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Mechanical determination of internal stresses in
as-quenched magnetic amorphous metallic

ribbons
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The layer removing method for determining the internal stress distribution through
thickness in sheets has been applied to metallic glass ribbons. The internal stresses are
obtained from the variation of the radius of curvature of the samples when the layers are
removed. The experimental technique used is described here and the results for two
ribbons, are presented. A general feature has been observed implying compressive stress
near both surfaces (a strong one near the drum surface and a weak one near the air surface),
and the central part under tensile stress. This is in agreement with the residual stress
distribution shown by other materials after fast cooling procedures.

1. Introduction

Metallic glasses are widely applied for different com-
mercial applications. Besides their classical use in
power devices (inverter transformers and motors), in
recent years they are being increasingly used in vari-
ous other fields of electronics, as in magnetic heads,
magnetic sensors and transducers. The growth of such
applications is due to their good magnetic, mechani-
cal, magnetoelastic, electrical properties and easy ob-
tention. Other reason that explains the wide range of
their applications is the fact that their magnetic and
structural properties can be controlled and varied by
alloy composition and subsequent thermomagnetic
treatments. They also have other advantages which
are not shown by the conventional crystalline soft
magnetic materials such as their high electrical resi-
stivity, production-inherent low thickness and favour-
able surface properties.

In magnetostrictive metallic glasses the mag-
netoelastic coupling factor (K) has values slightly un-
der 1 and the variation of Young’s modulus with the
magnetic field (AY) reaches huge values (above 100%).
These two properties show that metallic glasses are
excellent for applications based in magnetoelastic
effects.

These amorphous magnetic materials are excellent
soft magnetic materials because they do not present
magnetocrystalline anisotropy and structural defects.
Nevertheless, owing to the manufacture process, they
show magnetic anisotropy that impairs their above-
mentioned good soft magnetic properties. One of the
different causes generating the magnetic anisotropy is
the presence of residual stresses which may exist in the
material free of external load.

The majority of metallic glasses are prepared by
quenching a molten stream of an alloy onto the sur-
face of a spinning drum. This method originates a
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temperature difference between surface and core that
generates internal stresses owing to their inherent
rapid solidification (10°~10° K s~ '). The properties of
these materials are sensitive to mechanical strain;
therefore, it is very important to assess their internal
stress distribution from the point of view of general
knowledge and also in order to improve their proper-
ties with a view to technical applications.

As far as we know, all the estimations about the
internal stresses in these materials have been inferred
from magnetic measurements, direct mechanical
measurements never having been made.

Knowing the residual stress distribution in mag-
netic samples is crucial to explain, in some cases, the
existence of magnetic anisotropy. Ok and Morrish [1]
have proposed a model based in the existence of com-
pressive stress in the bulk and tensile stress near the
surfaces in annealed amorphous magnetic materials,
to explain in them the existence of perpendicular mag-
netic anisotropy.

One of the most widely used technique to determine
the internal stress is X-ray diffraction, based on the
internal stresses’ production of changes in the lattice
parameter which are measured as shifts in the X-ray
diffraction angle. However, due to the lack of internal
structure shown by amorphous magnetic materials,
this method is not applicable in this case. Different
mechanical methods have been developed in order
to study the residual stress distribution in thin-
walled tubing [2], bent sheet metals [3], laser treated
steels [4,5] and thin films [6]. In this paper the
removal of surface layers method has been adapted to
study the distribution through the thickness of
the residual stresses in metallic glasses. This method
has already been applied with success to study the
residual stresses in sheet samples [7], and thin coat-

ings [8].
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We have applied this method to two magnetic me-
tallic glasses with different composition and proper-
ties. The residual stress distribution thus obtained
closely agrees with that obtained on an aluminium
AA7075 T4 alloy plate quenched in hot and cold water
[9], with the predictions about the residual stresses
in cooled materials without phase transformation
[10], and with the magnetoelastic perpendicular mag-
netic anisotropy observed by studies of the magnetic
domains structure in magnetostrictive amorphous
ribbons [117].

2. Stress analysis and its relationship
with curvature

In this work internal stresses have been obtained from
the variation of the curvature of the sample using the
removal of surface layers method. For this purpose, it
is necessary for the material to be linear in pure
bending and the stress not to vary in the plane, but
only through the thickness. In addition, the method
used for removing the layers should not produce any
additional stress.

A correct formulation of the bending process is
required to obtain the relationship between stress and
curvature. The study of metal bending was developed
in the early 1950s and 1960s in different papers
[12,13,14] and has extensively been applied to the
spring back of metals [15].

In short, the calculations we have worked out tak-
ing into account the above mentioned papers contem-
plate flat samples of thickness ¢, Young’s modulus
E and Poisson’s ratio v, subject to the condition that
the stress only varies through the thickness, and so it
can be defined by its principal components in the
plane of the sample.

