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in order to remove a pro-
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oven. The curved channel
provides an improved thermal

contact between the ribbon and the heat reservoir. As a consequence the process can be conducted at particularly high annealing

speeds without degrading the desired characteristics.
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METHOD AND DEVICE FOR CONTINUOUS ANNEALING METALLIC RIBBONS

Py

Technical Field

This invention relates to a method and device for continuously annealing metallic
ribbons. The invention also relates to magnetomechanical markers for electronic article

surveillance and a method and an apparatus for making the same.

Background Art

Amorphous ferromagnetic metals are typically produced by rapid solidification from
the melt as a continuous, typically 20-30um thickness ribbon. Due to their atomic structure
they exhibit good soft magnetic properties in the as cast state. However, as for any
magnetic material, their magnetic properties can be significantly enhanced by a subsequent
heat treatment at elevated temperatures (annealing). In this way their properties can be
precisely adjusted to the needs of a large variety of applications. Another purpose of the
annealing tfreatment may be to give the ribbon a desired geometrical shape. Typically,
when heat-treated at high enough temperatures the metal ribbon takes the geometrical
shape 1t was subjected to during the heat treatment.

Among many applications (for example, in soft magnetic cores), amorphous
ferromagnetic metals are widely used as a marker for electronic article surveillance (EAS).
Such a marker typically 1s made of an elongated strip of an amorphous ribbon with well-
defined, highly consistent soft magnetic properties. The latter provide the marker with
signal 1identity in order to distinguish it from other objects passing through the
interrogation zone of such a surveillance system.

Apart from well-defined magnetic characteristics, many sensor applications, such as
markers for EAS, moreover need a substantially flat strip, or a strip with a small well-
defined curvature. This is for example necessary to fit the sensor strip into a cavity without
bending it. In particular for magnetoelastic sensors, such as acousto-magnetic EAS
markers, such bending would result in a severe degradation of the magnetic performance

due to magnetostrictive coupling.
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One problem with amorphous ribbons is that they reveal a production-inherent
longitudinal and/or transverse curvature (c.f. F. Varret, G. Le Gal and M. Henry in Journal
of Material Science Vol. 24 (1989) pp. 3399-3402). The height of this curvature may range
up to 1000 um and more (see below for definition of longitudinal curvature) and originates
from thermally induced mechanical stresses during rapid solidification. The height of the
curvature is extremely sensitive to the casting conditions, and in practice cannot be
controlled in a reliable way. The annealing treatment must therefore also remove this initial
curvature of the ribbon and give it a flat shape or a small pre-defined curvature.

A common way of performing the heat treatment is continuous annealing of the metal
ribbon. That is the ribbon is fed from a supply reel located on one side of an oven,
continuously transported through a zone of elevated temperatures in the oven, and then
taken up on a take-up reel on the other side of the oven. In such 2 process the ribbon 1is
eiven characteristic properties by careful choice of the annealing parameters such as the
temperature profile in the oven and the duration of annealing, which 1s dependent upon the
speed of the ribbon through the oven. A tensile stress, a magnetic field or an electric
current applied during annealing can be further used to tailor the magnetic properties.

One way of heating the ribbon is wrapping it around a heated wheel as described in
United States patent 5,684,459. In this way an initial longitudinal curvature of the ribbon
can be removed within annealing times of a few seconds by bending the ribbon
“backwards” against its initial curvature. However, this curvature-removal by counter-
bending the ribbon is extremely sensitive to the annealing conditions. The curvature
disappears only for a precise annealing time, dependent upon the initial curvature of the
ribbon. If, for example, the ribbon is annealed for too lo"ng a time, it develops a strong
curvature opposite to its original direction. Moreover the curvature reduction affects the
magnetic properties. Thus, one has to accept a compromise between curvature reduction
and magnetic characteristics.

Another common method is to transport the ribbon in a straight way through an oven
such as for example described in United States patents 5,757,272, 5,676,767, 5,786,762
and 6,011,475. In this method, the ribbon is guided through the channel of an annealing
fixture, which acts as a heat reservoir and which supports the ribbon, such that its
straightness during annealing is maintained. Since the ribbon is kept straight, any
longitudinal curvature is removed provided the ribbon is exposed to a certain minimum
annealing temperature and a certain minimum annealing time. Alternatively, the cross-

section of the annealing fixture may have a curved profile in order to give the ribbon a
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small transverse curl, which enhances the longitudinal bending stitiness and, thus, reduces
any longitudinal curvature. The longitudinal curvature-removal process is then largely
independent of the precise annealing conditions. Accordingly, the annealing parameters
necessary for the magnetic characteristics can thus be optimized independently and without
COmpromise.

