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ABSTRACT

The objectives of this project are (1) to evaluate magnetic measurement methods for their
ability to detect neutron embrittlement and biaxial stress in steel and (2) to understand how neutron
embrittlement and biaxial stress affect the magnetic properties of steel. These issues are important
because of their relationship to safety in the nuclear power industry and in the gas and oil pipeline
industry.

This technical progress report refers to research on the biaxial stress problem accomplished
in the first half of the second year. All of the work done was preparatory to magnetic measurements.
Issues addressed were: (1) construction of a model for extracting changes in the magnetic properties
of a specimen from the readings of an indirect sensor; (2) initial development of a model for how
biaxial stress alters the intrinsic magnetic properties of the specimen; (3) use of finite element stress
analysis modeling to determine a detailed shape for the cruciform biaxial stress specimen; (4)
construction of the biaxial stress loading apparatus.

In the remainder of the second year, additional analysis will use the sensor model to help
choose a sensor design, and then, finally, magnetic measurements will be made of hysteresis loop
parameters and of the higher order harmonics of the hysteresis loop. Modeling biaxial stress effects
on magnetic properties will continue into the third year, and analysis will address issues that will
ultimately lead to a synthesis of several modeling approaches. Also, in the third year, the MIVC,
Barkhausen and magabsorption techniques will be evaluated experimentally and theoretically for their
ability to detect biaxial stress. Finally, the modeling will return to neutron embrittlement and address
similarities and differences between neutron embrittlement and creep damage insofar as effects on
magnetic properties are concerned.
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I. INTRODUCTION

This research project focuses on two areas of nondestructive evaluation (NDE) relating to
safety in the energy industry:

(1) The problem of nondestructively monitoring neutron embrittlement in nuclear
pressure vessels; and

(2) The problem of nondestructively detecting and quantifying high stress levels in gas
and oil pipeline, where both hoop and longitudinal stresses co-exist in a biaxial stress
condition.

These research problems are important because cf the need to prevent structural failure of (1)
nuclear pressure vessels and (2) oil and gas pipelines.

In the first year, the focus was on the problem of magnetic detection of neutron embrittlement
of pressure vessel steel. In the second year, the concemn shifts to work related to magnetic
measurement of biaxial stress. Thus, the discussion in this report is almost exclusively concerned
with biaxial stress detection, which is pertinent to detection of stress in pipelines. The reader is
referred to the first-year report for discussion of neutron embrittlement detection.

Magnetic detection of stress in steel is accomplished by applying a magnetic field, and sensing
changes in the magnetic flux density caused by the stress. In detecting biaxial stress in steel, one is
restricted to using a sens«-~ which is placed on the steel surface and which indirectly detects changes
in the flux density caused vy the stress in the material. The sensor typically consists of (1) an
excitation coil wound around a magnetic core which is used to magnetize the material and (2) a
sensing coil also wound around the core which is used to detect, indirectly, changes in the magnetic
properties of the material by sensing changes in the magnetic flux going through it. A direct reading
of change in flux density through the specimen could be made by drilling holes in a part of the
specimen, and by threading a sensing coil through the holes; however, this kind of direct sensor is
not practical to use, because the holes would tend to alter the stress distribution in the specimen.

In interpreting the data taken by the indirect sensor, one needs to know how to separate the
changes due to the magnetic properties of the steel specimen from the contributions arising from the
sensor core and the geometric configuration of the sensor. Thus, interpretation of indirect sensor data
is a problem which must receive attention during this second phase of the project, particularly if we
are to understand how biaxial stress affects the intrinsic magnetic properties of the specimen.

Understanding how biaxial stress alters the intrinsic magnetic properties of a polycrystalline
steel specimen has been an open question. Most of the physical modeling'"® and experimental work®
“ dealing with the effect of stress on magnetic properties has centzred on the effect of uniaxial stress.
Until recently, very little work has been done on biaxial stress effects on magnetic properties.
Experimental work has clarified some of the basic magnetic behavior.""* However, models for
magnetic behavior under biaxial stress have been restricted to that published by Schneider and
Richardson®! and, more recently, by Kashiwaya.”>> In both these models, a number of deficiencies
exist. In this project, the aim is to improve on the Schneider and Kashiwaya models and amalgamate
the results to an extension of the Sablik-Jiles model*'*!"'® to biaxial stress. The resulting model
could then make predictions about magnetic behavior under biaxial stress, which could be tested
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experimentally and which could be used to suggest ways of magnetically measuring both biaxial
strTess components.

Another problem that requires attention before experiments can be done is how to design the
experimental setup for measuring magnetic changes due to biaxial stress. Our original proposal
suggested using a cruciform specimen in the shape of a cross with arms of equal length; biaxial
stresses would be applied by pulling or pushing on the specimen arms. This is the most general way
to study biaxial stress. In setting up to do this, we therefore first focussed on design considerations
pertaining to the shape of the specimen. The detailed cruciform shape had to result in (1) assurance
that there is a reasonably uniform stress distribution in the center of the test piece when equal biaxial
stresses are applied to the arms and (2) avoidance of sharp concentrations of stress that would cause
the specimen to deform and fail before a desirable stress level could be established in the central area
of the specimen. Two different cruciform shapes were evaluated using finite element stress analysis
modeling. The shape selection was to be based on which of the two cruciform shapes had the more
desirable stress distribution.

