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INTRODUCTION

The magnetic properties of amorphous iron based alloys have been found to have charac-
teristics extremely desirable for low magnetic loss electromagnetic devices. The magnetic
characteristics of these materials are strongly effected by composition variations as well as by
processing and heat treatment techniques applied to the material after fabrication by melt
spinning. Part of the collection of papers resulting from this contract deal with the effect of
nickel as an alloying replacement for pure iron, and the effect of magnetic aging in
(Fe,Ni)80 B20 alloys. Metalloid alloying of carbon and phosphorous for boron also has a strong
effect on the properties of these alloys. The variation of critical magnetic parameters with
metalloid alloy additions has also been studied.

Alloy additions were shown to have a strong impact on the crystallization behavior of
these alloys. Since crystallization represents the end of the useful life of these alloys as low
loss magnetic materials, it is a vital concern in consideration of the range of applicability of
amorphous metals in electromagnetic devices. A number of our papers cover this topic.

Because of the unique magnetic properties of amorphous metals, totally new magnetic
material applications as well as significant improvements in device performance through direct
material substitution are possible. These applications have been compared with the applica-
tions currently found for more conventional magnetic materials.

We were the first to publish the fact that magnetic properties of amorphous iron-boron
alloys and other iron-base amorphous alloys exhibit extremely low alternating current mag-
netic losses making them very attractive for application in magnetic devices and in particular
for distribution transformers. The key technical problems in applying amorphous metals to
distribution transformers lie in (1) the development of higher saturation magnetization to
allow amorphous metals to compete with higher magnetization crystalline magnetic materials
and (2) the development of resistance to stress-induced anisotropy effects which lower the
permeability of amorphous metals at low exciting fields. Our work in 1979-1981 has been
directed towards these two major areas.

With the goal of trying to obtain higher saturation magnetization alloys than can ' e
achieved with Fe-B, at equivalent cost, we have explored the properties of ternary and quater-
nary alloys of Fe-B-Si, Fe-B-C, Fe-B-Si-C, Fe-B-Al, Fe-B-Si-Al, Fe-B-Ga, and Fe-B-Ge. The
results of these studies are described in detail in the attached references. No higher satura-
tion magnetization alloys were found, but the Fe-B-Si-C alloys were found to possess much
better characteristics than Fe-B and is now the preferred alloy. Much of our work with these
alloys has been aimed at modeling the magnetic anisotropy to explain the induced anisotropy;
on the effect of nickel on the magnetic propertieq; on stress relaxation effects which have
implications for interpreting the structure -phous alloys; and on various aspects of the
effects of stress on properties. These propt., i -e been reported.

The effects of stress on the magnetic properties have been shown to be due to first, of
course, the direct interaction of the stress with the magnetostriction, but secondly, it is also
due to the development on annealing of a stress induced anisotropy. This stress induced
anisotropy has been found to have a major influence on the properties of wound toroids.

A summary of our most significant results follows:

1. We found a ridge of constant saturation magnetization in the Fe-B-Si ternary alloys
extending from Feg0 B20 to Fe8 2B,3Si 5. Silicon additions increased the ease of formation
and stability, and lowered the losses without lowering saturation magnetization.
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2. In the Fe-B-C ternary Rlloys a wider ridge of constant magnetization was found which ex-
tended out from FesoB 20 to Fe83B1oC7 . However, the stability is decreased and losses in-
creased.

3. The properties of Fe-B-Ga and Fe-B-Si-C-Al alloys were investigated. The results are
similar to results obtained for the Fe-B-C, Fe-B-Si, and Fe-B-Ge alloys, but the range of
alloys which could be prepared in the amorphous state was severely limited.

4. A composition of Fe-B-Si-C has been identified which produces the same high magneti-
zation as the earlier identified Fe-B-C and Fe-B-Si alloys, but has significantly greater
thermal stability and ease of casting resulting in thicker ribbons with optimum properties.
The peak value of saturation magnetization occurs in the region Fe8 2B1 3Si2.5C2.5.

5. The maximum saturations achievable in the Fe-B, Fe-B-Si, Fe-B-C, Fe-B-Si-C, and Fe-
B-Ge amorphous alloys are all within + 2% of one another.

6. The maximum thickness of alloys which can be cast and still retain the good properties of
the amorphous phase increases in the sequence Fe80 B20, FesoB16Si4, Fe80B 16 Si2 C 2 from

42 Am to 52 Am to 57 jtm, respectively. For this additional reason, the Fe-B-Si-C alloys
are preferred.

7. To achieve minimum losses and other optimum magnetic properties, the thickness of the
ribbon is critical. A thickness variation of ± 1 tm at an average thickness of 50 £zm to
55 jum is desirable.