However, the major problem of the just mentioned process is associated with the
annealing speed. For reasons of process efficiency it is highly desirable to have as high an
annealing speed as possible. Yet, in practice, if the annealing speed exceeds a certain limit
(for a 2m long oven typically 1 the range from 10 to 20 m/min) the desired properties
(such as the magnetic characteristics or the flatness) degrade rapidly with increasing speed.
Trivially, the annealing speed can always be increased by constructing a correspondingly
longer oven. Yet the latter solution significantly increases the cost of the annealing

equipment and, thus, again reduces process efficiency.

Disclosure of Invention

According to the state of the prior art for continuous annealing the process efficiency is
limited 1n terms of a maximum annealing speed above which the achievable properties
degrade. The inventors have recognized that this problem 1s not necessarily related to the
short annealing times by itself, which are associated with high speeds, but rather is a
question of the heat transfer into the ribbon. It is known that a good and quick heat transfer
requires direct contact of the metallic ribbon with a heat reservoir, which has a good
thermal conductivity. This is for example the case for direct metal-metal contact. Thus, for
example, wrapping the ribbon around a heated metallic roller provides an excellent heat
transfer into the ribbon and allows high annealing speed. However, the disadvantage is that
the ribbon takes the curvature of the heated roller or one has to accept a compromise
between this curvature and the magnetic characteristics. Annealing the ribbon in a straight
oven resolves this deficiency but only with a significantly reduced annealing speed. The
reason is that the heat transfer into the ribbon occurs via the gas atmosphere in the oven,
which 1s a relatively slow process. As a consequence, if the annealing speed becomes too
fast, the material does not heat up sufficienily and the achievable properties (such as the
magnetic characteristics or the flatness) degrade rapidly with increasing annealing speed.
The heat transter can be improved by guiding the ribbon through a narrow channel of an
annealing fixture, which acts as the heat reservoir. However, for a reasonably wide

opening, the ribbon tends to move freely through the channel and contacts the walls of the
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annealing fixture more or less accidentally, which results in a badly defined thermal
contact and, thus, in a limited annealing speed.

It is an object of the invention to provide a method and apparatus for annealing a
continuous ribbon of material with improved processing etficiency.

It is a further object of the invention to provide a method and apparatus for annealing a
ferromagnetic, metallic ribbon in order to achieve characteristic magnetic properties at
higher annealing speeds than achievable by conventional methods taught by the prior art
without degradation of said properties.

It is another object of the invention to provide a method and apparatus which reduces
an initial, e.g. production inherent, curvature of the ferromagnetic 'metallic ribbon with the
proviso that this curvature-reduction is relatively insensitive to the precise annealing
conditions (e.g. time and temperature) over a wide range and that it does not degrade other
physical properties of the ribbon.

The above objectives can be accomplished by transporting the ribbon lengthwise on a
path through a channel in a heat treatment fixture, in which along at least part of the
channel protrusions extending transversely of the path cause the ribbon to wriggle and
make multiple contacts with the heat treatment fixture, thereby making improved thermal
contact with the heat treatment fixture. The objectives can also be accomplished by passing
the ribbon lengthwise on a path through a channel in a heat treatment fixture, in which the
path curves along a curved section of the channel causing the ribbon to make contact with
the heat treatment fixture, thereby making improved thermal contact with the heat
treatment fixture. |

The protrusions and curved sections may be provided by undulations in the channel
walls, which may be up and down curvatures along portions of its length. Along the curved
portions of the channel the ribbon is forced into well-defined close contact with the walls
of the channel, which significantly improves the heat transfer into the ribbon as compared
to straight channels of the prior art. As a consequence the material is heated up much
quicker to the temperature of the oven, which allows one to mcrease the annealing speed
and/or build shorter annealing ovens.

Preferably the curved portion of the channel is located at the beginning of the annealing
fixture, i.e. where the ribbon enters into the oven. Once sufficient heat has been transferred
into the ribbon, the channel can be given a straight form again. The channel then acts as

heat reservoir, which holds the ribbon at the annealing temperature.
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It may be necessary that the annealing temperature reveals a certain profile, i.e. that the
temperature changes along the length of the oven. Accordingly it may be advantageous that
the annealing channel reveals curved sections at the locations where the oven temperature
changes.

When the ribbon exits the oven it is still hot, which is a problem in particular for high
annealing speeds. In another aspect of the invention, the annealing fixture therefore
extends beyond the oven and contains a cooled portion, which again reveals a curved
section. This guarantees a quick cooling of the ribbon, which may also be critical for the
achievable properties.