A fourth problem in preparation for the biaxial stress measurements is construction of the
cruciform loading apparatus itself.

In summary, the discussion in the body of this report deals with work done during the first
part of the year on the following four issues:

(1) Modeling the effect of biaxial stress on specimen magnetic properties;

(2) Modeling to extract specimen magnetic property changes from measurements with
an indirect sensor;

(3) Using finite element stress analysis modeling to select a cruciform specimen shape
having a desirable stress distribution;

(4) Constructing the biaxial loading apparatus.

In the latter half of this year, specimens will be fabricated and magnetic property changes in
these specimens under biaxial stress will be measured using an indirect magnetic sensor and using
an appropriate algorithm for extracting the actual specimen’s magnetic properties from the changes
seen with the sensor. At the same time, magnetic property modeling for steels under biaxial stress
will continue, with the results from the final model tested against the experimental measurements.
The experimental measurements ave expected to provide (1) data on magnetic property changes in
hysteresis loop parameters, such as coercivity, remanence, and maximum differential permeability,
and (2) data on changes in the nonlinear harmonic amplitudes. In the third year, the effect of biaxial
stress will be measured using Barkhausen noise, magnetically induced velocity change (MIVC), and
magabsorption techniques. (See the first year report for a description of these techniques) Modeling
at that time will address those aspects of the problem.



iL MODELING RESULTS FOR EFFECT OF BIAXIAL STRESS ON TEST SPECIMEN’S
MAGNETIC PROPERTIES

A. Results from Magnetomechanical Hysteresis Modeling

Magnetomechanical hysteresis modeling is a modeling approach that we have proposed to use
for the treatment of biaxial stress. Up to this point, the approach has been used only to describe
magnetic property changes under uniaxial stress.

The magnetomechanical hysteresis model was explained in Appendix A in our original
proposal.®® Modeling added to the model to properly treat the coupling of magnetization to
magnetostriction was discussed in Appendix B of that proposal. An important modification to the
discussion in Appendix B of that proposal is presented in the paper by Sablik and Rubin". The entire
development has since been written up as a full paper and submitted for publication.'® The full paper
is attached as Appendix A of this report. It should be noted that all this work treats the effect of
stress on magnetic properties when magnetic field and stress axis are aligned (i.e. are coaxial).

Another modeling paper, completed under a project with the Electric Power Research Institute,
treats the case where magnetic field and stress axis are noncoaxial. This paper'® is found in Appendix
B of this report.

In extending the magnetomechanical hysteresis model to biaxial stress, results from the paper
in Appendix B will be employed. In particular, in that paper, it is shown that the effect of an external

field A and uniaxial stress G is to introduce into the macroscopic material an overall effective field
given by

H, =Hcosp+aM, +H_, (1)

where P is the angle between the external field direction and the direction of the macroscopic
magnetization, & is a constant describing coupling between interacting domains, and Hy is the overall
macroscopic stress molecular field given by

_ 30

I aa;/;a (cos?d -vsin’¢). (2)

In this expression. ¢ is the angle between stress axis and magnetization direction, p, is the
permeability of free space, v is Poisson’s ratio™®*, and ) is the total macroscopic magnetostriction
(or the change in length divided by the original length in the direction of the stress axis, produced
by magnetization of the material). M, is the anhysteretic magnetization (or magnetization if the
system were in its thermodynamic equilibrium state, which is attainable by adding an a.c. magnetic
field of decreasing amplitude per cycle to external bias field H). M, is given by



M,=M_L(H,/a), 3

where M, is the saturation magnetization, a is the effective field normalization constant, and L(x) is
the Langevin function,’® given by L(x) = cosx-1/x.

Hysteresis enters through the irreversible contribution M, to the magnetization, which arises
because of domain wall pinning. This contribution is given via a differential equation which must
be solved numerically. This equation is

M, (M, -M)cosB
aH @.—[a+22.§2”_(0052¢ -vsin’§)1(M, -M)) @
H, 2 H, an

where k is the pinning constant and 6 = + 1 (depending on whether H is increasing or decreasing).
The total magnetization is then obtained from

M=M,+c(M,-M,), (5

where the second term in the sum is a contribution due to domain wall bowing (which is a reversible
contribution). The constant c is the ratio between the slope of the initial magnetization curve and the
slope of the anhysteretic magnetization curve as the system magnetizes initially from the
demagnetized state. The magnetostriction A appearing in egs. (2) and (4) is actually just the
anhysteretic contribution to the magnetostriction, which is given, as a function of M,, by the
following:

b b o
A=l 1G22k ap 2-mtyy - | By Pep ©)
2 ] N2Y Y2 3Y Y
where Y is Young’s modulus®'®% b is the magnetoelastic coupling constant,”'*"> and
b =b 3 in? (7)
s = h(1 +v)(1 —_2..811’1 o).

