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ABSTRACT

A probe, consisting of two excitation coils and a detection coil wrapped around a core with a Hall
probe between the pole pieces, has been used to measure indirectly the influence of biaxial stress on
the magnetic properties of a ferromagnetic specimen. in this case annealed SAE-4130 steel. Proper-
ties measured indirectly inciuded remanence, coercivity, and first, third and fifth harmonic ampii-
tudes. The properties were extracted from the voltage measured across the detection coil and incorpo-
rate the magnetic influence of the soft iron core. but with the effect of air gap variation between pole
piece and sampie kept to a controlled range. Results were compared to a micromagnetic model for
the effect of biaxial stress on hysteresis and on magnetic properties. The micromagnetic model is a
modified version of a model previously empioyed by Schneider et al. The experimental remanence
variation due to biaxial stress compared very well to the predictions of the model. Furthermore, the
model predicts, and experiment bears out, that the remanence with the field along one stress axis mi-
nus the remanence with the field along the other stress axis falls in a straight-line band of values when
plotted against the difference of the two stresses. This suggests a possible NDE technique for detect-
ing differences in biaxial stresses at a given location in a steel specimen.

INTRODUCTION

The effects of biaxial stress on magnetic properties is important to understand if one is to use magnet-
ic NDE techniques for detecting stress in pipeline. Stress in pipeline consists of perpendicularly acting biax-
ial stresses, namely circumferential stress about the pipe and longitudinal stress along the length of the pipe.
The magnetic properties of a steel pipeline at a given location will be affected by both stresses, longitudinal
and circumferential. Thus, if one is to use in pipeline a magnetic nondestructive evaluation (NDE) stress

detection technique, one needs to first understand the precise way in which biaxial stresses affect magnetic
properties.

Stress in pipeline is caused by internal pressure in combination with stress from external pipeline
conditions. In very cold climates, such as in Alaska, the ground freezes and thaws and in the process, the
resulting ground movement exerts great stress on pipeline. In regions such as in California, where there is
often sudden crustal plate motion along faults, ground movement can again produce great stresses on pipe-
line. Ground settling in swamplands such as Louisiana and desert sand motion such as in Saudi Arabia can
often expose pipeline and cause stresses on the pipeline owing to its own weight. Silt motion at bay bottoms
can also expose pipeline and even set up a situation where a pipeline might snag a passing ship. All of these
situations could lead to pipeline rupture and need to be detected before the danger becomes reality.

Thus, it is important from an energy engineering point of view, to protect against high stress condi-
tions in pipeline and to monitor biaxial stresses in pipeline. The purpose of the present study is to develop




an understanding of thf‘y in which biaxial stresses affect magnetic properties so that magnetic NDE tech-
niques can be utilized in monitoring stress in pipeline.

This paper represents a progress report for an ongoing study of the effect of biaxial stresses on various
magnetic properties in steels. Itis basically divided into two sections - (1) experimental work and (2) theoret-
ical work confirming experimental observations.

Experimental results in mild steel on the effect of biaxial stress on hysteresis loop parameters were
studied recently by Langman.[1] However, discussion was restricted to equal biaxial stresses. Other re-
searchers have studied biaxial stress effects on various magnetic properties{2-5], but to date, there has not
been a systematic study presented on variation of d.c. hysteresis parameters under general, unequal biaxial
stress conditions. This paper in part addresses that.

Theoretical models for the effects of biaxial stress on magnetic properties have been published by
Schneider et al[6] and by Kashiwaya(7]. In this paper, we modify Schneider’s micromagnetic model for
biaxial stress effects by borrowing some ideas from Kashiwaya, but modifying those ideas so that a better
description of biaxial tensile effects on magnetic properties is possible.

EXPERIMENTAL MEASUREMENTS

The biaxial loading apparatus is shown in Fig. 1. Itis designed so as to exert stresses independently
along two perpendicular axes. The stresses are exerted on a cruciform (cross-shaped) specimen. The central
region of the specimen experiences the effect of biaxial stresses. .

The specimen used was made of SAE-4340 steel and was 0.2” thick in the central region. Atthe end
of each arm, the specimen was 0.4” thick. Also, in the 0.4” thick portion, a2 0.75” diameter hole was drilled
for attachment to a pin in the biaxial stress fixture. Each arm was 1.5” wide and 2.25” long and the central
region of the specimen would have been 1.5 square, except that, to smooth out the corners, a 90° circular
arc of 0.5” radius of curvature was cut tangent to the arm edges joined by the arc. The specimen was cham-
fered where it changed from 0.2” to 0.4” thick at a place 1.5 away from the arm end.

