic
bias field is longitudinal (parallel to the longest dimension) as shown by the
arrow labeled Hp in Figure 3a. The magnetoabsorption signals show that the
material in the weld is apparently under less stress than the material out-
side of the weld. These data may also mean that it is magnetically softer,
To attempt to determine which of these two possibilities are valid, the
magnetoabsorption curves with a transverse magnetic field were made, and
they are displayed in Figure 9b., KExperience on other samples has shown

11
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FIGURE 9a. MAGNETOABSORPTION SIGNAL WAVEFORMS AND

AMPLITUDES AT INDICATED POSITIONS FOR THE TOP AND SIDES

OF A WELDMENT OF MARAGING STEEL HAVING A LONGITUDINAL
BIAS FIELD

FIGURE 9. MAGNETOABSORPTION SIGNAL WAVEFORMS AND
AMPLITUDES AT INDICATED POSITIONS FOR THE TOP OF A

WELDMENT OF MARAGING STEEL HAVING A TRANSVERSE BIAS
FIELD 14



that the magnetoabsorption signal is larger when the magnetic bias field is
transverse to the direction of stress in a material. Thus, if this material
obeys the same rules as previous materials, there will be a smaller magneto-
absorption signal when the bias field is parallel to the stress and a larger
signal when it is transverse. A comparison of Figures 9a and 9b shows that
the signals at positions 1 through 6 and 16 through 21 (outside of the weld area)
are significantly larger with the transverse bias field than with the longitudinal
field. In contrast, in the weld area, positions 7 through 15, the magneto-
absorption signals with the transverse field are not significantly larger than
those with the longitudinal field. In fact, at some positions, they are smaller.
Therefore, this evidence indicates that there is less stress in the material with-
in the weld than outside of the weld.

The magnetoabsorption curves along the bottom of the welded sample,
at the same points of Figures 9, are shown in Figure 10a for the longitudinal
bias and Figure 10b for the transverse bias direction. These curves again
show differences in the transverse over the longitudinal. At positions 31, 35,
32, 33, and 36 (all within the weld area), there was a significant decrease in
the amplitude with the transverse direction over the longitudinal direction. In
the remaining positions, there was only a slight decrease in amplitude with the
transverse direction over the longitudinal direction. Therefore, it appears
that the stress in the bottom of the sample, in the weld area, is quite large
and is in a direction parallel to the weld direction; whereas, in the top of the
sample, in the weld areas, the stress appears to be perpendicular to the weld
direction and very small,

D. Experimental Results for the Slotted Plate

A comparison of the variation of the amplitudes of the fundamental
(120 cps) and five of the harmonics {240, 360, 480, 600, and 720 cps) for scan
line 10 is give in Figure lla., The absolute amplitude of each harmonic is
not of direct significance in this analysis, but changes in amplitude for each
harmonic indicate changes in the shape of the magnetoabsorption signal. The
very slight change in the amplitude at 120-cps component from end to end
indicates that the amplitude of the magnetic bias is relatively constant along
the length of the sample. The slight change in the 120-c¢ps component also
indicates that the first harmonic is relatively insensitive to surface irregular-
ities such as scratches or slots. The first harmonic (120 cps) is responsive
to the changes caused by the honing process used to seal the rims of the center
EDM slot together as shown by the decrease in its amplitude. The subsequent
higher harmonics responses are shown in the remaining frames,

The amplitude of the 240-cycle component in Figure 1la shows much
more variation along the length than does the first harmonic., The greatest
variations in the amplitude of this second harmonic occur in the places where
an attempt was made to obscure the slots. Amplitude variations can be seento
occur at the position of the slots on line 10,

15
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120 cps

100%

240 cps

30%

360 cps

30%

480 cps

15%

600 cps

5%

720 cps

5%

FIGURE 1lla. VARIATIONS IN THE AMPLITUDE OF THE HARMONICS

(INDICATED AT LEFT) IN THE MAGNETOABSORPTION SIGNAL
MEASURED ALONG LINE 10 OF SPECIMEN
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The amplitudes of the 360-, 480-, 600-, and 720-cycle components
of the magnetoabsorption curve each show increasing variation along the
length as the frequency increases, There is a change in amplitude at each
slot, There is a decrease in amplitude at the two outside slots, At the center
slot, where the deep 'well' in amplitude has been caused by the treatment,
there is an increase in amplitude at the slot of the 360-, 600-, and 720-cycle
components.

A visual inspection of the photograph of the surface of the sample of
Figure 6 indicates that the areas in which the greatest preparation of the
sample had been accomplished are the areas where the greatest change in the
amplitudes of the harmonics occur. An as yet unmeasured variable is the
exact variation in the magnetic bias field along the length, The lack of a
variation in the amplitude of the 120-cycle component indicates that there is
little variation in the strength of the bias field along the length. However, it
may be that a variation in the magnetic bias too slight to be seen on the 120-
cycle component will be a large change on the amplitudes of the higher fre-
quency components, although the agreement between the start of the amplitude
changes and the beginning of the grinding on the right side is too coincident to
be caused only by variation in the strength of the magnetic bias field, The
evidence to date favors the variations to be caused by sample variations rather
than bias field variations.

The curves of Figure 11b are those for the variation in amplitude of
the harmonics at 840, 960, 1080, 1200, and 1320 cycles. The amplitudes of
these harmonics show essentially the same information as the amplitudes of
the other harmonics. In addition, however, the amplitudes of the harmonics
above 720 cycles appear to indicate clearly the two undisturbed regions of the
sample on each side of center.

The percentage numbers witheachharmonic shown on Figures llaandl1lb
represent the relative amplitudes of the harmonic relative to the fundamental
at 120 cps. For example, the magnitude of the variation in the amplitude of
the 720-cycle component is 5% of that of the fundamental. Thus, although the
variations appear to be the same magnitude for each harmonic, they are only
relatively the same percentage variation in the amplitude of each harmonic,
while the absolute amplitude is different according to the percentage figures
shown in Figures lla and 1ll1b,

The harmonic amplitude responses along cther scan lines were also
recorded. From these additional recordings, it can be concluded from the
evidence of Figures 4la through 4le in Appendix II that there are variations of
the amplitude of the higher harmonics around the EDM slots. There are also
variations in the amplitude of the higher harmonics caused by grinding, honing,
scratching the surface, and other, as yet unknown, influences. It is further

i8
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FIGURE 11b. VARIATIONS IN THE AMPLITUDE OF THE HARMONICS
(INDICATED AT LEFT) IN THE MAGNETOABSORPTION SIGNAL
MEASURED ALONG LINE 10 OF SPECIMEN
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concluded that the phase information for each harmonic, relative to the funda-
mental, must be obtained before the complete picture can be assembled of the
useful information supplied by the magnetoabsorption measurements of such a
sample. A detailed description of the responses from a selection of scan lines

is presented in Appendix IL
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SECTION III

MAGNETOABSORPTION MEASUREMENTS ON HY-80 STEEL*

A, Introduction

A limited number of magnetoabsorption measurements was performed
on six specimens of HY -80 steel. Three of the specimens were unstressed.
Of these three, two (S-1 and $-2) were ground to size but were given no heat
treatment. The third, $-3, was stress relieved after being ground to size,
The other three specimens {S-3, S-4, and S-5) were bent in a constant strain
fixture with 0. 45%, 0.82%, and 1, 0% residual strain, respectively.

The magnetoabsorption measurements give an indication of the shape
of the B/H loop for the material being investigated. That is, as the shape of
the B/H loop is changed by changes in the material, the relative reversible
permeability curve will also be changed. As shown in Figure 12, the magneto-
absorption curve is obtained directly from the relative reversible permeability
curve. The value of the magnetoabsorption curve at any particular value of
the magnetic bias is equal to a constant times the square root of the relative
reversible permeability at that same mapgnetic bias.

Experience has shown that stress in a ferromagnetic material will
cause a change in the B/H loop. In fact, sufficient stress will cause the
B/H loop to become a straight line. Some of the changes in the relative
reversible permeability (and therefore the magnetoabsorption signal through
Fig. 12) caused by changes in the B/H loop are shown in Figures 13a, 13b,
and 13¢. The cold-work caused the B/H loop to become more open and of a
square shape. The relative reversible permeability curve became smaller
and broader. It is this kind of behavior that is to be expected with the grind-
ing, annealing, and bending in the six samples of HY -80.

B. Measurement System

The detection head used for the first series of measurements is shown
in Figure 14. With this system, the magnetic field is applied parallel to the
long axis of the sample. The magnetoabsorption detection coil is at right
angles to the sample and to the magnetic field. The coil is held 1/8 inch away
from the material by the plastic cover (see Fig. 14). The magnetizing coils
are fed with a 60-cycle voltage to provide a magnetomotive force sufficient
to saturate the sample.

*For measurement of this type on a 1020 bulge plate, the reader is referred
to Appendix IV,
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The second series of measurements were made with the probe of
Figure 15. This probe can measure the magnetoabsorption signal with the
magnetizing field both perpendicular to the stress direction and parallel to
the stress direction. With the system of Figure 14, the measurement could
only be made with the magnetizing field parallel to the stress direction,

The photograph of Figure 16 shows the complete measuring system
used for the first series of measurements. The holding mechanism for the
Charpy samples has been removed to permit the samples to be pushed all of
the way through the magnetizing coils.