Eq. (1)-(7) briefly describe the magnetomechanical hysteresis model for the ferromagnetic material
under uniaxial stress and magnetic field where stress and field are noncoaxial.



To treat biaxial stress, the next step was to extend the above uniaxial model for noncoaxial
stress and field. We now describe the path of extension that we took.

Following the lead of Schneider and Richardson®', it was deemed reasonable that in the biaxial
stress case, the two stresses could be treated as if they were linearly superposed in the stress terms
contributing to the model. Thus, under biaxial stresses 0, and 0, and with M at an angle ¢ with
respect to the ¢,-axis and at angle (11/2)-¢ with respect to the ,-axis, one finds for the effective field
H, the following result:

H =Hcos(6-0¢)+aM + _23?0;%:{01 (cos? - vsin’) +0, (sin’d - veos?d)|, (8)

where 0 is the angle between the magnetic field A’ and the o,-axis. The resulting expression for
irreversible contribution M, is therefore given via

dM, (M, -M)cos(0 - 9)

) * 9)
dH K g5 5.0)M, -M)

0

where

3 827\. 2 :02 2 2
_.;4_5 o,(cos’d - vsin’9) +0,(sin“Y - veos )|, (10}

o a

F(c,0,0)=0+

The anhysteretic magnetization and total magnetization are obtained as in egs. (3) and (5)
respectively.

In the limnit as 6, ¢ — O, so that s aligned with the o,-axis, we find that

H =HY=H oM, +7%1‘i)%?#[0’ o). (11a)

and



3 MG =0°)
TR [0, -va,). (11b)

F(0,,0,0%) =0+

In the limit as 8, ¢ — 90°, so that 2T perpendicular to the G;-axis and parallel to the ,-axis, we
find that

3 aM9=90%),

H =H%=H +oM + o,-vo), 12a
2 e + a ?_po aMa 172 1] ( )
and

F(6,.6,90°) = 0.+ 23 IMO =905, - vo | (12b)

n, M

To obtain information about the biaxial stresses, one can manipulate eqs. (8)-(12). Some
interesting results have been found in the case of the approximation that 8 = ¢ (which, strictly
speaking, is not true. See Fig. 3a in Appendix B).

Hysteresis loops were computed for a test case with 8 = ¢. The following values were taken
for the magnetic parameters - namely, M, = 1.61 x 10° A/m, a = 4500 A/m, k/p, = 3000 A/m, and
¢ = 0.1. The elastic constant ¢,; = 1.26 x 10°kN/m® and c,;, = 4.8 x 10" kN/m’ were used™'* to
compute Young’s modulus and the Poisson ratio. The magnetoelastic constant b was taken to be
-0.242 x 10* kN/m% The values for the elastic and magnetoelastic constants are consistent with that
of iron.’

From the computed hysteresis loops, various magnetic properties were obtained, such as
maximum flux density B_,. at maximum field H,,,,, remanence B,, coercive field H,, and differential

permeability p_=(dM/dH),_, evaluated at the coercive field.

Fig. 1 shows the computed magnetic properties for the case of @ = 0°, so that A is parallel
to the ©,-axis. The figure shows (a) B, /i, Hyuo (b) B/B o, () H/H, and (d) p, all as a function
of 6, - vO,, as described by egs. (11). With the exception of p, all of the properties display an
almost linear relationship with 6,-vo,. This might be a little surprising, since the total magnetization
is a rather complicated function of G,-vo,, as seen in egs. (3), (5), (8)-(10).

Fig. 2 shows the computed magnetic properties for the case of 8 = 90°. This time, the figure
shows (a) B,./HHumeo (b) B/B.., (¢) H/H,,, and (d) p, all as a function of 6,-vo,, as described by
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egs. (12). With the exception of p,, all of the properties display an almost linear relationship with
0,-VO,.

To eliminate the need for knowing Poisson’s ratio v, it was thought that perhaps a linear
combination of the two cases might be useful. Thus, we considered that

HO-HO = _2%_ 2 (1)(0;-0) (13)

a

if one used the approximation that b,=b(1+v) and ignored the ¢-dependence of A. Eq. (13) suggested
that it might be reasonable to expect that the difference between the magnetic property values when
6 = 0° and when 6 = 90° might turn out to be a linear function of ©,-0,.

Fig. 3 shows the computed results for (a) (B,u/B/Hua)r = (Bra/BoHmap (0) (B/Brw)y -
(B/B,., ) (€) (H/H,,,), - (HJ/H ) and (d) (p,), - (n.), all as a function of the stress difference
0,-0), but without using the approximation that b,=b(1+v). Here ( ), is the value of the property
when 0=0° so that H is aligned with ¢,; similarly ( ), is the value of the property when 6=90°, or
H is aligned with g,. It is seen that except for permeability, all of the differences, ( ), - (), dlsplay
an almost linear relationship with stress difference ,-0,.