A finite element study showed thatunder 1:1 load conditions, the ratio of perpendicular stresses 62:0
varied from 1.08 to 0.92 in a center region that was 0.75” square. Thus, under a 1:1 load condition, the
stresses in the center were uniform to £8%. Our probe was designed to fit across that region with a distance
of 0.6” between pole centers. Thus, we could expect a maximum error of the order of less than £8% owing
to the slight nonuniformity of the stress distribution.

A diagram of the sensor probe is seen in Fig. 2. The sensor consisted of excitation coils wound about
both arms of a C-core, and a detection coil wound tightly at the end of one of the arms. The coils were held
in place by a plastic fixture, which also held a Hall probe centered between the pole pieces and close to the
sample surface. Pole piece ends and plastic fixture were all carefuily machined so as to be flush against the
specimen surface. A weight was then placed on top of the probe so as to press the probe against the specimen
surface, and thereby minimize variations in liftoff from the specimen surface.

A second plastic fixture was designed to allow the probe to be rotated into one of three fixed position:
00°, 45°, and 90°. Thus, a magnetic field would be generated by the probe excitation coils in one of three

directions - parallel to the G,-axis, parallel to the G-axis, or at 45° with respect to either of the two stress
axes.

The experiment performed was to hold the magnetic field fixed in each of the three positions
(0°,45°,90°) while varying the biaxial stresses in 16 combinations per position (o} =0, 70, 140, 210 MPa;
o> =0, 70, 140, 210 MPa) [Note: 6.9 MPa = 1 ksi, and, further, positive stress is tensile stress}.

For each field alignment and each stress combination, a hysteresis loop was taken using a quasi d.c.
signal of 5 Hz. From the loop were extracted values for B, (remanence), H, (coercivity), and harmonic am-
plitudes A1, A3 and As, using appropriate instrumentation.




- Figure {. Photograph of biaxial stress fixture.
Cruciform specimen (not visible) is in the fixture
. held by clamps. The sensor probe on the surface
- of the specimen is obscured by a plastic fixture.
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Figure 2. Diagram of the basic components of
sensor probe. (Dimensions in inches).

Repeat measurements indicated a possible range of uncertainty in the measurements of +6%, in the
worst case. Most of this seemed to be due to liftoff variations despite efforts to minimize liftoff variation.

Experimental results will be discussed after presentation of the theoretical model.
THEORETICAL MODEL

A discussion of the basic micromagnetic model used by Schneider et al may be found in Ref. 8. In
that model, the change in magnetization AM at the end of a process in which magnetic field H or stress ¢
varies is

AM=ZIf,-x(H,)dH,, 3]

where the sumi is over domains with magnetization oriented in different directions. There are a finite num-
ber of different domains to consider in single crystals and a very large number to consider in polycrystals.
The weight factor f; is an appropriate weight factor for each domain, which for polycrystals is equivalent
to different cos 0; for equally spaced ;. The y (H;) is the magnetic susceptibility dM/dH; associated with
change dH; in internal field H;, which is computed from




.= H — (3A, 0cos6, / B,) — D, M. {21

where the middle term is the stress contribution Hg to the internal field and —-DgM is the stress demagnetiza-
tion contribution. Dg is a function of stress which behaves asin Fig. 1 of Ref. 8. Ineq. (2), Asis the saturation
magnetostriction, By is the saturation flux density, and Dy is the stress demagnetization factor.

In eg. (1), the susceptbility ¥ (H;) = dM/dH; can be obtained from the equation
¢ H) =17 ) - D, | 3l
and the change dH; can be obtained from
dH; = dH [ (1 + x (H) Do) (4]

for processes in which H varies while o is held constant, or from

_do (3 @A,/ B)cos 6]
H; = — = #H) Dy (51

for processes in which o varies while H is held constant. The reader is referred to Ref. 8 for details.

Schneider and Richardson[6], in treating biaxial stress effects, asserted that the above model may be
still used, but with ¢ replaced by Oesf = 01 — G and dG by dC,.¢ =do; —doy in the case where H is parallel
to the Gy-axis, and by 67 - 61 and do; —doy respectively when H is parallel to the o;-axis. This, however,
does not prove to be satisfactory.

Kashiwaya[7] proposed a formalism which in effect would require that ¢ be replaced by either Geg
= 01 - Omax OF Oeff = 02 - Omax, depending on the field direction, where Opmay is the larger of the two stresses.
This would require that Gegs < 0 and that if Gmax = G2, then with H pointed along the 0,-axis, 07 has no mag-
netic effect regardless of its value. This is a bit extreme. For a polycrystal, it is found from the Schneider
formalism that the contribution from Hg = -3A5 O.¢r cos 6,/B; tends to average out over all domains i as H
is varied with Oeg constant and that the dominant contribution to AM is from the demagnetization term
-Dg(0efr) M in the internal field. For positive values of Gegs, Do (Oegr ) is very small but finite, staying approx-

imately constant between 0 and 100 MPa, and then becoming larger but at a slower rate than is found at nega-
tive stresses.[8]

Thus, for positive Gef, it is found at effective stress values Oeg < 100 MPa, there is little change in
the magnetic properties, in agreement with Kashiwaya’s general predictions, but that for Gege > 100 MPa,

there begins to be found a noticeable change in magnetic properties. The key therefore is to find an appropri-
ate expression for Cegr.