C. First Series of Measurements

The magnetoabsorption signals from the center of the two broad faces
of the first three samples {$-1, S-2, and S-3) are shown in Figure 17, The
entire length was surveyed, but no signals significantly different, in either
amplitude or shape, from those shown in Figure 17 were found.

The two curves from the two faces of sample S-1, Figure 17, indicate
that the shaping and grinding operations have: (1) placed a residual stress in
the material, and (2) induced a small magnetic field in the direction of the
long axis of the sample. The curves obtzined from both faces are essentially
the same.

The magnetoabsorption signals from sample S-2, Figure 17, indicated
the presence of a residual stress and a magnetic field., The direction of the
induced magnetic field is opposite to that of sample S-1 as indicated by the
opposite tilt of the magnetoabsorption signals. When the sample is reversed,
the signals have the opposite tilt direction. The magnetoabsorption signal
from face "A" is smaller than that from face "B' in sample $S-2. This could
mean a larger grinding cut on one side than another in sample 5-2 and similar
cuts on sample S-1,

When the sample is heat treated to relieve the stresses, the lower
curves of Figure 17 are obtained for sample S-3. These curves are symmetri-
cal and indicate a symmetrical B/H loop with no residual stress and no
induced magnetic field.

The magnetoabsorption signals from the stressed samples are shown
in Figure 18, For all of these specimens, the "A'' face is the convex surface
whereas the "B'" face is the concave surface. Thus, the "A'" face was in tension
during the bending and is now in compression; the ""B'' face was in compression
during the bending and is in tension afterward. On the figures, the "A'" and
"B'" faces are labeled "Tension' and "Compression' as per their stress after
bending.
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In all three of the stressed samples, the "A'" face which was in tension
during bending but is now in compression gave a very small magnetoabsorption
signal., The signals from the '"'B' face are slightly larger in amplitude than
the signal from the stress-relieved unstressed sample S-3, (Compare Figs, 17
and 18.) However, the shape of the magnetoabsorption signal from the '"B"
face of the stressed samples shows the effect of the stress in its shape. The
shape of the magnetoabsorption curves from the "B' face of samples S-4, S-5,
and S-6 are more open than the curves from S-3, and they show the effect of
saturation, A comparison of the curves from the '"B" faces of 5-3 and S-6
with the curves of Figures 17 and 18 may indicate what has cccurred. The
flattening and opening of the B/H loop opens and flattens the magnetoabsorption
curve as shown by Figures 13b and 13¢c. The effect of the tension in face "B"
is to open the magnetoabsorption curve but not to decrease its magnitude. This
is characteristic of materials such as steel with a positive magnetostriction
coefficient. With the negative coefficient such as in nickel, the effect of tension
is to both broaden and weaken the magnetoabsorption signal, With materials
having a positive magnetostriction coefficient, a large (50% to 100% of yield)
value of tension gives a 20% to 50% increase in the magnetoabsorption signal
over that obtained with no stress, Therefore, since the increase is slight, if
at all, the tension in the "B'' face is much less than the yield value for the
material.

On the "A'" faces of the stressed samples, however, the magneto-
absorption signal indicates that the material under compression has a complex
B/H loop. The magnetoabsorption signal has a very strong 240-cycle com-
ponent and a weak 120-cycle component {see Fig. 18). Since most of the
previous work with magnetoabsorption has been accomplished with wire
samples, no experimental evidence is available for reference for the com-
pression condition as there is for tension. Thus, the exact shape of the B/H
loop cannot be determined from experimental evidence. However, it is possible
to estimate, from the shape of the magnetoabsorption curves from face "A"
of Figure 18 that with compression there are two magnetic phases. One phase,
represented by the inner two loops, is magnetically hardened by the compres-
sive stress. The second phase is magnetically soft and is represented by the
outer loops of Figure 18 from face'"A', This second phase is obtained by
the action of the magnetic forces overcoming the residual compressive forces
and making the material appear unstressed or magnetically soft,

D. Second Series of Measurements

The indication of an induced magnetic field in Figures 17 and 18 along
the axis of the specimen suggested the need for directional measurements.
That is, the direction of the magnetic field relative to the specimen should be
varied. To perform these measurements, the detection head of Figure 15 was
used in the manner indicated in Figure 19. Figure 19a shows the magnetizing
field perpendicular {transverse) to the long axis of the sample. Figure 19b
shows the system providing the magnetic field parallel to the axis.
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With the detection head of Figure 15, magnetoabsorption curves were
obtained with the field perpendicular and parallel from three points on each
face of samples S-1, S-5, and S-6. The complete set of measurements is
illustrated in Appendix IIl. Since the magnetoabsorption waveforms along the
top or bottom for each specimen were nearly identical, only the center mea-
surements from the top and bottom are shown in Figure 20 of the text.

With sample S-1, a larger magnetoabsorption signal was obtained with
the parallel field than with the perpendicular field. Only the longitudinal
signal indicated the presence of a magnetic field in the material, Thus, it can
be assumed that the grinding caused a stress in the surface which made a
magnetic field in the direction of the long axis. This stress caused an easy
magnetic axis along the specimen length and a hard magnetic axis transverse
to the length.

The bent samples $-5 and S-6 gave magnetoabsorption signals (Fig. 20)
which were different from those obtained from §-1. From face "A, ' the hard
magnetic axis is parallel to the length, as indicated by the smaller magneto-
absorption signal, and the easy magnetic axis is perpendicular to the length,
Exactly the reverse is true on face "B" or the face in tension; in addition, the
residual magnetic field caused by the bending is along the easy axis or perpen-
dicular on face "A" and parallel on face "B, "

E, Conclusions

From these few measurements the face in compression ("A" face)
gives a larger magnetoabsorption signal when the magnetizing field is perpen-~
dicular to the stress axis and a smaller signal for the parallel case. The face
in tension gives a larger magnetoabsorption signal for the parallel condition
than it does for the perpendicular case, Therefore, the compression face
and the tension face give opposite behavior of the magnetoabsorption signals
as a function of the direction of the magnetic bias field relative to the direction
of the stress. The magnetoabsorption response may be identified with the
positive magnetostrictive character of HY-80, since tensile stresses in face
"B" of the strained samples caused an increase in the magnetoabsorption
signal, whereas compressive stresses in face "A' in the strained samples
resulted in smaller magnetoabsorption signals when the bias field direction
coincided with the direction of stress,

It also appears: (1) that tension broadens the magnetoabsorption curve,

and (2) that compression distorts the B/H loop so that the magnetoabsorption
curve displays a two-phase character.
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1% Residual Surface Deformation

FIGURE 20. TYPICAL MAGNETOABSORPTION SIGNALS FROM
THE TOP AND BOTTOM OF SPECIMENS S-1, S-5, AND S-6
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SECTION IV

VARIATIONS IN MAGNETOABSORPTION SIGNALS FROM NICKEL.-
PLATED ALUMINUM RODS UNDER INCREMENTAL LOADS

A. Introduction

There is the possibility that the magnetoabsorption signals from the
electroplated nickel coating on aluminum rods and plates can be used to mea-
sure variations in plating thickness and stress variations in aluminum. Con-
sequently, exploratory efforts were devoted to the latter subject, i.e., stress

measurement of nickel-plated aluminum rods by magnetoabsorption techniques,

As shown in Reference [ 2], magnetoabsorption amplitudes and shapes
vary with stress in ferromagnetic materials. Since aluminum is not ferro-
magnetic, magnetoabsorption will not occur in this material, Consequently,
stress studies in aluminum alone are not possible by magnetoabsorption
methods. However, if the aluminum is plated with a thin ferromagnetic film,
there exists the possibility of measuring the stress within the aluminum in-
directly from the magnetoabsorption signal derived from the ferromagnetic
film, particularly if the film adheres well to the base material. It has been
reported in the literature [ 5] that the bond strength of the nickel deposit is of
the order of the tensile strength of the aluminum base material when a phos-
phoric acid anodizing pretreatment process is employed. Recent studies of
this anodizing process made for NASA by the Material Engineering Laboratory
of Southwest Research Institute have shown that no blistering or separation
occurred in nickel-plated aluminum samples when subjected to a 180° bend of
one thickness radius. Since the film adheres well, deformation must be the
same for both materials. Assuming that the strains are equal, i.e., Ay = X3,
then the stresses T are related by

1 T2 5
El "EZ (5)
within the proportional limit where T; = stress, and E; = modulus of elasti-

city for the ith material. Here, the index i = I refers to aluminum and i = 2
to the nickel film. Thus, if the ratio of the moduli are known and 73 is mea-
suyred by the magnetoabsorption technique, then the stress within aluminum
can be calculated. The total load P on the bimetallic specimen may be ex-
pressed as

PT -_-Pl +P2 =71A.1 +72A2 (6)
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where Aj and A are the respective cross-sectional areas. From Equations
(5) and (6}, it is concluded that

P
Ay + 2L
E
1
and
P
T, s — (8)
AIEI
+
2 E
2
E2
If AZ ET << Ay, then
P
T
Tl =-A.—1 (9)

Equation (9) could have been easily derived from the fact that the film is thin,
and the ratio of the moduli Ez/E1 is not extremely large. In the experimental
work described herein, 7 is calculated from Equation (9} and plotted as a
function of the magnetoabsorption amplitude. The stress T, in the nickel film
was not measured quantitatively except as it provided a change in permeability
and thus caused a variation in the magnetoabsorption signal.

