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Abstract

In this work, we present a systematic study about the effect of B and Si content on the mechanical properties of three melt spun
amorphous alloy series: Feg,_SigB, (10 < x < 18) — series 1, Fego_,SijoB, (10 < x < 18) — series 2 and Feg,_,SijoB,Crg
(12 < x < 20) — series 3. The Vickers microhardness increased as the B content was increased for all the series. On the other hand,
the fracture strength, org, for series 1 exhibited a gradual increase as a function of B contents. In contrast, ot showed maximum
values for series 2 and 3 at concentrations of 14 and 16 at.% B, respectively. In general, it was observed that the microhardness and
strength of the alloy series with 8 at.% Si was higher compared with 10 at.% Si series. Studies of fractography by SEM revealed two
types of fracture for the ribbons subjected to tensile tests: ductile for alloys with low B contents (<14 at.%) and brittle for both, alloys
with high B contents (>16 at.%) and Cr-containing alloys. These variations of fracture type are used to explain the observed
tendency for microhardness and tensile strength as a function of B content.
© 2005 Elsevier B.V. All rights reserved.

PACS: 61.43.Dq; 62.20.Mk; 62.20.—x

1. Introduction

It is widely established that amorphous metallic al-
loys (ribbons and wires) have excellent mechanical
strength, especially for Fe-based compositions [1]. Like-
wise, it has also been reported that metalloid elements
have an important influence on metallic glasses affect-
ing their thermal stability and mechanical properties
[2]. For instance, Si and B are the metalloid elements
more used to obtaining metallic glasses because they
enhance the glass forming ability. On the other hand,
it has been reported that relatively high content of Si
(10 at.%) in FeCrSiB alloy wires increase their mechan-
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ical strength [3]. In contrast, a subsequent investigation
[4] stated that some Fe-based amorphous wires with
relatively low Si content (7.5at.%) and high B
(15 at.%) concentration have better mechanical proper-
ties. These contradictory results motivated this present
study on the mechanical properties of FeSiB amor-
phous ribbons with variable metalloid concentration,
with the aim of contributing for the clarification of
these results.

2. Experimental

Three alloy composition series were studied: Series 1,
with the general formula Feg, ,SigB, (10 < x < 18); ser-
ies 2, Fegy_SijoBy (10 < x < 18) and series 3, Feg, -
Si;oB.Crg (12 < x < 20) (Ax = 2). High purity elements
(Fe 99.9%, Si 99.99%, Cr 99.9% and B 99.99%) were
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used to obtain master ingots of 10 g for each composi-
tion by means of Ti-gettered arc-melting in Ar atmo-
sphere. Metallic ribbons of each composition were
produced using the chill block melt spinning technique
into a sealed chamber under He atmosphere at a roll
speed of 40 m s .

The alloy ribbons microstructure was analyzed using
a Siemens D5000 diffractometer with Cu Ko radiation
at 40kV and 20mA. The scanning range in the
analysis was from 5° to 85°. The material was classi-
fied as amorphous if the diffraction pattern presented
the typical liquid-like structure, characteristic of an
amorphous phase. Further confirmation of the amor-
phous microstructure was realised by means of a
high resolution transmission electronic microscope
(HRTEM) FEG-PHILIPS TECNAI F20 operated at
200 kV. Vickers microhardness measurements were car-
ried out with a digital Lietz—Wetzlar microhardmeter
using a load of 50 g for 20 s. A minimum of 20 read-
ings per sample were taken to obtain an average. Ten
samples of 0.05m long of each alloy were prepared
for bending tests. Ribbons that showed the ability to
be bent 180° without fracture were classified as flexible.
Tensile strength measurements were carried out at
deformation rates of 1.6E —4s~! using an Instron
1125 universal testing machine. The bent and tensile
fractured ribbons morphologies were observed in a
scanning electron microscope JEOL JSM-6400
operated at 20 kV.

3. Results
3.1. Microstructure

X-rays diffractograms of all alloy ribbon series pre-
sented an amorphous structure (see Fig. 1). Fig. 2
shows an HRTEM image together with its diffraction
pattern (calculated from Fourier transformation) corre-
sponding to a FegoSijoBjo alloy, which is similar to
alloys containing B contents lower than 16 at.%. A
liquid-like structure is manifested with no evidence of
nanocrystals. In addition, the diffraction pattern
shows concentric circles characteristic of a non-crystal-
line structure. However, for alloys containing 16 at.% B
or higher, some crystalline zones were observed
(Fig. 3).

3.2. Mechanical properties

3.2.1. Bending

Table 1 displays the bending test results. The whole
series 1 (Feg,_,SigB,) showed a flexible behavior while
series 2 (Fegy_,SijoBy) and series 3 (Feq, ,CrgSigB,)
exhibited flexible behavior until 16 at.% B. Beyond this
B content, alloy ribbons manifest brittle behavior.
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Fig. 1. X-ray diffraction patterns for all alloy ribbons studied.
(a) series 1, (b) series 2 and (c) series 3.