An additional combination was also tried, namely that the sum ( ), + (), was also computed
for each of the properties. From eq. (11) and (12), the prediction is that

HOHO=2H oMM+ > I (1-v)(o,+0,). (19

2p, oM

a

This is more complicated than eq. (13), and one might suspect that the sum ( ), + ( ), might not be
an almost lirear function of G, + ¢,. Fig. 4 affirms this to be the case.

Thus, it appears so far that we can use the magnetic properties to obtain the stress difference
O, - O,.

The experimental work of Buttle et al*’ suggests that magnetic techniques such as Barkhausen
noise emission, magnetoacoustic emission, and the rotation method of Langman®**® can all be used
to obtain the stress difference 0,-G,. Our computed results in Fig. 3 are a prediction that stress
difference 0,-0, ought to be obtainable from basic hysteresis loop parameters as well.

It remains to be seen if the stresses G, and ©, can be determined individually from magnetic
properties.

An approach that could be used for this latter purpose is to orient H so that 6=45°. If one
then uses the approximation that $=0=45°, then one has



/ B wax ) _< Buax )
\\p'oHMAX_J_ p'oHMAX //
75 /a
A
/D
é.
50+ /o
g.
ﬁ'/
25 /
e/
/
40 /10 m 30 120
1 Go-— 04 (ksi)
/0 2 1
/.28
5 Er
(Tl
HMAX_L HMAX //
O o.08F
N8| Gy 0 (ksi)
40 40 80 120
g
N
-0.08 | 8
N
E\
g
-0.16 \2
N a
N
Fig. 3 Computed results for (a) (B e/ PoHmer) 1

(c

) (Hy/Hnwy - (H/H )y (4} (n)y - (o
G, - 6,. Here ( )isthev :
is the value when H is perpendicular t

L) LI
Buax/ | \ MAX)//
© 0.08F
g Gy— G, (ksi)
L \ Il e J
-40 N 80 120
fa
AN
-0.08 - 8.
ﬁ\
;.
= N
0.16 N
N
L //
Be — Be a
200 - A//
N4
/ o
"
100 | 4 o
A//o
m|
/0
/8
00 /10 n 80 120
/
- Go— O 4 (Ksi)
/
/o

- (anjponu)p (b) (Brmen).L - (Bliju)l'

all of a function of the stress difference
alue of the property when H is parallel to axis 1 and ( ),
o axis 1 and parailel to axis 2.



[ Buax \ __BMAX> < By \"+l/ By >
\BoHuax/|  \Rofluax/y/ Bwax/) \ Buax/yy
0.80}
o
o g )
175 O 75
) g 2.75
¢ 1
é 0.70 .
A Y50 A0 a
asog
g 9 o a
o 4
(o) o 0.65"
125
[ | T ! | L | T | J
80 40 0 40 80 .80 40 0 49 80
02+01(k5i) 62+01(k8i)
H H \
(%) (P be) (ke
MAX/| \ TTMAX/// | //
A A
0.55
°o o o A 350 a
(o) A
g O no.sg o
a o 300 O
A A A A (] a 1]
045} " o
a o
A °o o ° st
0.4
! 1 i | J L ! T |
.80 -40 0 40 80 .80 -40 0 40
0, + 0 (ksi) 0, + 04 (ksi)
Fig. 4 Computed results for (a) (Bpa/HoHma)L = (Bra/HoHma)ys (b) (B/Bna)s - (B/Boop

(c) (H/H, ), - (H/H_ Dy (d) (1), - (n )y all as a functdon of stress sum G,+C,. As
seen in the figure, there is no clearly defined functional relationship.

11

I
.i ol



. . a5
HE=H o™ 2 i {-;-«rz +o,)}<1 V), (15)

which suggests that magnetic property values with the magnetic field oriented at 45° might be an
almost linear function of o, + ©,.

Fig. 5 shows the values of the magnetic properties when H is at 45° with respect to the o,-
and ©,- axes. Clearly, all the properties, even the permeability p_ at the coercive field H,, are almost
linear functions of G, + o, suggesting that the sum o, + 0, is attainable from the magnetic properties.

If one can find G,-0, and one can find 0,+0,, then by adding and subtracting, one can find
o, and ©,. The prediction is therefore that from the magnetic properties, one ought to be able to
determine both biaxial stresses.

Thus, in doing experimental measurements, the prediction is that one should look at three
cases:

(DH|o,Hlog
2)HLo,Hl o,
(3) H at 45° with respect to o~ and G,- axes

and that by appropriate combinations of the measurements, one should be able to determine both o,
and ©,.

B. Critique of Above Results

The above results do not suggest that compressive biaxial stresses intrinsically behave
differently from tensile biaxial stresses or from cases where one of the stresses is tensile and the other
compressive. The same mathematical result applies to all cases in the model. Thus, the only
difference between a tensile and a compressive stress is the difference in sign, as far as the model
is concerned. In recent papers, Kashiwaya et al***** have found experimentally a somewhat different
picture, noting for example large changes in magnetic properties under biaxial compression but
smaller changes under biaxial tension.