When the hot ribbon is guided over a curved section, this curvature 1s annealed into the
ribbon at least in part. Thus if the annealing fixture were curved over its whole length, the
annealed ribbon would reveal an according curvature. In order to keep the annealed strip
flat it is therefore preferable that the annealing fixture is essentially straight and that an “up
curvature” is followed by a “down curvature” or vice versa. Similarly the ribbon is also
kept straight when a single up or down curvature of the channel is followed by a non-

curved portion of at least the same length as the curved portion.

Brief Description of I_)rawingg

Fig. 1 is a schematic view of the annealing apparatus 20.

Fig. 2 illustrates the details of the annealing fixture in which the ribbon is transported
through the oven. Fig. 2a sketches the cross-section, Fig. 2b the side view and Figures 2c,
2d the longitudinal sections of the annealing fixture. The annealing fixture according to the
principles of this invention is a combination of at least one segment with a curved channel
as sketched in Fig. 2¢ followed a straight channel as sketched in Fig. 2d.

Fig. 3 illustrates an alternative cross-section of the annealing fixture, which gives the
annealed ribbon a transverse curvature.

Fig. 4 illustrates the definition of the curl C of a piece of ribbon. The curvature may be
in transverse and/or longitudinal ribbon direction. The curl is defined as the maximum
height C between the ribbon 10 and a flat surface 40 on which a strip of a certain length
and a certain width is put. For the longitudinal curvature, in this specification, the curl 1s
the maximum height C betweén a ribbon 10 of a 38mm long piece of a 6mm wide ribbon

and the flat surface 40.
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Fig. 5 shows the curl of a 38mm long piece of a 6mm wide ribbon annealed at 350°C
as a function of the annealing speed. C1 and C2 denote comparative examples of the prior
art; I1 through 14 denote samples annealed according to the teaching of this invention.

Fig. 6 shows the BH-loops measured for a 6mm wide ribbon, field annealed with an
annealing speed of 40m/min. C1 (non-linear loop) denotes a comparative examples of the
prior art and I2 (linear loop) is an example annealed according to the teaching of this
invention. The figure also provides the definition of the anisotropy field Hy that is the
magnetic field strength where the magnetization turns into saturation.

Fig. 7 shows the non-linearity of the BH-loops of a 6mm wide ribbon annealed at
350°C as a function of the annealing speed. C1 and C2 denote comparative examples of the
prior art; 11 through I4 denote samples annealed according to the teaching of this
invention.

Fig. 8 shows the resonant signal Al of a 38mm long piece of a 6mm wide ribbonz
annealed at 350°C as a function of the annealing speed. C1 and C2 denote comparative
examples of the prior art; I1 through 14 denote samples annealed according to the teaching
of this invention.

Fig. 9 is a sketch of an acousto-magnetic marker, which consists of an elongated strip

of an amorphous ribbon 10 and a housing 50.

Modes for carrying out the invention

Figure 1 shows a schematic view of the annealing apparatus 20. The annealing
apparatus includes an oven 21 and supply and take-up reels 22, 23 at opposite sides of the
oven. A continuous ferromagnetic ribbon 10 is unwound from the supply reel 22 and
transported through the oven 21 and then taken up on the take-up reel 23. While the ribbon
is transported through the oven its path is supported by an essentially straight annealing -
fixture 30. The ribbon is engaged between a pair of rollers 24, which draw the ribbon 10
through the oven. The roller 26 supports the ribbon such that the ribbon 1s introduced 1nto
the oven in as straight a way as possible.

Numeral 25 indicates a rocker arm and a roller which can be optionally introduced 1nto
the path of the ribbon in order to control and modify the tensile force along the ribbon as
for example described in the PCT application WO 00/09768. The oven 21 may include
means for applying a magnetic field to the ribbon as it is transported through the oven. The

magnetic field can be applied perpendicular to the ribbon axis such as for example
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described in United States patents 5,676,767 or 6,011,475 or it can be applied along the
ribbon axis such as for example described in United States Patents 5,75 7.272 or 5,786,762
or it can be applied in a direction having components both transverse and along the ribbon.
Moreover the rollers 26 and 24 may be used to provide an electrical current through the
ribbon as for example described in United States Patent 5,757,272. The use of any of these
modifications depends on the desired magnetic characteristics as, for example, described in
detail in the aforementioned applications.

The annealing fixture 30 is described in detail in Figure 2. As shown n Figure 2a
(cross-section) and 2b (side view) it consists of an upper part 32-and a lower part 33 and a
channel 31 in which the ribbon 10 is transported through the oven. The annealing channel
31 has a width W typically only slightly wider than the ribbon width and a height Z which
should be at least several times the ribbon thickness, but preferably at least about a tenth of
a millimeter even for very thin ribbons. The latter is related to practical reasons like
machining the fixture, ease of introducing the ribbon into the fixture and cleaning the
fixture. Typically for a 20-30pum thick ribbon, like amorphous metal ribbons, the gap Z in
the channel is preferably larger than about 0.2 mm.