8. The saturation magnetization and Curie temperature for Fe-X alloys (X = B, Al, Ga, C,
Si, Ge and P singly or in combination) when plotted as a function of total metalloid con-
tent shows an approximate trend in terms of charge transfer from the metalloid to the
iron atoms. This common trend follows from the itinerant electron model.

9. The magnetization vs. temperature relations for Fe-B, Fe-B-C, Fe-B-Si and Fe-B-Ge al-
loys were found to obey the Bloch T3/ 2 law below room temperature. The slope of the
T3/ 2 equation increased in the sequence -C, -Si, -Ge. This indicates that for the same low
temperature magnetization, the Fe-B-C alloys would have the highest room temperature
magnetization. The exchange stiffness constant (derived from the slope of the T 3/ 2 equa-
tion) correlated with the Curie temperature as expected, based on the itinerant electron
model.

10. The magnetic anisotropy induced by annealing in a field K. was deduced to be due prin-
cipally to pair ordering with a small contribution from interstitial ordering in Fe-Ni-B al-
loys and Fe-Ni-B-P alloys. The kinetics of rotation of K, were studied and found to be
fast enough to cause some concern about their stability under certain conditions.

11. The embrittlement of Fe-B-P-B alloys was found to be due to migration of P. Phos-
phorus free alloys were found to be less susceptible to embrittlement.

12. Cold rolling amorphous alloys destroyed the local concentration fluctuations observed by
small single x-ray diffraction. Annealing enhanced these concentration fluctuations.

13. Extrapolation of Arrhenius plots of crystallization kinetics predicted ultimate life times of
at least 500 years at 175°C.

14. The losses of alloys in the series (FexNi-.)soB20 exhibited a peak at x = 75%
corresponding to the peak in the induced anisotropy. Permeabilities exhibited a
minimum at the same composition.

2
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15. The behavior of the Curie temperature of binary metal-metalloid amorphous alloys has
been adequately described using a phenomenological model. This theory, based on a lo-
calized band model, has been applied to a broad range of different amorphous metal al-
loys. Only one adjustable parameter has been required to fit the Curie temperature
results over the entire range of binary amorphous metal compositions.

16. The potential application of iron based amorphous alloys in large transformers (e.g., dis-
tribution transformers) was analyzed. The losses and exciting power in large transform-
ers were demonstrated to be reduced by a factor of three over conventional, high grade,
Fe-3 1/4 Si oriented sheet steels. This could result in a savings of a 1/4 billion dollars
per year in lower losses if all the distribution transformers were replaced by transformers
made from amorphous alloys. An analysis of the sensitivity of the final transformer cost
of the magnetic core material indicated that an increase of 50% in the core material cost
would result in a 25% increase in finished transformer costs. This 25% increase would be
returned by the savings in energy over the lifetime of the transformer.

17. The magnetic properties of toroids were found to improve with an increase in toroid di-
ameter even after a stress relief anneal. This effect was attributed to a strain induced or-
dering. A world record in terms of low loss alloys was achieved with a 20 cm diameter
toroid. Losses were decreased by more than a factor of 10 below the standard 1.4 cm di-
ameter toroid, making the loss about 0.2 that of supermalloy at 100 Hz.

18. The substitution of C or Si for B was found to have no effect on the magnetostriction of
Fe base amorphous alloys. This is consistent with the proportionality between magneto-
striction and saturation magnetization.

19. Stress relaxation rate was found to increase with increase in Fe and decrease in ribbon
thickness for Fe-B alloys. This has been interpreted as the result of the greater free
volume in samples with more Fe and decrease in ribbon thickness due to the higher
quench rate. We have examined stress relaxation over this composition range and find
no discontinuity. In addition, no discontinuity is observed in the induced uniaxial aniso-
tropy through the same range of compositions. This suggests that different atomic mech-
anisms may be more important for crystallization than for stress relaxation and induced
anisotropy processes.

20. Increasing the melt temperature for casting the amorphous ribbon changed the ribbon
geometry as predicted by the model based on the propagation of a thermal boundary
layer. Changes in coercivity of the as-cast ribbon were removed by a stress relief anneal.

21. Changes in dc and 60 Hz coercivity, losses and exciting power were correlated with the
size, shape and orientation of the air pockets developed on the surface of the tape during
casting. It was concluded that these air pockets provide wall pinning sites which control
the number and motion of walls present during magnetization reversal.