3.2.2. Microhardness

Fig. 4 shows the Vickers microhardness results, H.,,
as a function of B for the three alloys series. Series 1
exhibited higher H, values than series 2 and 3 for B con-
tents up to 18 at.%. For instance, H, for series 1 varied
from 9.12 to 12.01 GPa, while the values for series 2
ranges from 8.41 to 11.96 GPa and series 3 from 9.7 to
12.42 GPa, for 20at.% B. It is observed a gradual
enhancement of H, with the increment of B content,
but the series with less Si content showed higher values
than those with higher contents of this element.

3.2.3. Tensile strength

Fig. 5 shows the tensile strength, og, as a function of
B concentration for all the alloy series. Alloys with
8 at.% Si content possess higher o5 than those contain-
ing 10 at.% Si. However, it can be appreciated that series



Fig. 2. HRTEM image and diffraction pattern (calculated from
Fourier transformation) of a Feg,Si;oBjo amorphous alloy ribbon.
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Fig. 3. HRTEM image and diffraction pattern (calculated from
Fourier transformation) of a Feg,CrgSijoBs amorphous alloy ribbon.

2 has a maximum resistance at 14 at.% B, dropping dras-
tically beyond this B content. On the other hand, the
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Fig. 4. Vickers microhardness as a function of B content for all the
alloy series. Connecting lines are for eye guidance only.
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Fig. 5. Tensile strength as a function of B content all the alloy series.
Connecting lines are for eye guidance only.

maximum resistance of series 3 was reached at 16 at.%
B, with a diminishing tendency for higher B concentra-
tion. ot for series 1 showed lineal increment behavior
within the range 2.87-3.30 GPa. On the other hand,
ats values for series 2 were higher in the three first alloys
up to a value of 2.97 GPa (Fe;6SijoB14), and then de-
creased significantly to a value of 2.10 GPa (Fe7,Si;9B13).

Table 1

Ductile/brittle behavior determined from 180 bent test for all the alloy series

Series 1 Series 2 Series 3

Composition State Composition State Composition State
FegzsigBlo Flexible FegosiloBlo Flexible F€7()Crgsi1()B12 Flexible
FegosigBlz Flexible Fe7gSi10B12 Flexible Fe63Cr8Si10B14 Flexible
Fe7gSi8B]4 Flexible Fe7GSi10B14 Flexible F€66Crgsi]0 B|6 Brittle
FC76SigB16 Flexible FC74Si10B16 Brittle Fe64CrSSi10B18 Brittle
Fe74Si8B1 8 Flexible FC72Si1 OB 18 Brittle F€62Cr85i10B20 Brittle
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Series 3 showed the same behavior that series 2, showing
a maximum oTg value of 3.25 GPa (FegsCrgSijoBi6) and
a minimum value of 2.15 GPa (FegCrgSijoBao).

3.3. Fractography

3.3.1. Bending

A SEM image for a flexible Fe,4SigB g alloy ribbon is
displayed in Fig. 6. The alloy showed plastic deforma-
tion with heterogeneous and localized flow together with
intense shear bands. Such morphologies are similar to
those reported previously in amorphous wires [5].

3.3.2. Tensile fracture

Two different types of tensile fractures were observed
by SEM, one was ductile (Fig. 7), corresponding to a
Fe;6SigB1¢ amorphous alloy ribbon; and the other was
brittle (Fig. 8), corresponding to a Feg,CrgSijoB, alloy.
No necking was observed along the tensile axis close to
the fractures for both cases.

iD 280KV

Fig. 6. SEM image of a Fe;;SigBg alloy ribbon bent tested. The
plastic deformation is manifested as shear bands.
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Fig. 7. Ductile tensile fracture surface of an Fe;4SigB;¢ amorphous
alloy ribbon, where the even (A) and veined zones (B) are observed.
Arrows indicate shear bands.

Fig. 8. Brittle tensile fracture surface of an Feg,CrgSi;oByo amorphous
alloy ribbon.

4. Discussion
4.1. Mechanical properties

4.1.1. Bending

The flexibility of all alloys of series 1 can be ascribed
to the relative low amount of Si, since the increment of
this element up to 10 at.% (series 2 and 3) resulted in a
brittle behavior for B concentrations beyond 16 at.%.
The embrittlement of series 3 was more significant, be-
cause only the Fe;CrgSijoB, and FeggCrgSioB14 alloys
were flexible. This behavior can be attributed to the on-
set of crystallization, as it is evidenced in Fig. 3. Similar
behavior observed in Fe;;5_,.Cr,Si;sBis alloys was
attributed to self-annealing during casting [3]. In addi-
tion, Olofinjana and Davies [3] reported that it was dif-
ficult to cast flexible wires with amorphous structures
with contents of Cr > 8 at.% because the relative high
Cr-metalloid concentration is strongly related to the
brittleness as a consequence of an ultra-fine segregation
due to a short range diffusive migration between the
atomic species during the cast.