Figures 2¢ and 2d provide longitudinal sections of the annealing tixture. In annealing
fixtures of the prior art the channel 31 through which the ribbon 10 is transported is
essentially straight along the whole length L of the fixture as exemplified in Fig. 2d. In
contrast, the annealing fixture of the present invention reveals certain sections of
protrusions in the form of up and down curvatures along its length as schematically
indicated in Fig. 2c. In particular, it is important that such a curved section of a length L1
is provided at the “beginning” of the fixture, i.e. more precisely in the section 34 (cf. Fig.
2b) where the ribbon enters into the zone of elevated temperatures.

The purpose of said curved section is to provide an intimate contact between the ribbon
10 and the hot walls of the upper or lower part 32, 33 of the annealing fixture in order to
achieve a good and quick heat transfer into the cold ribbon. In contrast a straight channel
as shown in Figure 2d provides only an accidental contact of the ribbon 10 with the hot
walls and the heat transfer into the ribbon mainly occurs via the hot oven atmosphere
which gives a comparatively slow heating rate. However, once the ribbon is heated up
sufficiently to the desired temperature, the contact with the oven atmosphere is suitficient to
keep the ribbon at its temperature. Therefore, the channel 31 can be again given a straight

form as shown in Fig. 2d as soon as the ribbon has reached the targeted temperature.
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As a modification, a curved channel may be also used to cool the ribbon down quickly
where it exits from the oven, as for example indicated by section 35 in Fig. 2b. Similarly if
the annealing of the ribbon requires a well-defined temperature profile varying along the
path of the oven, curved sections can be introduced at any location where the temperature
of the ribbon should change quickly along the annealing path.

The intimate contact of the ribbon with the walls of the annealing fixture in said curved
annealing channel might introduce a certain amount of mechanical friction between the
ribbon and the wall. It is therefore advantageous to make the up and down curves smooth
and to have them only where really needed. The latter is definitely the case at the
beginning section 34 of the annealing fixture, where the cold ribbon must be heated to the
oven temperature. It should be appreciated that each curvature acts as a protrusion into the
channel and as indicated the channel is curved to accommodate the protrusion. As the
ribbon passes over such a protrusion or curvature it is flexed first in one way and then 1n
the opposite sense. Such flexing removes any initial curvature of the ribbon.

The example shown in Fig. 2¢ reveals an up and an opposite down curvature. The
purpose of this second, opposite curvature 1s to reduce the risk of a longitudinal curvature
being annealed into the ribbon. The same objective can also be achieved ii a curvature (up
or down) is followed by a straight section of the annealing channel of at least the same
length as the curved section. Furthermore, the curvature radius R should preferably exceed
about 1 meter in order to keep any potential curvature induced in the ribbon at a minimum
level. Obvious modifications of the arrangement shown in Fig. 2 may reveal further up
and/or down curvatures and further improve the heat transfer into the ribbon.

Fig. 2¢ gives a detailed view of the curved channel. Each curvature is characterized by
a length X and a height Y for the lower part 33 and a height Y+Z for the upper part 32 of
the fixture and vice versa if the curvature shows downwards. The curved parts, for
example, form the segments of a circle with radius R and R+Z, respectively. The latter is
preferable in terms of the ease in machining the fixtures. However, the curved parts may
also take different shapes, for example, as defined by a sine wave. The curved sections
may be separated by a distance A, for example, for the purpose of ease of mechanical
machining and mounting the fixture parts together.

The curvatures shown in Fig. 2c are exaggerated for illustration purposes. In reality the
curvature 1s very smooth. The reasons for such a smooth curvature include:-

(1) to avoid too much friction between the ribbon;
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(2) to keep any potential curvature induced in the ribbon at a minimum level;
and/or,
(3) to facilitate loading of the annealing fixture with the ribbon.

Therefore the ratio of curvature height ¥ and curvature length X 1.e. Y /X should be
chosen much smaller than one, preferably ¥ /X < 0.05. Typical dimensions are a curvature
length (X) of iOO mm to 500 mm and curvature height (¥) of about 1lmm to 10mm.
Accordingly the curvature radius R preferably lies above about Im and may range to
several meters. In order to provide the desired contact between the ribbon 10 and the walls
of the annealing fixture 32, 33 1n the annealing channel 31 the height ¥ of curvatures i1s
desirably chosen to be larger than the height Z of the annealing channel. Preferably Y/Z is
larger than about 2 which means that the ribbon 1s in close contact with the fixture along
about at least 30% of the curvature length X.