22. Crystallized amorphous iron alloys were shown to have potential as low cost permanent
magnet materials. A Fe 40Ni 40P20 alloy given a crystallization treatment of 15 minutes at
525°C developed a coercive force of 365 Oe, and saturation magnetization of about
8900 G. Other alloys have developed properties that would be excellent for hysteresis
motor applications, especially since these alloys contain no cobalt or other strategic ma-
terials.

23. No change in resistivity was found for samples of various thicknesses. The resistivity is
sensitive to the atomic structure and the preparation of ribbons with different thicknesses
results in different quench rates and thus different atomic structures. The reasons for
this disagreement is unknown.

3
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24. The magnetic properties of ribbons which were chemically thinned were determined.
The approach to saturation remained constant, but initially the coercivity changed rapidly,
either up or down, with decreasing thickness, then increased linearly with reciprocal
thickness. The results were interpreted in terms of surface and volume pinning.

25. The activation energy for the diffusion of Si into amorphous Fe82Bj2Si6 was determined
to be 2.2 eV. These results are very similar to previously reported results for the
diffusion of B in amorphous alloys. It was concluded that an interstitial diffusion mecha-
nism was taking place.

26. Several review papers were written summarizing the applications potential of amorphous
alloys. These are included in the attached list of publications.

4
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Stress relaxation of Iron-boron amorphous alloys
F. E. Luborsky and H. H. Liebermann
General Electric Corporate Research and Development, Schenectady, New York 12301

(Received 10 July 1979; accepted for publication 14 August 1979)

The stress relaxation of Fe, B1m - . alloys for 72 < x < 88 at.% was measured after annealing for 2 h
at 225*C on ribbons having thicknesses between 15 and 33 /.m. Stress relaxation increases with
x and with decrease in thickness. There was no evidence for any discontinuity in stress relaxation
versus x as was previously found for the activation energy for crystallization versus x. This
implies that different atomic processes are involved in stress relaxation and in crystallization.

PACS numbers: 61.40.Df, 81.40.Ef, 81.20.Pe

In a previous paper' we reported on the kinetics of fractional stress relaxation has been defined 2 as
crystallizationoftheseriesFeB10o - . It was noted that the F= I - (a/Oo) = [(ro/ir.) - (ro/r o )]/[l - (ro/r 1)1
activation energy AE and the preexponential constant A, where the ribbon samples with an initial radius of curvature,
both changed slope at about 81 at.% Fe. This compositional r , are subjected to a strain by placing them in a restraining
dependence of AE and A was attributed to the decreased ring with radius, r ,, which imparts a strain ao . After an-
filling of the holes by B in the Bernal structure as the Fe nealing the sample has a residual strain o. It is then removed
content increased. The holes are filled for compositions up to from the ring and allowed to relax. Its new radius is then r
81 at.% Fe thus resulting in the development of crystal nu- The results are shown in Fig. 1. Sample thicknesses were
clei by a self-diffusion mechanism during annealing resulting measured with a micrometer to + 1.3/pm. The micrometer
in only a small dependence of AE and A on composition. For thickness was used rather than average thickness since it was
compositions greater than 81 at.% Fe diffusion is aided by thought that the maximum thickness might be the control-
the increasing concentration of holes resulting in a large de- ling factor. The average thicknesses were in general about
pendence of AE and A on composition. It may be expected 20% lower than the thickness determined with the microme-
that other processes that depend on atomic diffusion would ter. However, the same trend with composition was ob-
also show a change in slope of their diffusion related param- served for the micrometer thickness shown in Fig. 1, as was
eters, for example, in stress relaxation or in magnetic observed for the average thicknesses. Note that two different
annealing, sample types were used, vacuum cast and air cast. The result

In this note we examine the stress-relaxation behavior, of casting in air appears to enhance the stress relaxation.
The same samples of amorphous alloys, in the series Fe. - This may be the result of the faster quench rate due to the
B 100- , , were used as reported previousiy. '1- Stress relax- higher heat transfer provided by the air surrounding the rib-
ation during annealing for the fixed period of 2 I at 225"C bon in contrast to the vacuum, or it may be the result of the
was determined as previously described2 by measuring the rougher surface causing the micrometer thickness to be in-
radius of curvature of a small hoop, annealing, and then creased compared to the average thickness.
measuring the radius of curvature of the relaxed hoop. A There is no evidence for any discontinuous behavior

around 81% Fe. This implies that the atomic processes in-
volved in stress relaxation are different than those involved

O ,0 in crystallization.
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The Fe-B-C Ternary Amorphous Alloys
FRED E. LUBORSKY, FELLOW, IEEE, JOSEPH J. BECKER, SENIOR MEMBER, IEEE,