4.1.2. Microhardness

It has been reported that the microhardness of metal-
lic glasses is strongly influenced by the average concen-
tration of s and d electrons per metallic transition
atom (e/a) [6]. Specifically, microhardness increases with
decreasing e/a (e/a decreases with the substitution of Cr
for Fe in FeCrSiB alloys). In the present study, such the-
ory can be applied (for the case of series 3 only) because
the Fe content decreases by adding B, and hence, less
electrons to the electronic concentration are expected.
From this, e/a values were calculated according to the
following equation [7]:

[at.%Fe(s + d)g.] + [at.%Cr(s + d)¢,]

1
at.%Fe + at. %Cr (1)

e/a=
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Fig. 9. Vickers microhardness plotted against the average outer
electrons (s +d) concentration of metallic atoms (e/a) for the
Feg, CrgSijoB, melt spun alloys. Connecting lines are for eye
guidance only.

where (s + d)g. is 8 and (s + d)c, is 6. Fig. 9 shows H, as
a function of e/a for the Feg,CrgSij 0By alloy. A decreas-
ing trend is manifested with increasing e/a values, con-
firming the H, (e/a) dependence reported in [6]. For
the remaining Cr-free alloy series, this analysis does
not apply, because ¢/a is 8 in all the cases, since Fe is
the only transition element that provides electrons.

4.1.3. Tensile strength

The tensile resistance decrements can be explained on
the basis of ribbon brittleness as indicated in Table 1. It
can also be assumed an increasing directionality of inter-
atomic forces, which may result in a change in the atom-
ic bond from metallic to covalent [8]. For the present
work, the effect of Si on the mechanical properties of
FeBSi amorphous alloys resulted in a different sense
compared with results reported in [3] for alloy wires,
but it is in agreement with those reported recently in
amorphous wires [4] and ribbons [7] as well of similar
compositions, where it is established that alloys with
7.5 at.% Si and 15 at.% B contents showed higher org
values than for alloys having 10 at.% Si and 12 at.% B.
This behavior can be associated to the tendency of a
short range ordering [9], resulted from an enhanced
glass forming ability, which in turn leads to a stronger
atomic interaction between Fe atoms and metalloids
[3,10]. In addition, the smaller B atomic size (compared
with Si) also plays a significant role in occupying more
efficiently the intersticies formed in the dense packed
model for amorphous microstructure proposed by Ber-
nal [11], which makes the material denser and stronger.
On the other hand, the enhanced o5 values obtained for
series 3 at x =12, 14 and 16 can be attributed to the Fe
substitution for Cr. In this sense, Hagiwara et al. [2]
found that org increased with replacing Fe with small
quantities of another transition metal, M, in the order
of M=Cr, V, Mo, W and Nb, which was attributed

to an increment in the bond forces between metal-met-
alloid in (Fe—-M);5Si;9B5 amorphous alloys. It was also
found that M increases the glass forming ability of the
alloy because of the strong nature of chemistry bond
between metalloids and solute metal.

4.2. Fractography

4.2.1. Bending

The shear bands resulted by bending were formed
rapidly at the beginning of deformation. It has been re-
ported [12] that the deformation of the deep and large
shear bands should give rise to compositional disorder-
ing during high stress deformation or through an in-
crease in the average atomic volume. In this case, the
orientation of the shear band is parallel to the direction
of the stress bending load.

4.2.2. Tensile fracture

The absence of necks along the tensile axis close to
fractures may be considered as an evidence of localized
deformation on surfaces of the shear bands. The regions
observed on ductile fracture surfaces have been ex-
plained as follows [5]. Most of tensile fractures of amor-
phous ribbon and wires occur on shear bands involving
inhomogeneous flow, followed by initiation and propa-
gation of a crack and finally by a viscous flow, exhibit-
ing two distinctive morphology zones: one uniform and
the other veined. Most of fractures occurred at angles of
45° to the tensile axis, which may demonstrate that the
fracture was also shear induced for the present study.
On the other hand, the alloys presented as brittle in Ta-
ble 1 showed fractures of such type, less common to this
class of materials, having an uneven surface fracture. In
this case, the deformation was not induced over a shear
plane of 45° (Fig. 8). It can be observed that the fracture
started in two opposite planes. This type of brittle frac-
ture is attributed to the high Cr and B contents. Fig. 8
also shows that the fracture planes are approximately
normal to the tensile axis. It has been proposed [13] that
brittle fracture of metallic glasses is due to a process of
cleavage, which occurs when a stress concentrator (clus-
ter, partial crystallinity as indicated in Fig. 3, micro-
crack, microsegregation or any particle harder than
the matrix) is subjected to a tensile stress affording to
reach the theoretical fracture stress of the material be-
fore the plastic flow stops or traps the crack propaga-
tion, which relaxes the stress. It is worth to notice that
this type of fracture has been characterized to be ductile
[14] which contrasts with Fig. 7 of the present work.

5. Conclusions

The effect of variable Si and B content on the
mechanical properties of FeBSi amorphous ribbons
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has been established. Vickers microhardness increased
with increasing B content for all the alloys series.
The fracture strength for series 1 increased gradually
as a function of B content, while org for series 2 and
3 reached maximum values at 14 at.% and 16 at.%
B concentrations, respectively. It was found that
the mechanical properties of the alloy series with
8 at.% Si were superior compared with the series with
10 at.% Si. These results confirm a similar tendency
observed in amorphous wires of same composition

(4]
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