Owing to the fact that internal stresses are self-
equilibrating, the equilibrium conditions will be

Y2 Y2
J o,(z)dz = f C0.(z)zdz =0

—1/2 —t/2

jt/z o,(z)dz = Jt/z 6,(z)zdz =0 (1)

—t/2 —t/2

If we remove a uniform layer of the material from one
of the surfaces, the equilibrium is broken and an
unbalanced distribution of internal stress appears. The
constraint applied by the layer disappears and the
remainder of the sample will deform elastically under
the action of the unbalanced internal stress until a new
equilibrium is reached. A purely elastic response is
supposed due to the very high elastic limit of these
materials [16]. It is well known that if the sample is
flat and isotropic, it bends into a spherical surface. If
the internal stress, however, is mainly in one direction
in the plane, the flat sample bends into a cylindrical
surface (Fig. 1). In this case, the constraint applied by
the removed layer on the remainder of the sample can
be replaced by a force N; and a moment M, per unit of
width, which are equal and opposite to those obtained
by integrating the residual stress across the current
thickness.
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Figure 1 Bend of a plane plate after removal of a tensioned layer.

The bending moment that produces the bend of the
sample would be [17]

CE—Ay’ 1

DI - R ?

where R is the radius of curvature of the cylindrical
surface.

Taking into account that M, = N,t —At/2 the
value of the resultant removed layer force will be [17]

E(t — At)* 1
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If the removed layer is very thin, we can consider that
the stress is constant across it, and its value becomes

CE(t—Ar? 1
%0 = 6Ai(1 —v?) R @

and the axial stress o;(z) induced in the remainder
sample by the tangential stress
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with the neutral axis z = 0 in the middle of the sample
less the removed layer.

The axial stress disappears when the layer is re-
moved, taking into account its value when calculating
the stress in the layers to be removed subsequently.

When a new layer of thickness At" is removed from
the surface, the sample will change into another cylin-
drical surface of radius R’, and the stress in the layer
removed producing this change of curvature, becomes

,E(t —At —AR (11
S T TeAN0 — v (R’_R> ©)

The internal stress o’ in the thin removed layer would
be o’ plus the stress o4(z;) (Equation 5), z; being the
distance to the centre line of the layer removed in the
second turn (Fig. 2)

6o =0’ + o4(zy) (7)

The tangential stress induces axial stress G,(z) in the
remainder of the sample in the same way as the first
removed layer did, being, similarly
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and so on, with other removed layers, the determina-
tion of the residual stress distribution throughout the
whole thickness of the material being possible in this
way.
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Figure 2 Cross-section showing the middle fibre of the layer z; to
be removed in a plate.

3. Experimental Procedure

To determine the radius of curvature of the sample we
used a microscope previously calibrated for a known
sample. The maximum deflection / is determined from
the difference between the readings, focusing at the top
and at the bottom of the sample. The radius of curva-
ture as a function of h and the cord x of the curved
sample will be

h
R=g +3 )

The sign of the stress is determined by the bend of the
sample in the following way: if layers are being
removed from the top to the bottom of the sample
(Fig. 2), and this changes to a more convex shape, the
internal stress is considered positive (tensile stress),
but if it becomes more concave, internal stress is
considered negative (compressive stress). If layers are
removed from the bottom to the top, the results are
inverted.

For the study of internal stress distribution, circular
samples are desirable in order to avoid any shape
effects. So in order to produce these, one can start by
cutting off a quasi-circular sample from the ribbon,
completing the process by mechanical polishing of the
edge by fixing the sample to a lathe spindle, and
bringing a grindstone up to the sample edge when
turning. By this process, highly perfect discs with neg-
ligible excentricity are obtained. The amorphous mag-
netic materials are now available in ribbons of various
centimetre dimensions, which allows the production
of discs with a size sufficient to perform the necessary
measurements. The discs were cut out from two differ-
ent ribbons and they have the following compositions
and mechanical properties: Nigy Feyo(Si +B)io
Mo, _, with a tensile strength of 15002000 MPa, ten-
sile modulus of 150 GPa and hardness (Vickers) of
7.84 MN mm 2 and Co+,(Si + B),3 Mns(Fe + Mo),
with a tensile strength of 1500-2000 MPa, tensile
modulus of 150 GPa and hardness (Vickers) of
8.82 MN mm 2. We use a value of 0.33 for the Pois-
son’s ratio in the two cases. The mechanical properties
data are obtained from the 1996 catalogue of Good-
fellow (UK). The discs’ diameters were 16.90 mm,
16.65mm, 19.15mm and 19.30 mm for the Cos
(Si + B),3 Mns(Fe + Mo), samples and 19.65 mm,
19.00 mm, 22.75mm, 17.55mm, 16.70mm and
17.00 mm for the Nigo Feyo(Si + B);9 Moy — , samples.