B. Experimental Procedure

Type 4043 aluminum welding rods of two diameters (1/8 inch and
1/16 inch)were plated in cooperation with the Materials Engineering Labora-
tory of Southwest Research Institute. The plating process used has been re-
ported by Bunce [ 5], and Spooner and Seraphim [ 6] and is briefly described
in Appendix V. No attempts were made to measure the film thickness, but
it was estimated by micrometer measurements that the thicknesses of the film
are all less than one mil. After plating, a 1/8-inch diameter rod was annealed
at 680°F (approximately the Curie temperature for nickel) for 30 minutes, and
a 1/16-inch diameter rod was annealed at 680°F for 60 minutes. To apply
compression or tension to a rod, a loading device was constructed. The device
employs the principle of moment arms to apply a sizeable load without making
the size of the weights cumbersome. This device is shown in Figure 21. A
light source, rigidly attached to the moment arm, was employed to aid in mea-
suring strain. The displacement of the light image on a stick was related to
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the strain in the specimen. Appendix V describes the characteristics of these
methods.

FIGURE 21. SIMPLE LOADING DEVICE AND
MAGNETOABSORPTION SYSTEM

The magnetoabsorption system employed to measure the influence of
stress on the plated samples is also shown in Figure 21. A small diameter,
universal wound, 500 ph sample coil was centered around the specimen. The
sample coil and specimen were immersed in the center of a Helmholtz pair
that varied the bias field, HB' + 200 oersteds at a 60-cycle rate. A marginal
oscillator operating at 500 kcps detected the impedance changes occurring in
the sample coil. The resistive changes were detected, andthe resulting wave-
forms (the magnetoabsorption signal) were displayed on an oscilloscope and
also plotted on an X-Y recorder through the use of a waveform translator,
Both the magnetoabsorption waveform and the strain were recorded for each
incremental load applied to the specimen. The rods were first loaded com-
pressively and then were placed in tension. The compressive loads were
restricted to small values to prevent buckling as predicted by Euler's formula
for a column with fixed ends, i.e.,

_ AvlE
Tp = 1 \2 (10)
5)
where
T = allowable stress in psi to prevent buckling
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2 = length of column with fixed ends
r = radius of gyration
E = modulus of elasticity

After compression, the rods were loaded in tension until yield occurred or it
was anticipated with the next weight. At no time were samples fractured in
case further evaluation ofthe samples was necessary.

For each sample, data were reduced so that strain, peak-to-peak
amplitude, and peak separation could be plotted as a function of stress. Each
of these two types of magnetoabsorption response was reported in Section VII
of [2]. Peak separation is a term that defines the distance in oersteds be-
tween the peaks of absorption occurring in a magnetoabsorption signal. The
peak-to-peak amplitude is the total of the positive and negative maximum
magnitudes.

C. Experimental Results

The 1/8-inch diameter aluminum rod in its "as plated’ condition was
loaded both in compression and tension. Magnetoabsorption waveforms and
strain data were taken at each incremental load. Figure 47 in Appendix V
shows a representative selection of magnetoabsorption signals at the effective
loads indicated beneath each waveform. The negative magnetostrictive nature
of nickel is observed in the decreasing amplitude of the magnetoabsorption
signal, which from theory is proportional to '\/_r, as the load changes from
compression to tension. Compressive loads are preceded by a negative sign.
This amplitude response as a function of stress is plotted in Figure 22. The
correspondence with strain may be obtained from the same figure where
strain is indicated as a function of stress. The apparent deviation of Young's
modulus when the rod is subjected to compression is undoubtedly attributable
to buckling since the strain increases much more rapidly than stress, It is
extremely difficult to compressively load a long, small diameter rod which
conceivably was slightly bent under no load conditions.

Empirical relationships can be developed to relate stress, strain,
and magnetoabsorption amplitude. Examination of Figure 22 shows that
magnetoabsorption amplitude A is related to stress in the tensile region by

A =0.96 exp (- 7/1360}) (11)

The points of Equation {11} are shown on Figure 22 as triangles. Within the
same region, strain and stress are linearly dependent,

It was discovered during the experimentation that consistent magneto-
absorption waveforms were obtainable within the region from the compression
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data points to points near the tensile yield point. The yield point for this
case is not well defined since yield was not evident from the stress-strain
curves, No significant material hysteresis effects, as would destroy repeat-
ability of the magnetoabsorption waveform, were observable for each rod
investigated when loads were varied in the range noted above. Beyond the
yvield point for tension, repeatable magnetoabsorption waveforms were not
attainable.

To show the significance of the harmonic content within the magneto-
absorption signal and to observe the influence of material hardening in the
nickel filin, the separation of the negative peaks of absorption were plotted as
a function of stress in Figure 23 for both annealed and unannealed samples.

It is important to note that this variation is indicative of the changes in the
amplitude and phase of the harmonics of the magnetoabsorption signal. This
type of variation is also readily observable from the waveform plots of

Figure 47 in Appendix V. It is further interesting to compare Figures 18 and
19 of [ 2], reproduced as Figures 24 and 25, with the negative peak separation
reported here., The broad or a square-loop B/H characteristics of Figure 24
shows a corresponding separation of the negative peaks of absorption for the
unannealed sample of Figure 23, Whereas a narrow B/H loop for the annealed
sample of Figure 25 yields a magnetoabsorption signal whose negative peaks
of absorption are close together., Thus, the separation in the nagative peaks
is presently a qualitative indication of the stress within the nickel film which,
in turn, can be further related to the stress within the aluminum.

To compare the influence that annealing has on aluminum, a plated rod
of the same diameter was annealed at 680 °F for 30 minutes. This annealing
not only affects the mechanical properties of aluminum, but, as noted in pre-
vious reports, annealing nickel has a large influence on the strength of the
magnetoabsorption signal (see Figs. 24 and 25 as an example from previous
efforts). A comparison of the no-load signals for the unannealed film of Figure 22
and for the annealed film of Figure 26 shows that the annealed has a magneto-
absorption signal of approximately twice the amplitude as does the unannealed.
The characteristic separation of the negative peaks of absorption is once again
evident as shown by the waveforms of Figure 48 of Appendix V. Asg tensile
stress is applied to the annealed sample, the nagative peaks separate as
shown in Figure 23. At a stress of 10,800 psi, the negative peak separ-
ation of the annealed sample equals that of the no-load separation of the unan-
nealed. At a tensile stress of 14, 800, the separations Pg are equal. Above
14,800 psi, the separation of the annealed sample exceeds that of the unannealed.
The peaks separate linearly with stress, and the curve may be expressed by

T = 308 (Pg - 151) (12)

for 2400 £ 7 £ 17,000 psi.
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The negative magnetostrictive character of nickel is again évident
since the magnetoabsorption amplitude decreases as the load varies from
compression into tension. This amplitude responee is shown in Figure 26
where the corresponding strain is also plotted for the same values of stress.
Buckling is evident in the stress-strain response for compressive loads as
was the case for the unannealed response. The magnetoabsorption amplitude
is proportional to stress within the range 2400 < 7 £ 10,000 psi and may be
expressed as

A =-1.31X10-4 (1 - 16,000) (13)
In the region 10,000 £ 7 < 17,000 psi, the exponential
A =3.21 exp(- 7/7150) (14)

fits well, It is interesting to note from Figure 26 that stress and strain

remain linearly dependent in the same region as did magnetoabsorption and ;
stress, Further, strain X\ can nearly be characterized by the same exponent L
as magnetoabsorption. For 7 2 10,000, the function

A =6,62 X103 exp(T/7150) (15)

is shown as a dotted curve in Figure 26. The waveforms from which these
results were derived are shown in Figure 48 of Appendix V.,

An unannealed nickel-plated aluminum welding rod of 1/16-inch diameter :
was also investigated. A selection of magnetoabsorption waveforms at various
loads are shown in Figure 49 of Appendix V. The amplitudes are nearly one-
half the amplitude of the 1/8-inch diameter rods as expected since the
volume of ferromagnetic film is one half of that of the larger diameter rod.