In evaluating Oeff, it is important to consider the relative stress with respect to the third axis, along
which there is no stress. Thus, the magnetic properties are affected by relative stresses with respect to ail
the axes. Since compression tends to push moments away from the stress axis and tension tends to pull mo-
ments toward the stress axis, one should also expect that the magnetic properties would be affected different-
ly depending on whether the field is parallel to an axis of tension or compression. Thus, if the field is paraliel
to the ©y-axis, and O} is compressive (i.e. negative), then Geg = (1/2) [(0} - 02) + &1]. In other words, with
field parallel to the 01-axis and with Gy compressive, the effective stress contributing to magnetic properties
is the average of the relative stresses with respect to the other two orthogonal directions (viz. 0 - 02 and
a1 - 0). On the other hand, if ©) is tensile (i.e. positive), then from relative stress oy - 0, one subtracts off
the relative stress between the 0»-axis and the perpendicular zero stress axis. Thus, for tensile G, Gefr=(1/2)
[(Oy - 07) - 072]. With 02 =0, then Ot = 61 and with o) =0, then G = -7 , in accordance with what is
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known about uniaxial stress{8 ”I!Aaking the above substitutions for O.¢s into the Schneider model constitutes
the new micromagnetic model for biaxial stress.

RESULTS

[n this section, experimental results are compared to theoretical results. Just as experimental magnet-

ic parameters were extracted from experimental hysteresis loops, modeling results for magnetic parameters
were obtained from hysteresis loops generated by the model.

We present here only resuits for remanence B,. Since the experimental changes in B, due to stress are
scaled by the additional contribution to B, due to the probe core, it was found necessary to compare normal-
ized results for experiment and theory. Fig. 3 shows results for B,/B,(0,0) vs. o, where B,(0,0) is B, for 5y
=0 and 07 =0, and where H is parallel to the 0;-axis. Four plots are shown, each for a different o;. The fit
between experimental points (x) and modeling results (0) can be tuned by scaling the variation of Dg with
Oeff (from Fig. 1 of Ref. 8) by a constant factor. It is seen that a very good fit is indeed attainabie. Using the
same scaling for Dg with Gegr , Fig. 4 displays B,/B(0,0) vs. o for H parallel to the 65-axis for both model

and experiment. Since the new experimental results have some liftoff error built in, the fit between experi-
ment and model is still good, but not quite as good as in Fig. 3.
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Figure 3. Comparison between model and experiment Figure 4. Comparison between model and equiment
of normalized remanence values when the fieldis  of normalized remanence values when the field is
parailel to the G{-axis. parallel to the o;-axis.




Fig. 5 displays B,/B(0,0) vs. 61-02 for both theory and experiment, for the two cases where H ||
o1-axis and H|| 65-axis. It is noted for each case that the points all fit within a band. In the case of H || -axis,
both model and experiment exhibit an increasing band of essentially constant positive slope at negative
Gy-G», rising to a peak at positive 01-0,. The bands for model and experiment are approximately the same
width. In the case of H || 57 axis, the bands for model and experiment are again of approximately the same

width, but this time the peak occurs at negative G1-02, and the bands decrease in value at essentially constant
negative slope at positive Gy - 0.

Fig. 6 exhibits a more interesting result. When the difference in values (B;/B{(0,0) ) between when
the field is parailel to the ¢ -axis and when the field is parallel to the o5 -axis are plotted against the stress
difference G1-G7, a straight line band is found, both for theory and experiment. However, band widths and

slopes differ slightly, possibly due to the slight experimental liftoff variation appearing in Fig. 4, which
would affect the fits slightly.
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and H || o2-axis plotted against G| - 67. Results for both model and experiment
are shown.

CONCLUSIONS

That a straight-line correlation can be found between G1-G; and algebraically manipuiated values for
magnetic properties is quite useful. It means that an NDE magnetic technique can be constructed for obtain-
ing the biaxial stress difference 01-07 to within a certain band of error.

In this case, the difference between normalized vaiues for remanence when field is parallel to one
axis and then the other can be used to determine ©-03 to within a certain error range (in this case, 15
ksi (105 MPa) based onexperimentand  10ksi (70 MPa) based on the model). It remains to be seen whether
these error ranges can be reduced both experimentally and theoretically, or whether other magnetic proper-
ties might exhibit smaller error ranges when the same procedure is used for them.

[t is anticipated that the results presented here will be expanded to other magnetic properties and to
compressive stress as well as tensile stress.
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