To explain his experimental observations, Kashiwaya® proposed a different model for
magnetic property changes under stress. In particular, Kashiwaya proposed that if the magnetic field
is parallel to stress axis o, then the magnetic property change is determined by stress change 0;-G,,,,
where o, is the largest or principal stress. According to this model, this means that no further
magnetic changes will occur if the field points in the direction of the principal stress axis. This is
obviously untrue, but nevertheless it is found experimentally that magnetic changes with the field in
the principal stress direction are much smaller than magnetic changes with the field perpendicular to
the principal stress direction. An obvious extension of Kashiwaya’s model to compressive stresses
would be to recognize that under negative compressive stresses, the largest or most positive stress
would be along the zero-stress axis perpendicular to the two biaxial stress axes. In other words, for
the compressive case, ©,,=0 and 0;-0,,,=0;,. This would then account for differences between
compressive biaxial and tensile biaxial stresses.

12
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The challenge then is to find a way to accommodate Kashiwaya’s model, within the
framework of the magnetomechanical hysteresis model, and to see if the useful predictions of the
present magnetomechanical hysteresis model still hold true in spite of the necessity to also
accommodate the Kashiwaya model.

A second caveat about the magnetomechanical hysteresis model is that even under uniaxial
stress, it lacks the ability to predict the Ewing/Villari effect,®*®! as presently formulated. The Ewing
effect (often called the Villari effect) has to do with nonlinear behavior of the magnetic properties
of steel as a function of tensile stress. In particular, for steels under different constant tensile stresses,
magnetic properties like B, B, or p, depart from an increasing linear dependence on stress at larger
stresses and peak with increasing stress and start diminishing after that. A property like H, decreases
linearly at first with stress, reaches a minimum and starts increasing. This nonmonotonic behavior
with tensile stress is not found in the present magnetomechanical hysteresis model.

It is believed that the Ewing/Villari behavior comes about because the magnetoelastic constant
b itself is stress-dependent. This will affect the magnetostriction and the effective field variation with
stress. An earlier model'’ for the magnetostriction, with stress dependence in the magnetostriction
similarly introduced, was indeed able to reproduce the Villari effect behavior.

It is clear that more modeling needs to be done.

C. A Modified Schneider-Kashiwaya Model for Biaxial Stress

Appendix C contains a paper pertaining to work on yet another project, in which adjustments
similar to those made by Kashiwaya, were inserted into the Schneider-Richardson model.”! A later
model due to Schneider'” was actually used as a basis for the inclusion of some of Kashiwaya’s ideas.
The resulting model differs from that of Kashiwaya in that magnetic changes with the field in the
principal stress direction are not zero, but are small compared to the case with the field perpendicular
to the principal stress direction. Several other modifications are found in the model and the reader
is referred to Appendix C for details.

The predicted results from this modified Kashiwaya-Schneider model compared very favorably
to magnetic changes with biaxial stresses observed by Langman, who is a co-author of the paper.

The next step is to tie all three models together and provide a complete synthesis. This is

obviously a challenging problem and will be addressed in further work on magnetomechanical
hysteresis modeling in this project.

1+



[II. PROBLEM OF INTERPRETATION OF DATA FROM INDIRECT MAGNETIC
SENSORS

A. Use of Sensor Models

Since we are compelled to use an indirect sensor for measuring magnetic properties under
biaxial stress, it is necessary to understand how to extract sample magnetic properties from
measurements with the sensor. Fleming®>® has provided a modeling approach that will enable us to
address this problem. The approach is an electrical engineering approach, but it can be adapted to
measurement of sample magnetic properties.

The basic model for the sensor consists of an excitation coil of N, turns and a detection coil
of N, tums. Each coil is wrapped around an arm of the C-core, as in Fig. 6. The C-core sensor is
held close to the surface of the specimen with a small air gap between each arm and the specimen
surface. The model takes into account the effect of the air gap and the effect of various flux leakages
not going directly into the sample.

The measured quantity is called the sensor transfer impedance Z and is defined as®

Z=V,/1,, (16)

where V, is the detection coil output voltage amplitude and I, is the excitation coil input current
amplitude. Z can also be shown to be

Z=jXz, (17)

where j is /-1 and where X is a mutual reactance parameter given by®

X=wN,N,®. (18)

Here o = 2xf, where f is a signal frequency. Mutual flux permeance € can be shown to be®?

R +R 1 _1_ (19)

R.aps is the total air gap reluctance and R, is the reluctance of the flux-linked specimen. 0 ,.ps refers

to the total air gap permeance and @, is the effective permeance of the specimen to be sensed. The
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other quantity appearing in eq. (17) is z, given by®

x(1-j/e) (20)

P Txt e

The quantities on the right hand side are defined as®

x=0,/8, (21a)
p=(0,/3)/ 8, (21b)
e=tan6, = wl,, /R,. (21c)

Here R, is the electrical resistance of the sensed portion of the specimen, L,; is its reactance, and 8,
is the corresponding phase angle. The angle 0, is 45° at low fields®”® and as saturation approaches,
the angle 6, approaches 26° at high fields.*”° @, is the cross leakage permeance and @, is given by®

=11 22)
o

1
ps p!M

where €, is the permeance of the eddy-current reaction flux ¢, generated in the specimen in
accordance with Lenz Law. This flux ¢, acts in opposition to the flux sent into the specimen by the
C-core. It is seen that, to use the model, we need to evaluate the permeances ©,,,,, ©,,, @, and @,,.
Of these, the only one depending on the specimen’s material magnetic properties is @,.