A typical material for the annealing fixture 1s made of steel. For ferromagnetic ribbons
“non-magnetic”, stainless steel 1s preferable in particular 1f magnetic fields are applied
during annealing. However alternative materials with reasonable heat conductivity may be
used, for example, some ceramics. The latter 1s necessary if an electric current is flowing

through the ribbon .during annealing, as for example described in United States Patent

5,757,272.

Examples

Annealing experiments were performed 1n a 2.5 m long oven heated to 350°C. The
oven was surrounded by magnets which produced a magnetic field of about 2500 Oe
perpendicular to the axis and to the plane of the heated ribbon as described 1n full detail in
United States Patent 6,011,475. Furthermore a tensile stress was applied during annealing.
The tensile force was adjusted in a feedback process as described in PCT application WO
00/09768 in order to achieve a pre-determined value of the induced magnetic anisotropy
field Hy of about 6 Oe, which determines the basic magnetic characteristics of the material.
The material investigated was a 6mm wide and 20-30um thick amorphous ferromagnetic
alloy ribbon having the composition Fe,4Co12NisgsS1; 5B16. The annealed material serves
as a marker for electronic article surveillance.

The annealing fixture had a total length of L = 3000 mm, a width of 22 mm and a
height 18 mm. If not noted otherwise, the annealing channel 31 (cf Fig. 2a) had

rectangular cross-section with a width W of 6.2 mm and a height Z of 0.5 mm.
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Various configurations of annealing fixtures as listed in table I have been investigated:

1. Comparative fixture C1: In one set of comparative experiments according to the
prior art, the annealing channel 31 was straight all along the fixture like shown 1n
Figure 2d.

2. Comparative fixture C2: In another set of comparative experiments according to the
prior art, the annealing channel again was straight all along the fixture as shown in
Figure 2d. However, this time it revealed a curved cross-section as shown 1n Fig. 3
in order to give the ribbon a transverse curl (cf. United States Patent 5,676,767 and
6,011,475). In that case the height Z of the channel was 0.4mm at the edges and 0.8
mm in the middle of the channel. This transversely curved annealing channel had a
length of about 600 mm and was then followed by a 2400mm long channel
according to Fig. 2d. "

3. Inventive fixtures I1 through I4: For the annealing experiments according to this
invention the annealing fixture was modified to reveal curved sections as sketched
in Fig.2c at its beginning (i.e. where the ribbon comes into the heated zone) along a
length I.1. This curved section was followed by a straight channel along a length 1.2
=1.-1.1 (cf. Fig. 2b). The curved segments were arranged as indicated for examples
I1 through I4 in table I.  Each of the curved segments started with a straight
segment of 50 mm length (=A/2), followed by a segment of a circle of 200 mm
length (=X), followed again by a straight segment of 50mm again. The total length
of such a curved segment being thus 300 mm. The curvature radius of R was

1500mm and the height Y of the circle segment was 3.34 mm.

Each of the described configurations C1, C2 and I1 through I4 was tested with
annealing speeds ranging from 15 m/min to 44 m/min. The upper limit of 44 m/min results
from the fact that the motors of the present annealing equipment did not allow for higher
speeds. The maximum speed of 44 m/min, therefore, does not represent a limitation
regarding this invention. These speeds correspond to times within the annealing fixture of
12 seconds (15 m/min) and 4.1 seconds (44 m/min). Other speeds correspond to times
within the annealing fixture as follows:- 20 m/min (9 seconds); 30 m/min (6 seconds); 40
m/min (4.5 seconds);

10
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Table 1
Cross sections and longitudinal sections of the annealing channel for the investigated
configurations of the annealing fixture. C1 and C2 are comparative examples. 11 through
I4 are configurations according to the present invention. As for the cross-section
“rectangular” denotes a cross-section according to Fig. 2a and “curved” a cross-section
according to Fig. 3. As for the longitudinal section, U denotes a segment with upward
curvature according to the left half of Fig 2¢, D a segment with downward curvature

according to the right half of Fig. 2c) and “straight™ a straight channel according to Fig. 2d.

Fixture | Cross Section Longitudinal Section

Cl rectangular straight (comparative example)

C2 curved straight (comparative example)
T mreé‘;ng;l;;r - U+ straigh? -

12 rectangular U + D + straight

I3 rectangular U+D U + straight

I4 rectangular U+ D+ U + D + straight

11
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Table I1:
Curl, non-linearity of the BH-loop and resonant amplitude Al of the as cast material and
after annealing at 350°C with an annealing speed of 40 m/min in the fixture configurations
C1 and C2 (=comparative examples) and I1 through 14 according to table I

Sample Curl Non-Linearity Al
(um) of BH-loop (mV)
| as cast 320 95% 15
c1 |45 |80% |12
| C2 152 1.6% 126
“lfl - 27 Il 1.0‘;:“ 155 &
12 24 0.6% 166
I3 24 0.7% 163
14 14 0.5% 167

The properties tested after annealing were the curl of the ribbon (cf. Figs. 4 and 5), the
non-linearity of the BH-loop (cf. Figs. 6 and 7) and the resonant amplitude (cf. Fig. 8).