Again, the negative magnetostrictive properties are exhibited in the decaying
amplitude of magnetoabsorption as the load increases from compression to
tension, Figure 27 shows this amplitude response. The exponential

A = 0,405 exp(-7/12, 800) (16)

may be fitted to the empirical data. The curve of Equation (16) is indicated
by the triangular points of Figure 27,

The stress-strain curve is also shown in Figure 27. A linear depen-
dence between stress and strain is exhibited to an approximate stress value
of 18,000 psi. Values of strain thereafter indicated that yield had begun to
occur. The value, 18, 000 psi, is ingood agreement with yield strength reported
by aluminum manufacturers for the heat treatment given., The compressive
stress-strain data indicated that the sample buckled slightly while in compres-
sion,
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The negative peak separation as a function of stress is presented in
Figure 28. No attempt was made to fit the data with a mathematical function.
Increasing separation of the negative peaks of absorption with stress is seen
to cccur once again,

An annealed 1/16-inch aluminum welding rod of the same stock and
diameter as the previous unannealed rod was also investigated as a function
of stress. The selected magnetoabsorption waveform for various loads is
shown in Figure 50 of Appendix V. The decreasing amplitude response with
stress and the stress-strain curve are shown in Figure 29, The influence of
annealing is evident in the low yield strength, approximately 6000 psi. The
annealed sample had a yield strength of approximately 18,000 psi. It is
interesting to compare the slopes of the streass-strain curves for the
annealed and unannealed rods (Figs. 27 and 29). The strains per unit of
stress are nearly equal. This is a typical response; annealing only influences
the value of the yield point. The separation of the peaks of absorption with
stress is shown in Figure 28. The separation generally increased to a value
of 8000 psi and thereafter decreased.

D, Additional Effort

In addition to plating aluminum rods, nickel was also electrodeposited
on several aluminum plates of type 1100 and 7106. Several specimens were
partially-annealed at 300°F for 30 minutes., Alcoa [7] reports that heats of
300°F not exceeding 30 minutes will not change the high strength properties
of 7106, Figure 30 shows that such low temperature annealing is beneficial
in enhancing the amplitude of the magnetoabsorption signal without altering the
material properties of 7106, These plates were to be investigated in a beam
deflection device had time permitted.
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SECTION V

HARMONIC AMPLITUDE VARIATIONS OF MAGNE TOABSORPTION
SIGNALS FROM WIRES UNDER STRESS

A, General

Studies of the influences of stress, applied to ferromagnetic wires or
ferromagnetic-clad nonferromagnetic wires, on the magnetoabsorption signal
were conducted in a manner similar to that reported in Section IV. However,
in addition to measuring the stress, the magnetoabsorption waveform, the
peak separation, and the amplitudes of the first five harmonics of the magneto-
absorption signal were recorded as a function of the loads applied incremen-
tally to the wire. During this study, cold-rolled nickel, industrially annealed
nickel, nickel-plated aluminum, and maraging-steel wires were examined.
The experimental technique and composition of the specimens are described
in Appendix VI,

B. Negative Magnetostrictive Specimens

Various wires exhibiting a negative magnetostrictive characteristic
under stress had been reported previsouly in AFML-TR-65-17 and in
Section IV, These game wires were reexamined in this study, and the ampli-
tude response of the significant harmonics with stress are also included. Of
the three specimens examined, two were furnished by Wilbur B, Driver as
commercially 99% pure nickel wire, No, 14 AWG. One of these was indus-
trially annealed with an approximated ultimate strength of 70, 000 psi and the
other was cold-rolled with an approximate ultimate strength of 80, 000 psi.
The third sample was a 1/8-inch diameter nickel-plated aluminum wire
remaining from the studies reported earlier in Section IV. Nickel of the type
mentioned above was actually employed in electroplating the aluminum rod.

The magnetoabsorption response of industrially annealed nickel wire
is shown in Figure 31. The bold curve represents the peak-to-peak amplitude
response of the magnetoabsorption signal with stress, Within the yield point,
magnetoabsorption amplitude is nearly a linear function of stress and is
similar to that reported in AFML-TR-65-17 for industrially annealed nickel,
The rms amplitude variation of the harmonics of the magnetoabsorption signal
with stress are indicated by the dashed lines of Figure 39, The frequency of
the measured harmonic amplitude is denoted adjacent to each dashed curve.
Only the first five harmonics were recorded in this study. In general, the
changes with stress are similar to that of magnetoabsorption amplitude
except for the deviation of the 120-¢cps and 240-cps component at 7000 psi.
This discrepancy undoubtedly cccurred because the experimenter had mistuned
the harmonic analyzer to 180 c¢ps, a power line harmonic located between two
harmonics of the magnetoabsorption signal. It is interesting to note that the
sum of the peak-to-peak amplitudes of the first five harmonics is not equal to
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the peak-to-peak amplitude of the magnetoabsorption signal, Further, the
magnetoabsorption signal MA may be represented in Fourier form by

5
MA = ) A, cos (240mt + ¢y) (17)

n=1

where it has been assumed that the first five harmonics are adequate in des-
cribing the magnetoabsorption signal, MA, If ¢y = 0 for each harmonic, then
the peak amplitude of the MA signal would be the sum of the Fourier ampli-
tudes. However, as noted above, this is not the case in these measurements,
Therefore, the phase angle cannot be considered equal to zero or a constant
value, Consegquently, the phase of the harmonics may also serve as a useful
indication of the material state of the ferromagnetic specimen, and it may
give a more sensitive indication,

Also recorded in Figure 31 is the variation of separation of the peaks
of absorption with stress, Increasing peak separation together with decreas-
ing magnetoabsorption amplitude with tensile stress have beenobserved pre-
viously and is a characteristic of material having a negative magnetostrictive
constant.

Similar measurements were performed for cold-rolled nickel wire
samples. The influence of stress on the various measured parameters is
shown in Figure 32. The cold working is evidenced by (1) smaller magneto-
absorption amplitudes, {2) smaller harmonic amplitudes, (3) greater peak
separations, and (4) smaller changes in amplitude per unit change in stress.
It is further concluded that the yield strength of the cold-worked nickel is
approximately twice that of the annealed nickel, when the results of previous
observations for nickel are applied. Normally, nickel responds linearly or
exponentially within the yield point; thereafter, the magnetoabsorption signal
decreases less rapidly,

Similarly, studies of peak separation, harmonic content, and magneto-
absorption amplitude were conducted for the 1/8-inch diameter nickel-plated
aluminum rod. These measurements are recorded in the graphs of Figure 33.
Once again, magnetoabsorption and harmonic amplitudes are nearly linearly
dependent upon stress, The amplitude response is very similar to that of
cold-rolled nickel indicating that the nickel has a large initial internal stress.
In . fact, when the stress within the nickel film is estimated to be ratio of
moduli of elasticities, 8/3, times that of the abscissa of Figure 33, the change
of magnetoabsorption amplitude with stress in the nickel film are nearly
identical with that of the cold-rolled nickel response of Figure 32,

These types of study are important in that if stress or some other
material property can be easily interpreted from a harmonic of the magneto-
absorption signal, then electronic measurement of these properties can be
readily simplified. As an example, if a particular harmonic is to be chosen
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to measure stress from the curves of Figures 31,32, and 33,it is clear that the
harmonic with greatest sensitivity and the most easily predictable response to
stress should be chosen.

C. Positive Magnetostrictive Specimens

Two specimens exhibiting a positive magnetostrictive characteristic
over some levels of stress were examined. One material was supplied by
Leeds and Northrup as annealed iron thermocouple wire. This type of ferro-
magnetic wire had been studied and reported in previous efforts {AFML-TR-
65-17). Table 2 of Appendix VI shows the specifications for the iron billets
from which this iron thermocouple wire is manufactured. From the wide
specified limits, it is seen that the minimum iron content would be 99, 3%.

The other material was received as samples of VascoMax 250W(CVM)
from Armetco, a division of Vanadium Alloys Steel Company. VascoMax
250W is an 18% maraging steel welding filler wire. VascoMax 250W is speci-
fically manufactured for use as filler wire in Metal Inert Gas and Tungsten
Inert Gas welding of VascoMax 250, an 18% nickel ultrahigh strength maraging
steel., The nominal analysis for VascoMax 250 together with a certified
analysis of the welding filler wire is shown in Table 3 of Appendix VI. From
these analyses, it is seen that the primary differences in the welding wire is
the slightly smaller nickel and larger cobalt contents., The wire was received
in the solution annealed state, and magnetoabsorption measurements were per-
formed in the '""as-received" condition, Time limitations prevented maraging
this wire and performing similar measurements, Maraging would have brought
the ultimate strength of this material to approximately 250 kpsi. '

The influence of stress on magnetoabsorption amplitude and its har-
monics for iron thermocouple wire is shown in Figure 34, The response is
very similar to that reported in AFML-TR-65-17. The amplitudes are
rather insensitive to stress,and a definite positive magnetostrictive charac-
teristic is not observable except for stress values before fracture, The sepa-
ration of the peak of absorption, as presumed in earlier efforts, do tend to
coalesce for light loads. There is an indication that the phase response may be
significant since the sum of the peak-to-peak amplitudes of the harmonics of
the magnetoabsorption signal do not equal the peak-to-peak value of the
magnetoabsorption signal itself,

The influence of stress on the magnetoabsorption signal and the
amplitude of its harmonics for VascoMax 250W is shown in Figure 35. The
large amplitudes are indicative of high permeability to be expected of a
ferromagnetic specimen containing nickel, cobalt, and iron, It is interesting
to note that the composition of this material ig8 similar to that of permalloy
and perminvar; particularly the latter, The material has a definite positive
magnetostrictive characteristic up to a load of approximately 40 kpsi. That
is, up to that load, the reversible permeability increases with tension,
Thereafter, a decrease in permeability occurs with increasing stress as the
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material is hardened by plastic deformation. If this material has a typical
positive magnetostrictive property, it is to be expected that yield point
occurred near the point of maximum magnetoabsorption., Elongation measure-
ments, not performed, would have given conclusive evidence to this assumption,

From Figure 35, it is further observed that the maximum in the ampli-
tude of each of the harmonics does not coincide with the maximum in the peak-
to-peak amplitude of the magnetoabsorption signal., The rise in the amplitude
at the fracture point is unusual and may have occurred because most of the
plastic deformation occurred within a very small percentage of the filling
factor, Consequently, the remaining material, having the larger contribution
to the magnetoabsorption signal and having returned fo a point of less deforma-
tion, causes an increase in signal.