Permeance @, can be expressed in terms of the permeability p of the specimen. In particular,

®,=nd'gu) (23)

For uniform flux flow,

17



8'=8/y2=\pl2nfu =/pluw, @9

where p is the electrical resistivity and 8 is the skin depth. From (23) and (24), we see that @, is
proportional to the square root of the permeability. The geometrical constant g(u) is given by*?

2n
g)=————, (25)
In( +yu? -1 )
where
LL - (26)

2rerp

is given in terms of the centerline distance L between sensor poles and where (see Fig. 7)

rD=‘/_;/—n=\/bf,/1t, (27b)

where if by is the length or width of square pole face E, then Ay is its area and 1y is its effective pole
face radius (see Fig. 7a). If d, is the distance between core arms, then L is given by

L=d, +by[2 + +bp/2. (28)

Note that @, enters through eq. (19) into X and through eq. (22) into z and that the transfer impedance
is affected in two ways by @,.

Since we can obtain an expression for permeability p from the magnetomechanical hysteresis
model or from the Schneider model, we have a way of predicting the transfer impedance. The way
to obtain Z as a function of H would be to generate hysteresis loops of different maximum H. The
value of p at each maximum H would then be substituted into eqs. (23) and (24), and then, assuming

18
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all the other permeances can be obtained, one can obtain Z = Z (H,,,,).

To finish the calculation, we evaluate @,, ard @,,_.. Following Fleming®, we have

gaps®

Pn=p,(h-8)gW), (29)

where h is the length of a core arm, as in Fig. 7. The length g, is given by*

8,=d,/%-G,,, (30)

where G,,, is the average value of the air gaps associated with the two core arms. The air gap
permeance is given by

"m=j,;:;’ 31
where
R = (P +(OD, (31a)
where for pole E or pole D, one has
0,=0,+0, +8,. (32)

The three separate contributions to the permeance @ refer to fluxes across three separate paths, as
in seen in Fig. 8. @, refers to the flux going directly across the gap, @, to flux leaking into the
specimen from the pole edge, and @, to flux leaking into the specimen from the sides of the core arm.
These three contributions are as follows:®

®,=p,A/G, (33a)

0,=0.528p 2% (r +G/(2), (33b)
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®,=4y,[r+/G@,+G) 1In (1+8,/G), (33c)

where A = b’ is the pole face arez. G is the gap distance between pole face and sample, and r is the
effective radius of the pole.

The last p :rmeance needed is ©;,, the permeance due to eddy currents. This is more difficult
to evaluate. Fleming depicts €, as™

Py, =, 800, (33d)

where h, is an effective value of the flux field height, with the constraint that h, > &’ but with the
addmonal constraint that @,, < @,, since p,<<p. Obviously, @, is not well- defmed and could cause
problems in the analysis, compelling us to evaluate ,, within certain limits and compelling us to
evaluate Z within those same limiis.

We anticipate that we w:ll still be able to use Fleming’s sensor mode! as a tool for extracting
information about the magnetic properties of the specimen from the sensor signal.

B. Experimental Tests of the Indirect Sensor

Two types of senscs will be tested. The first sensor is depicted in Fig. 6. The second sensor
will consist of an excitation coil wound about both arms instead of one arm, and a detection coil
wound tightly at the end of one of the arms. (see Fig. 9) The rationale for the second sensor is that
the flux linking the detection coil ought to be essentially the same as in the specimen. It is possible
that because of this characteristic, the sensor model may not be needed for such a sensor, and a direct
measurement of the flux in the specimen may be made with the second sensor. Nevertheless, both
sensors will be analyzed using the sensor model.

Adjustments in the sensor model will be made for analysis of the second sensor. One
adjustment is that the factor of 1/3 will be changed into 2/3 is eq. (21b), as indicated by Roters.”

Predictions of the sensor model will be compared to experimental measurements marde with
both sensors. Based on comparisons between experimental data and the sensor model, cae of the two
sensors will be selected for the magnetic measurements on the specimen undergoing biaxial stress.

In accumulating data on the test sensors, experimental data will be collected under uniaxial
stress on two test specimens - one with a width corresponding to that of the sensor pole pieces; the
other with a width which is four times that of the pole width. Uriaxial stress will be used to test the
sensors because under uniaxial stress, it will also be possible to wrap a coil around the test specimens
and so obtain the flux density in the specimen. In this way, the true flux density in th= test specimen
can be compared to measurements made with the test sensors on the two differently shaped
specimens. This too will enable us to evaluate which of the test sensors to select.
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IV. SPECIMEN SHAPE DESIGN VIA FINITE ELEMENT STRESS ANALYSIS
MODELING

Our first attempt at a cruciform specimen shape design was to try the design of Kashiwaya.*?
This involved using a specimen of uniform thickness with loading pin holes in each arm and with
circular-shaped indentations in the comers where the arms join (see Fig. 10).