Some of the results are also summarized in Table I1.

Generally, the tested annealing configurations essentially yield the same result for the
lowest annealing speed of 15 m/min. However, the properties of the comparative
examples C1 and C2 degraded significantly with increasing annealing speed in terms of a
higher longitudinal curl, a higher non-linearity and lower resonant amplitude, while the
inventive examples 11 through I4 showed up only a minor degradation, 1f at all. The only
exception is the curl for the comparative configuration C2 in which the material is

purposely given a small transverse curl. The results are now discussed in more detail in the

following.

The curl C as defined here is the maximum height C between the ribbon 10 and a {lat,
metallic surface 40 on which a strip of 38mm length and 6mm width was put. (ct. Fig. 4).

The curl was measured with a capacitance micrometer, which is capable to resolve the curl

12
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with an accuracy of about 20um. Typically the curl of the cast material ranges from about
200 — 1200 um. If annealed in an essentially straight path, a low curl is characteristic of a
successful anneal treatment.

The results for the curl are given in Figure 5. The comparative fixture C1 produces a
very pronounced increase of the curl with increasing annealing speed. The pre-dominant
curvature was in longitudinal direction. The reason is that the initial, curl of the ribbon 1s
not removed sufficiently at higher annealing speeds due to the relatively bad thermal
contact. At high annealing speeds the curl even exceeded its initially measured value of
320um that is supposed to reflect the relatively large scatter of the as cast curl. For the
comparative annealing fixture C2 the curl shows a minor variation with the annealing
speed ranging between about 150um and 200um. This mainly reflects the transverse curl
which was purposely induced as described further above. This transverse curl enhances the
bending stiffness of the ribbon, which suppresses longitudinal curling. The material
annealed with the inventive annealing fixtures 11 through 14 shows the lowest curl and,
thus, is substantially flat irrespective of the annealing speed. The low curl values are of the
order of the measuring accuracy of the curl measurements. The actual curvature thus may
be even lower. Accordingly, the fixtures 11 through I4 have a clear benefif over the
comparative fixtures Cl and C2 in terms of achieving low curvature of the annealed
ribbons for a given ribbon speed.

In a further series of experiments, material with an as cast curl as large as 1200 um was
chosen. When annealed in fixtures 11 through 14, the material again revealed the same low

curl as shown 1n Fig. 3.

The non-linearity NL of the BH-loop after annealing is defined as the mean square root
deviation of the BH-loop (measured on a 10cm long ribbon) with respect to a linear fit of

the BH-loop. That 1s more precisely

, 100 |1 & 2
NL(ZH%) = _“Z(Bmeas (Hz) —BFz’t (H:)) 2
Bmax \ N i=l

where Bness(H;) 1 the measured and Bri(H;) is the fitted induction at a field strength H;
where B/Bmax<0.75. Generally annealiﬁg a ferromagnetic, amorphous ribbon in a magnetic
field perpendicular to the ribbon axis is supposed to give a BH-loop which is essentially
linear as a function of the magnetic field until it is saturated ferromagnetically when the

applied magnetic field exceeds the anisotropy field Hy. A low degree of non-linearity, i.e.

13
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typically less than about 1% is a characteristic feature if the annealing was fully successtul.
Figure 6 gives an example for a linear and less linear loop. A linear BH-loop, for example,
is crucial for acousto-magnetic markers in order to avoid false alarms 1n harmonic systems
(cf. United States Patents 5,469,140 and 6,011,475).

Figure 7 shows the results for the non-linearity of the BH-loop. The comparative
fixture Cl1 produces a large degradation of the magnetic properties with increasing
annealing speed in terms of significantly non-linear BH loops. The reason for this non-
linearity is two-fold. First, production-inherent mechanical stress is not relieved
sufficiently at high annealing speeds. Second, additional mechanical stresses arise when
the longitudinally curved ribbon is put in a straight way into the BH-loop tracer. The latter
reflects also the degradation mechanism, which occurs when a short piece of the curved
strip is deformed when put into a housing of insufficient height H (cf. Fig. 9). Said
mechanical stresses produce via magnetostrictive interactions a distribution of magnetic
easy axis, which results in the observed non-linearity. The degradation is less pronounced
with comparative fixture C2. This 1s interpreted in terms of the better thermal contact due
the circumstance that the ribbon touches the annealing fixture at least in part when it 1s
bent transversely. Additionally the transversely induced curvature keeps the ribbon straight
along its longitudinal axis such that no additional bending arises during the BH-loop
measurement or when the ribbon is put into the label. Yet, for the ribbons annealed
according to this invention (examples I1 through 14), the non-linearity at high annealing
speed is still significantly lower. In particular the configurations I2 through I4 give
extremely linear loops with a non-linearity well below about 1% even at high annealing

speeds.