Lastly, the peak separation for this material has a definite exponential
characteristic with increasing tensile stress, This indicates that the peak
value of the magnetoabsorption occurs at smaller values of the bias magnetiz-
ing field as the load increases. This response could be used as a quantitative
method of measuring stress in this solution-annealed maraging steel,
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SECTION VI

RECOMMENDATIONS FOR ADDITIONAL EFFORT

On the basis of these efforts and those performed in earlier work, it
is recommended that (1) magnetoabsorption technigues be extended to include
instrumentation capable of measuring the amplitudes and phases of at least
the first six harmonics of the magnetoabsorption, (2) through the use of such
instrumentation, magnetoabsorption responses from ferromagnetic and ferro-
magnetic-clad material of interest to the sponsor be made as the material
is subject to compression, tension, and fatigue testing, and (3) a magneto-
absorption detector be designed, constructed, and tested for measuring and/or
telemetering magnetoabsorption signals.
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APPENDIX I

SMALL PROBES AND THEIR COUPLING CIRCUITS

To measure magnetoabsorption from small volumes of ferromagnetic
materials, small sample coils of several turns of wire were considered as
probes, It is intended with these probes to observe the various material
properties or defects at specific small areas on a ferromagnetic surface,

As an example, by placing a hollow solencidal probe over a slowing elongating
ferromagnetic wire, the local changes in stress could easily be scanned as the
Probe traverses the entire wire specimen. Or, with another type probe, a
ferromagnetic surface could be examined for locally fatigued areas. With
such probes, it may be possible to observe: (1) stress magnitudes and direc-
tions, (2) stress gradients, (3) locally fatigued areas, (4) cracks, (5) vari-
ations in heat treatment, and (6) inclusions, Within the realm of feasibility,
there are some optimum probe configurations for observing each property of
a particular shaped specimen.

The following qualitative specifications are deemed appropriate for
probes employing magnetoabsorption detection:

(1) The RF field produced by the probe must couple well with the
specimen under investigation.

(2) The characteristic size of the coil-type probes should be com-
parable in size or smaller than the size of the defect to be
observed. In other words, the defect must present a large
filling factor to the probe.

(3) The configuration of the probe should be dictated by the type
of application.

(4} Noise sources and pickup should be reduced by appropriate
design of the probe, bias coils, and associated coupling
circuit so that microphonics and stray inductions are avoided.

Figure 36 shows a number of common probe configurations, and, from
these,a number of observations are made. An examination of the horizontal
solenoid shows that very little ofthe RF field couples with the surface; conse-
quently, further consideration of this configuration is excluded. The vertical
solenoid exhibits an RF field that is symmetrical with respect to its axis of
rotation. Thus, the vertical solenoid does not exhibit an inherent directional
field when placed on a specimen except as may be caused by inhomogeneities
in the specimen. The crescent-shaped and double-D probes, on the other
hand, have an inherent directional property associated with their configuration,
The crescent-shaped probe develops an RF field parallel to its axis. The
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double-D probe primarily develops fields normal to its symmetrical plane,
The double-D probe of the series aiding type has the additional feature that it
is capable of rejecting induction by a homogeneous external field whereas the
other types shown in Figure 36 do not.

The bias coils can be similarly constructed to exhibit a directional
property. It is this directional property of the fields that is so beneficial in
achieving meaningful information from magnetoabsorption measurements.

In order to electrically connect a probe consisting of a few turns of
wire to the marginal oscillator input, a coupling circuit must be employed.
Without such a circuit, the marginal oscillator when connected directly to
the probe cannot sustain oscillations. Consequently, the coupler must con-
sist of a suitable value of inductance shunting the marginal oscillation input
to sustain oscillations of a proper frequency. Furthermore, the remainder
of coupling circuit must be capable of transferring very small impedance
changes, (mpr" + ijpx')F*, from the probe to the inductance shunting the
marginal oscillator. Two common coupling circuits are considered: the
series resonant circuit of Figure 37 and the transformer circuit of Figure 38,

Lg Rg I
' o~ T -t
Lg(l + Fy' - jFx”) l
C Marginal
Probe Oscillator
Rp
—0 o—

FIGURE 37, SERIES RESONANT CIRCUIT METHOD FOR COUPLING
A SMALL COIL TO A MARGINAL OSCILLATOR

Rt Rg 1
A MAM—0
Lp(l + Fy! l
-iFEX") L Lg C Marginal
Probe T Oscillator
—0 o
N

FIGURE 38. THE TUNED SECONDARY TRANSFORMER METHOD OF
COUPLING A SMALL COIL TO A MARGINAL OSCILLATOR

#F is the effective filling factor for the probe,and X' and X" are the real and
imaginary parts of the susceptibility of the sample, respectively.
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With the assumption that the marginal oscillator feedback circuit func-
tions to some degree as a constant current source I, the voltage across the
series circuit is approximated by

wi[ Lg + Lol + x'F)} &

E=1 : (18)
Rp +Rg + mLpFX !

where the symbols are defined in Figure 6, and where
wf Lg + Lp( 1+ X'F) >> (Rp + Rg + wL FX™)
has been assumed, Whereas for transformer coupling with an effective turns

ratio of a, the resultant voltage across the marginal oscillator input is approxi-
mated by

1{wLg + a%el Li(1 +x'F) + Ly} 2

Es > {(19)
Rg + a%(Rp, + Ry + wLpX"'F)

where the symbols are defined in Figure 38, and whefe
wLg + a®[ Lol + X'F) + Lyl >> Ry + a%(Rp + Ry + wLpX"'F)
has been assumed.

A comparison of Equations (18) and (19) indicates that for small effec-
tive changes in mpr'F or mLPX"F within the same probe that transformer
coupling is more effective. This fact has also been shown to be true experi-
mentally., Further, additional high pass filtering is achieved with the trans-
former coupled circuit so that external induction by the bias is effectively
reduced by the low transformer inductance and small low frequency mutual
inductance. Figure 39 shows the toroidal ferrite transformer actually
employed to couple small probes to the marginal oscillator and one of the
probes that couples to the input of the transformer., The transformer is
mounted in a magnetic shielded chassis to prevent external fields from varying :
the permeability of the ferrite toroid. The transformer employs a high
frequency ferrite core and has the following properties:

{1) Primary turns = 150 ;
{2) Primary inductance = 600 ph
{3) Primary Q = 285 at 300 kcps

(4) Secondary turns =1, 3, 5, 7, 9, 11, 13, 15 *‘
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FIGURE 39. FERRITE TRANSFORMER AND A DOUBLE-D PROBE
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A number of double-D probes was constructed to investigate their
capability and to perform a number of measurements, A sample of the
probes constructed is shown in Figure 40a. Their diameters range from
1/4 inch to 1/16 inch as shown in Figure 40b.
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FIGURE 40a. A SELECTION OF DOUBLE-D PROBE

FIGURE 40b. THE TIPS FOR THE PROBES SHOWN IN FIGURE 9a
67



APPENDIX 11

DETAILED RESULTS FROM A SLOTTED
MARAGING STEEL PLATE

The harmonic amplitude response along scan lines 3, 5, 8, 10, 13, and
15 for the maraging steel plate having nine EDW slots is presented in this
appendix. The conclusion drawn from these results appears in Section II of
the text,

The picture of the sample with six scans of the amplitude of the funda-
mental (120 c¢cps) component superimposed is shown in Figure 4la. Scans
along lines 3, 8, and 13 do not intersect an EDM slot. Scans along lines 5,
10, and 15 do intersect EDM slots., The influence of the various observable
areas are clearly distinguished.

Figure 41b is the same type of picture for scans along the same line
numbers for the amplitude of the second harmonic at 240 cps. Because of the
variations along lines 8, 10, and 13 on the right-hand side, two other scans
are included along lines 11, 12, and 13, These scans indicate a distinct
change in the material at the extreme right along lines 11, 12, and 13. The
cause of this change is not visible to the unaided eye, and the area was not
inspected with a metal microscope. The material change, whatever its source,
is rather large.

Figure 4lc shows the scans along the same lines as Figure 41b but at
the frequency of the third harmonic (360 cps). The large changes at the right
along lines 11, 12, and 13 are not visible on this plot for the third harmonic.
However, the variation in amplitude around each slot is more pronounced at
360 cps than at 240 cps.

The picture of Figure 414 is the amplitude of the fourth harmonic (480
cps) along the same scan lines as those of the previous figures. Here again
are the amplitude changes at the slots,and the variations are essentially the
same as the previous two figures except that a surface scratch, to the right
of center, is vigsible on scan lines 13 and 15. The large changes on the
extreme right on lines 11 and 13 are more similar to those of the 240-cycle
scan than the 360-cycle scan.