Fig. 11 shows the Mises stress distribution for the Kashiwaya cruciform using finite element
modeling in a case where the arms are loaded biaxially with equal stresses. The Mises stress at a
point is defined as X; 6;,0,/2, and so denotes the effective magnitude of all of the contributing strcsses
taken together at a point. It is noted that the stress distribution shows large concentrations of stress
not only at the loading pin holes but also in the vicinity of the circular indentations. Furthermore,
these stress consentrations are very close together, which produces a weak region in the specimen.
This indicates the strong likelihood of failure at higher levels of loading at the places where the stress
is concentrated. This potential for failure thus limits the maximum amount of loading that can be
applied.

To provide a more uniform stress distribution in the central region where the arms join, the
corners were smoothed into 90° circular arcs which joined tangentially to each arm. In addition, to
strengthen the region around the loading pin holes, the region was made twice as thick as the central
region of the cruciform specimen. The transition from loading pin hole to central region was not a
step, but rather a curved surface from one region to the other. Fig. 12 shows a side view of two
cruciform arms. Only half the total thickness is shown. The dip into the central region from the
loading pin hole region is clearly identified. Depicted in the diagram with color codes is the amount
of stress ©,, in the z-direction perpendicular to the plane of the cruciform. It is seen that the stress
G,, around the loading pin holes is of relatively low magnitude and that the largest amount of stress
in the z-direction occurs in the transition region from the loading pin hole to the central region. This
suggests the possibility of buckling under compressive stress at that transition region; so in our
experiment, we will need to use low compressive stress magnitudes.

Figs. 13 and 14 display respectively o,, and o, in the plane of the cruciform. Stress still
concentrates at the loading pin holes, but now the region around the hole is stronger because it is
thicker. There is also an accumulation of stress in the corner region in the general area where the
circular arc joins tangentially to the cruciform arm. However, the accumulation of stress is not as
concentrated as it would have been if Kashiwaya’s shape were used.

Having found a better test shape from the point of view of distributing the stress, the next step
was to look at the central region and check for uniformity of the distribution in a 1:1 load situation.
Thus, Fig. 15 displays a one-inch square quadrant taken out of the central region. The ratio 6,,/0,,
is color-coded in the display. It is seen that this ratio varies from 1.08 to (.92 in a center region that
is 0.75" square. Thus, the stress can be said to be uniform in such a region to within £ 8%. Our
probe will be designed to fit across that region with a distance of (.6 in. between pole centers. Thus,
we can expect an error of the order of less than +8%, owing to slight nonuniformity of the stress
distribution.

This type of analysis was not reported by any other authors in the discussion of biaxial stress
experiments.



Thickness: 7 mm

Diagonal direction

Fig. 10 Diagram of Kashiwaya et al’s cruciform specimen. (after Kashiwaya)
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Despite the nonideal situation of having a slightly nonuniform stress distribution, the second
design shape nevertheless is sufficiently uniform in its central stress distribution to enable the
experiments to proceed. Two cruciform specimens of the second design shape are currently being
machined. Also being machined are uniaxial specimens of the same material as the cruciforms.
These uniaxial specimens will be used to test sensor design, as described in Section III B.
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V. CONSTRUCTION OF THE BIAXIAL LOADING APPARATUS

The biaxial stressing fixture is composed of two units, the x-uaxis and the y-axis. (see Fig.
16) The fixture is designed so that either tensile or compressive loads can be applied to a test
specimen. The two units are designed to apply the biaxial loads at 90-degrees in relation to each
other. The loads may be tension or compression in both directions or tension in one direction and
compression in the other. The load is applied by an independent hydraulic cylinder with hand pump
and gauge for each axis.

Each unit is similar in construction and consists of the tail plate, head plate, load cylinder, 2
clevises, and 4 rods. The head and tail plates are separated by the 4 rods. There are 8 bolts which
attached to the head plate. One clevis is attached to the cylinder and the other to the tail plate. The
y-axis unit is slightly smaller than the x-axis unit in vertical height. This allows the y-axis unit to
be suspended between the x-axis unit rods by a housing containing linear bearings. This arrangement
allows the y-axis to travel freely in both the x and y-axis directions, The test specimen is mounted
between the clevises and pressure is applied to the cylinder to stress the specimen.

The hand pump/cylinders are 25-ton units which means that a maximum of 50,000 lbs of
force can be applied to the specimen. The structure is designed to accommodate this force in tensile
stress on the specimen. However, stainless steel bolts were used to hold the rods in place and the
compressive load on the specimen should be limited to 25,000 lbs to maintain a safety factor greater
than 2,

Application of tensile stress is accomplished as follows. As load is applied to the cylinder,
it pulls the clevis and specimen, thereby applying a reaction load to the head and tail plates, which
are prevented from moving by the 4 separating rods which are loaded in compression . If the load
causes the specimen to move, the y-axis can compensate by moving with the specimen in either the
X-axis or y-axis direction.