The magnetoelastic resonant amplitude Al of a 38mm long strip is the induced voltage
in a sense coil having 100 turns about 1ms after exciting resonant vibrations by a tone burst
of an magnetic ac-field (maximum amplitude 17.8mOe - frequency about 58 kHz — 1.6ms
pulses with a pulse frequency of 50Hz). The resonant amplitude Al is a specific
characteristic of the magnetoelastic response of a ferromagnetic, magnetostrictive alloy.
High amplitude is a very sensitive probe for the success of the annealing treatment. In the
present example the resonant amplitude was measured at a dc-bias field of 6.5 Oe, which
approximately corresponds to the bias field where Al reveals its maximum value as a

function of the bias field.
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Figure 8 shows the results for the resonator signal, which best resolves the differences
between the various fixture configurations. Both comparative fixtures of the prior art show
a severe degradation of the amplitude with increasing annealing speed. In comparison the
amplitude for the material annealed in the inventive fixture configurations I1 through 14
retains more than 80% of the “slow speed” amplitude even at the highest investigated

annealing speeds.

In a series of further experiments the height Z of the annealing channel was increased
from 0.5mm to 0.8mm. Despite of this relatively wide opening, no degradation could be

found for the material annealed according to this invention.

In one preferred embodiment the described annealing method 1s used to provide
resonators for acousto-magnetic markers for electronic article surveillance as for example
described United States Patents 5,469,140 or 5,841,348. In such a marker the resonator
strip 10 is embedded into housing 50 as schematically shown in Fig. 9. It is essential that
the resonator may vibrate freely within the cavity to achieve good performance in the
surveillance system. Any mechanical interference of the resonator with its housing will
cause a drastic reduction in its performance. Therefore it is necessary to maintain a
clearance H in the resonator cavity which must be larger than the curl C of the resonator so
that the resonator can resonate non-obstructively. Typical markers on the market use
resonator material annealed according to comparative method C2 which exhibits a slight
transverse curl C of about 200um. The total height H of the cavity typical 1s about 600 um.
On the other hand a thinner marker with lower height H 1s more conveniently attached to
merchandise. In order to provide such a thinner marker, the resonator must therefore be
made as flat as possible to avoid any performance degradation. This can be advantageously

realized with a flat resonator annealed according to the principles of this invention.

The embodiment of the invention described so far provides a flat ribbon with good
magnetic characteristics at high annealing speeds. However the process 1s also capable of
providing a ribbon with transverse curvature and good magnetic characteristics at higher
annealing speeds than achievable with methods according to the prior art. Thus, the
annealing fixture may consists of a longitudinally curved section which serves to enhance

the annealing speed according to the principals of this invention, then followed by a
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straight section with a transversely curved cross-section in order to give the ribbon a small

transverse curl.

Various other changes in the foregoing described practices may be imntroduced without
departing from this invention. The particularly preferred embodiments of the invention are
thus intended in an illustrative and not limiting sense. The frue spirit and scope of the

invention 1s set in the following claims.

16
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The embodiments of the present invention for which an exclusive property or privilege is

claimed are defined as follows:

10.

A method of annealing a thin metallic ribbon by passing the ribbon lengthwise on a
path through a channel in a heat treatment fixture, in which along at least part of the
channel protrusions extending transversely of the path cause the ribbon to wriggle and
make multiple contacts with the heat treatment fixture, thereby making improved
thermal contact with the heat treatment fixture.

A method as claimed in claim 1, in which the protrusions are present at a location

close to the beginning of a heated zone in the heat treatment fixture.

A method as claimed 1n claim 1, in which the heat treatment fixture has regions of
different temperature, and the protrusions are present at a location close to the

beginning of such a region in the heat treatment fixture.

A method as claimed in claim 1, in which the heat treatment fixture has a cooling
section and the protrusions are present at a location in the cooling section, thereby

improving cooling of the ribbon.

A method as claimed in claim 1, in which the channel is an essentially straight

channel.

A method as claimed 1n claim 1, in which the protrusions are formed as undulations in

walls of the channel.