To remove the layers, electrolytic polishing was
performed according to the conventional method de-
scribed by Chikazumi [18]. This method does not
induce any additional stress in the sample that might

alter the results. The thickness of the removed surface
layer has been determined by measuring the weight of
the sample before and after polishing. The profile of
the samples before and after each electrolitical polish-
ing was measured by a profilograph with a sensitivity
of 0.1 um. The results obtained indicate that the pro-
file of the samples before and after the electrolytic
polishings are practically the same, indicating a uni-
form removal. All the samples have an initial thickness
of 40 um enough to perform a sufficient number of
polishings. A set of samples was polished from one
surface to the other and another set in the opposite
way. The displacement of the centre of each sample
relative to the edges when the bending occurs after the
electrolytic polishing was of the order of tenths of
millimetres, enough for an accurate measurement with
the microscope.

4. Results and discussion

The amorphous ribbons in the as-quenched state
show cylindrical curvature in the transverse direction
with the drum surface in the convex side, indicating
the internal stresses produced during the rapid
quenching in the manufacturing process.

Because, in our samples, the radius is large in com-
parison with the plate thickness (R/t = 2000), the in-
ternal stress in the direction of the thickness can be
neglected. Furthermore, the width b of the plate is
rather wide if compared with its thickness (b/t = 400)
and it is possible to assume the plane strain bending.
The uniformity of the bending of the samples in the
as-quenched state and after each electrolytic polishing
was checked with a profile projector.

On removal of the surface layers, the samples show
changes of the values of their cylindrical curvatures.
The results obtained for the consequent stress distri-
bution throughout the thickness are shown in Fig. 3. It
can be seen that in the two materials, both surfaces of
the ribbon are in compressive stress, whilst the central
part of the ribbons are in tensile stress. The depth
surface zones are between 5 and 10 um on both sides.
A similar behaviour was observed in other kind of
materials after a quenching process [9] and it was
explained for quenched materials without phase trans-
formation by Mayr [107]; in a quenching process, the
surface cools more quickly and shrinks more severely
than the core in the beginning. In this phase there are
tensile stresses on the surface and compressive stresses
in the core, but beyond the point of highest tempe-
rature difference between the surface and the core, the
core shrinks faster than the surface, which leads to
a decrease of the surface stress until the point of stress
conversion and after the surface falls under compres-
sion and the core under tension.

In our case, the curve representing stress versus
thickness has no symmetry. This behaviour can be
expected because, in these ribbons, only the drum
surface is in contact with the thermal sink and it
explain the above mentioned initial curvature of the
samples. Other characteristic of these curves is the fact
that the great compressive stress developed near the
drum surface (30 MPa in Niyy Fe,o(Si + B)1g Mo, _,
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Figure 3 Internal stress distribution through the thickness of the plate in (a) Co40(Si+ B),3 Mns(Fe + Mo), and (b) Nigo Feyo
(Si + B);o Mo, —,. Thickness zero begins in the drum-surface of the plate.

and near 250 MPa in Co+¢(Si +B),3 Mns(Fe +Mo),)
drops dramatically to zero in both samples.

This internal stress distribution in magnetic
amorphous materials is in agreement with the obser-
vation of closure magnetic domains in drum and air
surfaces made by one of the authors [12] on
Feyo Nigg P4 Bg amorphous ribbons. The domain
patterns observed are typical of ferromagnetic mater-
ials which possess an easy anisotropy axis perpendicu-
lar to the surface near this. The magnitude of the
perpendicular anisotropy determines the type of do-
main structure and the domain width, as discussed in
Tsukahara et al. [19]. Applying the Chikazumi and
Suzuki formula for the width of zig-zag closure do-
mains [20], the square of the width is inversely pro-
portional to the mean stress in the closure domains.
Taking into account that the domain width in the
drum surface is less than that in the air surface, it
follows that the stress in the drum side is greater than
that in the air side.

The volumes deduced from our measurements cor-
responding to tensile and compressive values of the
stress are very similar. This result is in agreement with
the estimation made by Vazquez et al. [21] from
magnetic considerations.

5. Conclusions

The authors have deduced by mechanical measure-
ments the internal stress distribution in as-quenched
magnetic amorphous ribbons. Two different zones
have been distinguished: (a) the region near the surfa-
ces which is under compression stress and (b) the
central part which is under tension stress, being far
greater in the drum surface. The different cooling rates
of the two zones during the manufacturing process is
supposed to be the origin of this internal stress distri-
bution. Such internal stress distribution agrees with
perpendicular magnetic anisotropy deduced by do-
main structure observations in as-quenched samples
with positive magnetostriction.
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