The picture of Figure 4le is from the amplitude of the fifth harmonic
{600 cps). Similar plots for the higher harmonics have not been made. Here
again, there is the variation of the amplitude of the fifth harmonic around the
slots and the very large variations of amplitude at the extreme right, The
scratch variation on scans 13 and 15 is also observed.
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APPENDIX I

MAGNETOABSORPTION WAVEFORM DATA
FROM HY-80 STEEL

Figures 42, 43, and 44 show the waveforms taken at equal intervals
along face ""A'" and "B" of specimens S-1, S-5, and 5-6. The experimental
condition and type of specimen are noted on each figure. A complete
discussion of these responses is presented in Section IIL.
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APPENDIX IV

MAGNETOABSORPTION MEASUREMENTS FROM AN
EXPLOSIVELY FORMED SHEET OF 1020 STEEL

The magnetoabsorption signals from a dome-shaped explosively
formed piece of 1020 sheet steel are shown in Figure 45, These magneto-
absorption signals were measured with the probe shown in Figure 15. The
radii of curvature for all of the measurement positions were sufficiently long
to obtain a good measurement with a flat probe.

The magnetoabsorption curves of Figure 45 show that the convex face
is relatively unstressed since there is little difference between the signals
from the parallel and the perpendicular directions for the magnetic field.
Parallelis definedas along a longitudinal line and perpendicularisalonga lati-
tudinalline. There are differences between the parallel and perpendicular
signals at the edge position on the top face where the radius of curvature is
small at the edge of the explosive forming. The curve from the outer edge of
the plate was taken to attempt to obtain a curve for the undisturbed steel.
Experience shows that the pictures shown at the outer edge indicate as nearly
as possible the shape of the magnetoabsorption signals from undisturbed 1020
steel. Experience with mild steels has also shown that, with increasing
applied stress, the magnetoabsorption signal at first increases in amplitude
with little change in shape and then a rapid decrease with much change in
shape.

When previous experience is applied to the data shown in Figure 45, it
can be conjectured that the top and middle of the dome have a very mild stress
along a longitudinal line; that the edge of the dome has a much greater siress
along a longitudinal line; and that the outer edgeis relatively undisturbed and
unstressed.

On the concave side, the signal shape and amplitude at the top of the
dome indicates that it is highly stressed but in a direction other than either a
longitudinal or a latitudinal line, There appears toc be less stress in the middle
of the concave side of the dome, again in neither of the described directions,
In contrast to the results on the convex face, the curve from the edge of the
dome on the concave side seems to have a relatively lower stress than at the
middle and top of the dome, again in a direction other than the two described.

The measurements on this explosive formed plate were brief, because

it was available for a short time only. Since only one plate was available,
nothing more can be concluded without a detailed study with many samples.
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ARPENDIX V

MAGNETOABSORFPTION FROM NICKEL FILMS ON ALUMINUM

Description of Plating Technique

In order to obtain a useful plating of nickel onto an aluminum sub-
strate, the following procedure has been found effective:

(1) The material is cleaned in a 10% (by volume) hydrofluoric acid
solution.

(2) Ancdization is accomplished for six minutes in a 25% (by volume)
phosphoric acid sclution at three amperes per square foot at
room temperature.

(3} The specimens are rinsed thoroughly in cold distilled water.

(4)

The plating is then accomplished in a conventional acid nickel-
plating tank under power and constant agitation. The initial

plating rate is 12 amperes per square foot for 1 minute and then
3 amperes per square foot for 5 minutes,

B. Loading and Elongation Methods

The specimen is grasped with a pair of drill chucks 4 to 6 inches

One drill chuck is mounted on the base while the other is mounted on
the moment arm or moveable beam. The drill chuck is mounted 6 inches

from the fulcrum. The fulcrum is composed of a pair of needle bearings about
a stationary dowel pin. Loads can be applied on either side of the fulcrum at
a distance of 18 inches from the fulcrum. Thus, a mechanical advantage of
three results; i.e., for every one pound of weight applied 18 inches from the
fulcrum, an effective load of 3 pounds is applied to the specimen. The beam
and base of the loading device were reinforced to accept effective loads of

250 pounds at the specimen. A closeup photograph of the loading device with
bias coils and sample coil id shown in Figure 46.

apart,

To measure strain, a light source was rigidly attached to the pivoted
beam, and its image was focused across the laboratory on a meter stick,
Thus, as the specimen elongated or contracted, the displacement could be
measured on the meter stick with amplification. Since the specimen was
6 inches from the fulcrum and the meter stick was 14,3 feet away, the
elongation or contraction could be measured with an amplification of 28.6.

It is estimated that friction in the loading device and diffusion in the image
contributed an error of + 1/2 mm at the meter stick. Referred to the speci-

men, this error is equivalent to an error of £ 7/10 mils in the strain
measurement,
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FIGURE 46. SAMPLE WITHIN CHUCKS,
SAMPLE COIL, AND BIAS COILS

C. Compilation of Magnetoabsorption Waveforms for Nickel-Plated
Aluminum Rods Having Various Diameters and Heat-Treatments

Figure 47 contains the magnetoabsorption signals obtained from an
unannealed nickel-plated 1/8-inch aluminum rod at 10 and 5 pounds of com-
pression, at no load, and at 20, 40, and 60 pounds of tension. Figure 48
shows magnetoabsorption curves taken at the same loads for an annealed
specimen. The curves of Figures 49 and 50 were similarly taken from un-
annealed and annealed 1/16-inch nickel-plated aluminum rods at lower loads.
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APPENDIX VI

MAGNETOABSORPTION HARMONIC AMPLITUDES
MEASUREMENTS FROM RODS

A, Experimental Technique

The system employed to perform these measurements is depicted in
the block-diagram of Figure 51. The system as it appeared in the laboratory
{except for the harmonic analyzer) is shown in Figure 52. A moment arm
technique was employed to apply tensile loads on various wire specimens, :
The pivotal beam that forms the moment arm is shown in the left-hand portion :
of Figure 52. The Helmbholtz bias coil and RF sample coil concentrically sur-
round the specimen. An unassembled view of these coils with shield appears
in Figure 53. The design specifications for the RF coil are shown in Table 1.
It should be noted from the length of the RF coil that the magnetoabsorption 4
signal will arise from a considerable length of the specimen (approximately
3 inches). If the RF magnetic field is small compared to the magnetic bias :
field, impedance changes with variations in magnetic bias field occurring
within the sample coil are proportional to the square root of the reversible
permeability, The marginal oscillator senses the impedance variations as
frequency and amplitude medulations. The frequency modulation is identified !
as the dispersion signal, and the amplitude modulation is called the magneto- *
absorption signal. As stress influences the reversible permeability, the 9

marginal oscillator system detects the resultant changes in magnetoabsorption
signal.

TABLE 1. SPECIFICATIONS FOR AN RF COIL b
1. Dimensions 2-3/8-in. OD X 2-in. length
2. #28 AWG copper wire :
3. N = 102 turns
4, Coil form plexiglass threaded to 52 threads/in,

5. Assembled with copper shield:

L = 400 ph
Q =130 at 500 KC !
B, Composition of the Samples :

The compositions shown in Tables 2 and 3 have been obtained for the
materials used. .. :

86




-TENSION-
HARMONIC COMPRESSION
ANALYZER - DEVICE

BIAS FIELD
b
MARGINAL o —=
OSCILLATOR -
<«RF
=3 coiL
|
WAVEFORM XHPLE
———
TRANSLATOR | E..—.l
3
n
N
AC
X Y —f—t*v x= SOURCE
RECORDER =

FIGURE 51, BLOCK DIAGRAM OF SYSTEM MEASURING THE
HARMONIC CONTENT OF A MAGNETOABSORPTION
SIGNAL FOR A SAMPLE UNDER STRESS
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TABLE 2. COMPOSITION OF ANNEALED IRON

Carbon
Manganese
Phosphorus
Sulphur
Silicon
Nickel
Chromium
Copper

Iron

TABLE 3.

Carbon
Silicon
Manganeze
Sulfur
Phosphorus
Nickel
Cobalt
Molybdenum
Aluminum
Titanium
Boron
Zirconium

Calcium

THERMOCOUPLE WIRE

Narrow Wide
Specification Limits Specification Limita®
0.04/0.06 0.03/0.10
0.23/0.28 0.20/0.30
0.025 max 0,035 max

0.020/0.045 0.010/0,045

0,005 max. 0.005 max.
0.040/0, 060 0.030/0.070
0.010 max 0.030 max
0.100/G, 125 04.080/0.135
Remaining Remaining

ANALYSES - 18% NICKEL MARAGING STEELS

Certified Welding Filler

Nominal VascoMax 250 Wire VascoMax 250 W

AM*% or CVM*e* CVM
0.03 max 0.02
0.10 max 0,04
0.10 max 0.01
0.010 max 0.007
0.010 max 0,005

18.50 18. 19
7.50 7.94
4.80 4,37
0.10 0.22
0.40 0.52
0,003 0.001
0.02 added 0.005
0.05 added 0.0005%

*Leeds and Northrup cite: It is preferred that the analyses submitted conform
to the limits of the "Narrow Specification, " but, ifa very limited selection of
iron is available, analyses within the limits of the "Wire Specification” may
be submitted for consideration.