The system works the same for compressive stress as for tensile stress except that the cylinder

is pushing the clevis and specimen, which reverses the force direction on the head and tail plates and
places tension on the 4 separating rods instead of compression.
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V.  SUMMARY AND DISCUSSION OF FUTURE PLANS

A. Experimental

Up to this point, we have been doing the preparatory work needed for measurements of
magnetic property changes in a specimen due to biaxia! stresses.

One consideration has been interpretation of the measurements made with an indirect sensor
placed on the surface of the specimen. A sensor model has been adopted that can be used together
with the magnetomechanical hysteresis model (or other such models) to predict sensor readings for
specimens in varying degrees of biaxial stress. Experimentally, two sensors of different design are
in the process of construction.

In the latter half of this second year, the two sensors will be experimentally tested against the
predictions of the sensor model for the case of uniaxial stress. For this purpose, two steel plates
specimens with loading pin holes on the ends for tensile testing will be used. One plate will have
a gauge section with width equal to the width of the pole pieces and the other, a width equal to four
times that of the pole pieces. This should provide a test of the effects of flux spreading into the
sample. At the same time, a secondary coil can be wrapped around a cross-section of the plate for
measurement of true flux density in the specimen. This measurement will be compared to the
measurement made with the indirect sensor for different stresses. The measurements will also be
compared to predictions made with the sensor model.

Other preparatory considerations have been design of the cruciform specimen shape and
construction of the loading apparatus. These phases are completed, and two cruciform specimens are
currently being made. one to be used as a backup.

It is planned that measurements of magnetic property changes for different biaxial stresses will
be carried out in the latter half of this second year. Strain gauges will be attached to the specimen
to verify local magnitudes of the biaxial stresses in the region of the sensor readings. Hysteresis
loops and nonlinear harmonics will be monitored. ~Coercivity changes, remanence changes,
permeability changes, maximum flux density changes and harmonic amplitudes will be checked for
their variation with respect to biaxial stress. The following cases will be examined:

1) H | o,-axis, L G,-axis
2) H || 0,-axis, L o,-axis
3) H at 45° with respect to both axes.

The third case is of special significance because of the prediction by the magnetomechanical
hysteresis model that the magnetic property changes will be proportional to changes in o, + G, when
the field is at 45°.

In the third year, it will be determined from analysis of second year results whether a
measurement of magnetic property changes with H perpendicular to both stress ares is needed. If
necessary, a new larger sensor shaped like a C-clamp will be designed and measurements will be
made with it. The larger sensor will be required if the center thickness of the cruciform test specimen
is to fit between the pole pieces of the sensor.
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Also, in the third year, Barkhausen measurements, MIVC measurements, and magabsorption
measurements are planned. The reader will recall that these same measurements were done in the
case of the neutron embrittlement work in the first year and the reader is referred to the first year
report for a detailed discussion of the measurement techniques.

B. Modeling

Up to this point, two models have been developed for magnetic property changes due to
biaxial stresses.

[n the magnetomechanical hysteresis modeling, it was additionally assumed that magnetic
changes due to biaxial stresses involve superposing changes that would occur if the two stresses were
each uniaxial. This modeling resulted in the striking predictions that:

1) The magnetic properties (H/H, .., B/pHpuxr Bra/BoHme and p) all vary as o, + o,
when the field is at 45° with respect to both stress axes.

2) The differences ( ), - ( ), vary as O, - 0,, where ( ), and ( ), represent the
magnetic properties with the field perpendicular and parallel respectively to the o-
axis.

However, recent work by Kashiwaya et al*>***? suggests that the magnetomechanical hysteresis

model and superposition of stresses is not the whole story. Employing Kashiwaya’s observations, the
Schneider-Richardson model was modified in a separate project, and the modified model was able
to qualitatively account for magnetic property changes under biaxial stress, as measured by R.
Langman (see Appendix C).

In the remainder of the second year and in the third year, the magnetomechanical hystersis
model will be modified to account for the considerations used by the new modified Schneider-
Kashiwaya model. In the process, it will be necessary to incorporate the variations due to the
Ewing/Villari effect®®®' into the magnetomechanical hysteresis model. It is expected that the results
will lead to the synthesis of all three models --- magnetomechanical hysteresis model, Schneider
model, and Kashiwaya model.

Predictions of the final model will be compared to experimental measurement also made on
this project.

In addition, the prediction of Barkhausen amplitude changes, MIVC changes, and
magabsorption changes will also be evaluated, using the models already developed for these changes
(see Appendix C, first year report and Refs. 12 and 15).

One more modeling task that will be done if time permits is to develop a better
microstructural model for the magnetic material parameter changes that would occur due to neutron
embrittlement. The purpose would be to try the distinguish the similarities and differences between
neutron embrittlement and creep damage.
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