A method as claimed in claim 6, in which the undulations are formed as a curved

section 1in the channel.

A method as claimed in claim 7, in which the curved section has a radius of curvature

of at least 1000 mm.

A method as claimed in claim 1, in which a given portion of the ribbon passes through

the heat treatment fixture 1n 9 seconds or less.

A method as claimed 1n claim 9, in which the given portion of the ribbon passes

through the heat treatment fixture in 6 seconds or less.
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A method as claimed 1n claim 10, in which the given portion of the ribbon passes

through the heat treatment fixture in 4.5 seconds or less.

A method as claimed in claim 1, in which the nibbon is transported through the heat
treatment fixture at 20 m/min or more.

A method as claimed in claim 12, in which the ribbon is transported through the heat

treatment fixture at 30 m/min or more.

A method as claimed in claim 13, in which the ribbon 1s transported through the heat

treatment fixture at 40 m/min or more.

A method as claimed in claim 1, in which the annealing includes an exposure to a

temperature 1n the range 200°C to 500°C.

A method as claimed 1n claim 15, in which the annealing includes the exposure to a

temperature in the range 300°C to 400°C.

A method as claimed in claim 1, in which the channel has a height and the protrusion
has a height larger than the channel height, the channel being curved to accommodate

the protrusion.

A method as claimed in claim 1, in which the ribbon 1s a ferromagnetic, amorphous

alloy ribbon

A method as claimed in claim 1, for producing a magnetoelastic marker for electronic

article surveillance

A method as claimed in claim 1, in which the protrusions from one side of the path
cause the ribbon to wriggle in a first direction, and the protrusions from another side

of the path cause the ribbon to wriggle in a second direction.

A method as claimed 1n claim 20, in which the first and second directions are opposed

directions.

A method of annealing a thin metallic ribbon by passing the ribbon lengthwise on a

path through a channel in a heat treatment fixture, in which the path curves along a

18
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curved section of the channel urging the ribbon into contact with the heat treatment

fixture, thereby making improved thermal contact with the heat treatment fixture.

A method as claimed in claim 22, in which the path curves in one direction, followed

by a curve in an opposed direction.

A method as claimed in claim 22, in which the curved section is followed by a

straight channel.

A method as claimed in claim 24, in which the curved section is followed by a

straight channel of at least the same length.

A method as claimed in claim 22, in which the curved section has a curvature with a

height Y which is larger than the height Z of the annealing channel.

A method as claimed in claim 22, in which the curved section has a curvature having

a height Y and a length X, the ratio Y/X of the height to the length being less than 1.

A method as claimed in claim 22, in which the opening height of the channel 1s at

least 0.2 mm.

A method as claimed in claim 22, in which the opening height of the channel is at

least 0.5 mm.

A method as claimed in claim 22, for producing a magnetoelastic marker for

electronic article surveillance.

A heat treatment fixture for apparatus for annealing a thin metallic ribbon,

comprising:
a) a channel defining a path to receive a nnbbon lengthwise

b) protrusions extending transversely of the path such that the path is curved
along at least part of its length.

A heat treatment fixture as claimed in claim 31, in which the channel has a height and
the protrusion has a height larger than the channel height, the channel being curved to

accommodate the protrusion.
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A heat treatment fixture as claimed in claim 31, in which the protrusions are defined

by undulations in walls of the channel.

A heat treatment fixture for apparatus for annealing a thin metallic ribbon, comprising
a channel defining a path to receive a ribbon lengthwise, the channel comprising at
least one curved section in the channel such that the path is curved along at least part
of 1ts length, and such that the ribbon passing through the channel makes multiple

contacts with walls of the channel.

A heat treatment fixture as claimed in claim 32, in which the curved section has a

radius of curvature of at least 1000 mm.

A heat treatment fixture as claimed in claim 31, in which the heat treatment fixture
has protrusions present at more than one location separated by straight regions in the

channel, defining separate sections of the heat treatment fixture.

Apparatus for annealing a thin metallic ribbon, comprising a heat treatment fixture as
claimed in claim 31, a supply reel to supply the ribbon, and a take-up reel to take up

an annealed ribbon.

Apparatus as claimed in claim 37, comprising means to drive the ribbon from the
supply reel, through the heat treatment fixture, and onto the take-up reel at speeds in

excess of 20 m/min.

Apparatus for annealing a thin metallic ribbon, comprising a heat treatment fixture as
claimed 1n claim 34, a supply reel to supply the ribbon, and a take-up reel to take up

an annealed ribbon.

Apparatus as claimed in claim 39, comprising means to drive the ribbon from the
supply reel, through the heat treatment fixture, and onto the take-up reel at speeds in

excess of 20 m/min.
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