**Air Melt

#¥¥Consumable Vacuum Melt
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APPENDIX VII

GENERAL DESIGN CONSIDERATIONS FOR
MARGINAL OSCILLATORS

A, Circuital Configuration of a Marginal Oscillator

Before the results of a number of papers on marginal oscillators are
discussed, it is shown herein that significant accomplishments can be had
with simple circuital considerations, At the outset of this design problem,
particular considerations are given to the choice of the marginal oscillator
configuration shown in Figure 54.

e +B
Ry
--- na
Ly T Cg 3R,
+

FIGURE 54. MARGINAL OSCILLATOR CONFIGURATION

The marginal oscillator consists of a cathode follower cascaded by a
grounded grid amplifier. The output of the amplifier is fed back regenera-
tively through Ry}, to the frequency selective grid circuit of the cathode fol-
lower, Atthe gridofthe first stage appears the sample coilinwhichis placeda
sample whose dissipative or dispersive characteristic (or both) is to be mea-
sured, The dissipative character occurs as an effective resistance change
AR of the sample coil and the dispersive character occurs as an effective
inductance change AL of the coil. The shunt capacitance, C, completes the
resonant circuit of which the sample coil is the other member. A simple
analysis of the resonance circuit which neglects the effects of other shunting
impedances discloses that, at resonance, the equivalent shunt resistance Rg

his given by

Qe

1
Ry = E (20)
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where QL = mOL/Rc >> 10 has been assumed, Equation (20} relates R, to R,
through a family of hyperbolas. To observe large changes in R; due to small
changes in R, the slope of Ry with respect to R [ the derivative of Equation
(20)] should be large. This is best accomplished by assuring that the sample
coil is a high quality coil (that is, has a small R_) and that the term L/C is
large.

Normally, the change in resistance and inductance is brought about by
a change in the magnetization of the sample through the use of a slowly
varying external magnetic field. In order to avoid the induction of this varia-
tion into the grid circuit, it is necessary to insert a high pass filter consisting
of Ls and C;. The value of Lg is chosen in this application to be much larger
than the inductance of the sample coil so that L presents a large impedance to
signals of frequency near the frequency of oscillation, wg, and a very small
impedance to the frequency of the external magnetic field, w_ . The value of
Ct is selected so that the critical frequency of the filter is well below the
frequency wy. If it is assumed that the inductive reactance, XLf, is much
smaller than the inductor'sDC resistance, Rg., and that the capacitive reac-
tance, Xc,, is8 much greater than the inductor's DC resistance, the transfer
function, G{wm), of the unwanted frequency wy, is

G, ) = - ijdc/fo (21)

where

and
Rgyc = the inductor's (L) DC resistance

Since it is assumed that Xg; >> Rqgc. then Equation (21) is a very small
value and the unwanted frequency is highly attenuated. Therefore, the value
of G{wy,) is a measure of the ability of the circuit to reject externally induced
voltages. From Equation (21), it is readily understood that the inductor
should be of high quality. That is, Rdc’ the resistance of the ceil, should be
very small for maximum rejection, As an example, if wy, = 377 (60 cycles),
Rge = 13, and C = 0,001 pf, then

G{377) = 4.9 X 10-6

Thus, if one volt is externally induced in the sample coil, then only 4.9 micro-
volts appears from grid to ground. It is highly advantageous that Ly be
toroidally wound to avoid voltages at the grid from stray induction of Ly,

The condition w,, Ly << R4c can be attained if a high frequency ferrite core

is selected,
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The cathode of the first stage is capacitively coupled to the cathode
of the second. Whereas, commonly, thecathodes are connected directly, it is
advantageous to prevent changes in bias of the second stage from influencing
the bias of the first stage in order that high sensitivity may be retained. High
sensitivity is preserved, as discussed in Holt [8], by reducing the nonlinearity
that may occur with changes in bias. An inductor similar to Ly has been placed
in the cathode of the second stage so that: (1) the bias may be entirely con-
structed through the use of an automatic level control, and (2) the first stage is
not excessively loaded by the second. A by-product of such a cathode configura-
tion of Cy and Ly is additional high pass filtering of the unwanted {requency wm.

B. The Automatic Level Control {ALC)

To assure stability in the level of oscillation, an ALC system is nor-
mally employed in conjunction with an oscillator. Since the signals are a
function of oscillator levels, reliable measurements are possible only when
the amplitude remains constant. The control is achieved by controlling the
bias of the second stage which in turn varies the value of transconductance of
the tube. Figure 55 is a graph of transconductance variations with grid bias
for particular values of plate voltage for an Amperex 7308 Triode.

The gain expression of the second stage is given by

A, - 2 __ (22)
2 R.!
1 4 —

Rp

where R, is the plate resistance and g, the transconductance. Since the gain
is directly proportional to the g;,, and since the g, is varied by the bias, then
the bias can control the gain of the second stage. Note that the first stage is

a cathode follower whose gain is very nearly one so that all of the gain in the
oscillator is in the second stage.

The automatic action is accomplished by the systermn shown in the
block diagram of Figure 56. In Figure 56, the cathode follower has been
replaced by an amplifier of gain A), and the grounded grid circuit by an
amplifier with gain A; and an output impedance of R,. F or simplicity, the
high pass filter has been left out since its effect at the radio frequency is nil.

The loop to the right of Figure 56 represents the elements of the ALC, The
operation of the ALC occurs in the following manner:

Under normal operating conditions, the voltage ez is amplified by A3,
compared with V, the reference voltage, and detected by the diode.
After filtering, the negative detected voltage E, appears at the grid of
Ay, If the value of bias is sufficient to maintain the oscillation condi-
tion within the oscillator loop, the value of e, remains constant, If for
some reason e, decreased by Ae,, this decrease is amplified by Aj
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compared with V and a less negative bias E. - AE. appears at Ap;. If
the change of gain of Aj is sufficient to maintain the oscillation condi-
tion, the value of e; is restored.

The ALC system may be reduced to a simple feedback network as shown
in Figure 57. The elements of the marginal oscillator have been lumped into
the block designated A of which e; is now the required output.

Ee ey

FIGURE 57, THE EQUIVALENT SERVO LOOP
FOR THE ALC SYSTEM

In Figure 57, the block designated P includes A;, the detector and the filter
of Figure 56, The transfer function, A, between the control voltage V and the
output e, is given by

,__A |
A= BE (23)

Should a change in A occur, say dA, then the change A' is given by the dif-
ferential of Equation (23}, or

dA' 1 dA

A “T+PA A (24)

From Equation (24), it is understood that a change in A’ can be reduced by the
factor 1 + PA if BA is large. Consequently, the output e; remains nearly con-
stant for changes in A, There are within the system of Figure 56 two con-
trollable elements to obtain a large value of BA. The most obvious is A3 which
in Figure 57 is equivalent to B, The remaining controllable element is A3. In
the remaining portion of this section, it is shown that particular choices of
circuital values for the ground grid amplifier, Aj, .yield a better ALC system
action such that A >> 1.,

In the circuit of Figure 58, the cathode follower and grounded grid are
independently powered from a 260-V regulated plate supply through decoupling
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resistors Rq) and Ry,, respectively. To retain sensitivity, each stage should
be bias independently, Consequently, a common decoupling resistor has been
avoided,

Rai
AAA 260 VDC
1 Rg
2
I —
R_!"'Z-SK :_E
== (7308 -r- Ee
- E °T “k Cq T $Ry

FIGURE 58. BIASING THROUGH DECOUPLING RESISTORS

The quiescent conditions for second stage are established at E, = -2,
Ep = 100, and I, = 10 ma, Thus, Ry must be 13,5 K2. The DC load resis-
tance totals now 16 K2 where the resistance of the inductor Li has been con-
sidered negligible. Now,through the use of the gy, characteristics of Figure
55 and the plate characteristics of Figure 59 for the 7308 tube, the variation
of gy with E. is determined and plotted on Figure 55 for a plate supply
voltage of 260 volts and DC load resistance of 16 KQ, The resultant change
in g,,, with E, is approximated by a straight line with slope

98m

= 1,650 X 10-6
de

c
for -5 < E_. < -1,

Now, however, if the same problem is reworked for the circuit shown
in Figure 60, the change in g, with E. is approximated by

agm
dec

= 3400 X 10-6

for -4 <E_ < -1. Thus, improvement by a factor greater than two results
because of the use of the regulated supply with no decoupling resistors. In the
prior case, the variations of the operating point along a flat load line {Ry. =
16 KQ) yielded smaller changes in g, per unit change of grid bias.

95



4
]
!
L

1S ] y
] - |

i ey A Yy
} ¥i / %

10

SN
S
3
“s

PLATE CURRENT (MILLIAMPERES)
~
—
/
3
x
=9

0 50 100 150 200 250 300
| PLATE VOLTS

FIGURE 59. PLATE CHARACTERISTICS FOR 7308 TRIODE

125 VvDC

R'= 2.5K

FIGURE 60. BIASING DIRECTLY FROM REGULATED SUPPLY

96

e AR e et



This problem initially arose from the fact that it was convenient to
supply B + through a decoupling resistor from an amplifier operating at 290
VDC, The above analysis shows that for improved ALC action this must be
avoided. In the final design, a 150-V regulator tube was used with the margi-
nal oscillator as shown in Figure 61 to drop the plate supply 315 VDC to 150
VDC, 8gm/dec for the final design did not change appreciably from the
latter example. The actual change in gain A, with change in E. as shown in
Figure 62 agrees very well with that predicted, since 9Az/0E. = 3.4.

C. Sensitivity, Bandwidth, and Noise Factor of Marginal Oscillators

Watkins [9] analyzes the marginal oscillator of Figure 63 on a nodal
basis which begins with the differential equation

R
dv . 1 o _
Cdt +GV+E vdt mf(V)—o (25)

where all elements of the equation are defined in Figure 63, and where
f{v) = ajv + a.zv2 + a3v3 +... {(26)

represents the nonlinear operation of the oscillator, From these expressions,
Watkins arrives at the following sensitivity expression

2 (RF + Ro)
AEg ) 3a, RoEg
A Glwpy, )

(27)

for periodic variations in marginal oscillator rf amplitude, AEg, to periodic
tuned circuit conductance changes AGp, which vary at radian frequency of
wy,- Associated with this amplitude change is a phase shift

¢ = tan~1 (20, /Aw) (28)

with respect to the conductance variations. Table 4 together with Figure 63
define each parameter in the above equations.

If Equations (27) and (28) are to be applied to a marginal oscillator
measuring magnetoabsorption, it must be noted that the periodic conductance
variation, resulting from magnetoabsorption in a test specimen, is composed
of many significant harmonics. To faithfully reproduce these variations in the
marginal oscillation, both the amplitude and phase of each resultant harmonic,
the RF-amplitude variations caused by the magnetoabsorption, must dlso be pre-
served. The magnetoabsorption signal is then the sum of these harmonic
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(a} Basic Oscillator CKT

R
I M .v.‘li:. - e=f{v) ' I
Rs gRo = _rE-lik_ L C
I rp+RL
¥ jr‘ {'c}

FIGURE 63. EQUIVALENT CIRCUITS OF THE OSCILLATOR

TABLE 4, DEFINITION OF PARAMETERS

Symbol Meaning
ajz - a measure of the third order nonlinearity of the oscillator
Ry - the value of feedback resistor
R, - the output impedance of the second stage of the oscillator
E g - the RF amplitude across the tuned circuit
(%) - the frequency of oscillation
W - the frequency of conductance variations

-3a3 R, wRg
Ae=— " Rp+R, O (29)

{the bandwidth of the tuned circuit)

Rg - the tuned circuit equivalent shunt resistance
Q - - the quality of the tuned circuit
Ry, - the plate resistor of the second stage
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RF -amplitude variations after demodulation, If the fifth harmonic, 5w,,, is
the highest significant harmonic above the fundamental conductance variation,
wm, then to preserve the phase of this harmonic, it is required, by Equation
(28), that the ratio of the frequency of the fifth harmonic to the frequency equi-
valent for half the bandwidth be less than 1/10 if the phase shift is to be less
than 1/10 radian, This ratic is given by

5mm _ Zme (RF+R°) ( 0 )___1_<__1_ (30)
Awf2 3a, R, wRg Eé =10
It follows that the corresponding fifth harmonic of the magnetoabsorption
signal lags the conductance harmonic by only 5.7° if the equality of Equation
(30} is assumed. All lower harmonics, of course, undergo smaller phase
shifts. When the restriction of Equation (30) is applied to Equation (27},

the following reduction of Equation (27) occurs

E R 10 2
_Okg 2 Rrt °)|:1 1( mm)] (31)

8G(5wm)  3a3  RE, 2\ Aw

Sy
where it has been precluded that ATz hag little influence on the sensitivity,

It is also understood from the inequality of Equation (30) that the bandwidth
required of the oscillator to preserve the phase of the fifth harmonic becomes

Aw = 1000y, = -

3a R wR
3 2 5 X g2 (32)
2 Rp+R, Q g ‘

RF + RD
a3FoEg
the condition of Equation (30) is not violated. A rearrangement of the inequality
in Equation {(30) yields

200 Q (RF + Ro) L
=70

Thus, increased sensitivity is attained by enlar ging the term provided

3wRgEg Roa3Eg (33)
hich implies that, if S E— =2\ o 1o be 1 hen —wmS
whnich implies that, i W 18 to be large, then m_R—;E_ must be very

small so that their product is less than or equal to a tenth. Consequently, the
problem becomes that of minimizing the expression

10w,,,Q
—_— L]

When the substitutions of:
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and

_ (wL)?

8 RC

R

are made in Equation (34), where
L = the tuned circuit inductance
and
R = the inductor's series resistance

then Equation (34) becomes

10w
— 2 << (35)
c-.'oZLEg
In an attermnpt to minimize the inequality Equation (35}, it is preferable
w
to accomplish this task by making = very small since enlarging Eg reduces
w
Rrp+R R
the sensitivity, ——E——O Qualitatively, to increase sensitivity, —F should

be large and a3E, small. This requires a large value of feedback resistance,
a small RF level, and extreme linearity of the oscillator. If this requirement
for increased sensitivity is compared with the bandwidth, Equation (32), which
may be rewritten as

3a R
Bw=1006 =-—2 __° E ,ZLE

36

It is noted that increased sensitivity can only be obtained at a sacrifice of
bandwidth, if w,, and mZLEg are held constant, In order that the RFfield pene-
trate the ferromagnetic specimen, the rf frequency w should be low consistent
with the marginal oscillator technique. Consequently, sufficient bandwidth
must be sought by reducing wp, and increasing LEg. Notice that increased
bandwidth can be achieved faster by increasing Eg, since it occurs in Equa-
tion {36) as the square, rather than decreasing Ry with a resultant severe
decrease in sensitivity.

The extension of Watkin's derivation is reasonable. If a sensitivity,
AE \-1
( AG) , of -3,3 X 10-6 is desired, then
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3a3R
223RoPg | 3 3x10-6
Z2(R, + Ry}

Substitution of this expression into Equation {33), for wp, = 2%{120) and
w = 2n(5 X 103), yields

LE, = 2.3 X 10-3

If Eg = 5, then L = 460uh. All the above values are in close agreement with the

circuital value actually employed. Further substitution into Equation (31)
yields

Rp = - 0.45a, X 10110 _ 2 x 10+3

If a3 = - 5 X 1070 and Ry = 2 X 103, then
Ry = 20.5 KQ

The actual values of Ry employed are in the range 25 K2 to 15KQ; so agree-
ment with theory is once again verified.

An examination of the noise figure of a marginal oscillator as derived
by Watkins is also interesting, If the phase of the 5th harmonic is to be pre-
served, Watkin's noise figure expression becomes

Aw
F=F (1 + ——) {37)
where
o R Req(Rg + Rp +Ry) (8)
° RF + Ro RB(RF + Ro)z
1+ R
1 1 EmltK
R =2.5 + [ = 2-' {39)
eq Eml Bmz L (g 1Re)2 ]

Ry = cathode resistor
g1, 2z - transconductance of the triode sections

The factor F, represents the inherent noises of the syatem, both shot noise
{(equivalent noise resistance Req) and thermal noises, Rgq, Ry, and R,. The

factor Aw/10w,y, accounts for the additional noise arising from the intermodulation
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noise products in the oscillator bandwidth Aw. Substituting the condition of
Equation (30} into Equation {37) vields

F=11F,
Consequently, noise figure improvement must be sought by reducing F,. If
the feedback resistor is larger than the output impedance of the oscillator,

i.e., Ry >> Ry, then F, reduces to

R, R R

Fo =1l +—=+—1 = 40
© Ry R%.. i RyRyp o

It is understood from Equations (39) and {40} that F, can approach a value of
one if:

(1) The value of the feedback resistor, Ry, is much larger than the
shunt resistance, Rg, of the tuned circuit.

(2) The equivalent tube noige, Req’ is small. This is accomplished
by using high transconductance triodes and a large value of

cathode resistance, Ryg.

D. The Broadband Amplifier

Several modifications were made to a broadband amplifier design pre-
viously employed. The amplifier functions as element A3 in Figure 56. These
modifications were primarily necessary to allow increased input amplitudes
to the amplifier without saturation occurring at the output. The results of
these modifications assured that each stage of the amplifier was biased for
maximum output capability consistent with minimum noise and distortion
requirements., It was observed that at the increased inputs the amplifier
oscillates at 5 megacycles with a one cycle per second modulation. Conse-
quently, cathode bypass capacitors were removed to reduce open loop gain to
prevent overloading and oscillation at large inputs. To preserve the closed
loop gain, the feedback over the entire system was reduced. The schematic
diagram of the amplifier incorporating these modifications is shown in
Figure 64, The amplifier has the characteristics shown in Table 5.

TABLE 5, AMPLIFIER CHARACTERISTICS

Voltage gain 25

Bandwidth (3 dB) 20 cps to 5 mcs
Equivalent input noise level 20 pv |
Maximum ocutput 80 volts, p-p
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