JOHN L. WALTER, AND D. L. MARTIN

Abstract-The properties of amorphous Fe-B-C alloys have been ,0studied. The replacement of boron by carbon reduces the thermal sta- /4

bility of alloys containing more than approximately 80-percent iron, ,5 CRYSTALLI
increases the Curie temperature slightly, and decreases the "lope of the
magnetization-temperature curve. Thus, although the low-temperature
saturation magnetization decreases on replacement of B by C, as ex-
pected, the room-temperature magnetization exhibits a broad ridge of Q*'

constant saturation magnetization per gram extending from approxi- '0, O/ 0,.
mately Fe80 B20 to approximately Fe8 3D1 1 C6. This ridge follows one
of the low-temperature magnetization contours. The density of the / 7/ FK6/

alloys in the series FeB4 B1 -xCx was measured and compared to cal-
culated densities. The increase in density agrees with the calculated / / /
values and results in a slight increase in saturation magnetization perunit volume with increase in carbon. The coercivity, both as-cost and / 1/

after stress relief annealing, increases on replacement of B by C. This is __f .... - -- - 0

not understood. 75 so 5
IRONa/

Fig. 1. Composition range for formation of amorphous Fe-B-C alloys,
INTRODUCTION Solid ine from this work; dashed line from Fujimori and Ma~umoto.

T HIS WORK is part of a study to examine the properties
of amorphous alloys and in particular alloys containing Fe [6] for alloys of FesoB 2 0oxCx. This report describes the

with different glass-forming metalloids. Ternary Fe-B-C amor- formation, magnetic properties, thermal stability, and density
phous alloys have recently been reported [ 1 ] - [6]. Hatta et aL of selected amorphous alloys in the ternary Fe-B-C system.
[11-14] claim values of 41rM s above 16.5 kG, measured at
room temperature, for various alloys of Fetoox~yBxCy where EXPERIMENTAL METHODS
the iron content is 84 at % or higher, and the carbon is above Amorphous ribbons were prepared [101, (111 by melt
about 3-4 at %. Values of saturation magnetization above quenching onto the surface of a rotating wheel. Curie tem-
17.5 kG were reported 13] for Fe8 6 B C7 after annealing. peratures, T, were determined using a thermogravimetric
These values are to be compared to 15.9-16.2 kG obtained recording balance fitted with a permanent magnet to produce
[71 as the peak value of saturation magentization in the binary a field gradient in a field of 225 Oe. Samples were heated at
Fe-B amorphous alloys. This peak occurs at -FeBoB 2o [71 - 20 0./min. Values of saturation magnetization oa, were deter.
However, over the same alloy series of Fes4 B1 6-,Cx and Fe86  mined using a vibrating sample magnetometer at fields up to
B14 -,Cx, studied by Hatta et at, we found [81 no values 20 kOe. Results reported were obtained by extrapolating to
greater than the saturation magnetization per unit weight for infinite field using a 1/1H function. Coercive fields, He, were
FesoB20 before annealing. It has been found [31 that the determined on 10 cm long ribbons using an integrating flux-
replacement of boron by carbon reduces the low-temperature meter connected to a small sense coil in the center of a long
moment of the iron and of the alloy. This is expected, based solenoid. Annealing was carried out in a 30-Oe field.
on the simple band theory involving charge transfer, since car-
bon has more electrons available than boron to fill the d-band FORMATION
of the alloy. Thus, Hatta et al. attribute the increase in 41rM, The composition range over which the alloys may be quenched
at room temperature to I) an increase in density [21 with entirely into the amorphous phase is shown in Fig. 1. This
addition of carbon, 2) a decrease in the slope of the reduced boundary, of course, will depend on the particular system
magnetization versus temperature curves at low temperatures parameters controlling the quench rate, e.g., melt temperature,
[4), and 3) a structural change which occurs on annealing 19]. ribbon thickness, wheel material, and atmosphere. For the
The decrease in the low-temperature magnetic moment has amorphous Fe-B-C alloys prepared in this work the ribbon
also been reported by Mitera et al. [5] and by Kazama et al. thickness was 20-30 Am, the wheel material was copper, and

casting was done in air. Melt temperatures were not measured.

Manuscript received June 25, 1979; revised November 27, 1979. The results reported by Fujimori and Masumoto [12] are
The authors are with the General Electric Corporate Research and essentially the same, although no preparation conditions

Development Center, Schenectady, NY 12301. were reported.
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(a) Fig. 3. Curie temperatures in °C for amorphous Fe-B-C alloys. Circled
results reported by Hatta et al., Il. Results in squares from Kazama104 etal., 1. c = partially crystalline.

.12

340 310 30 290 , it is not clear why this behavior occurs nor why it is differentS- than in the Fe-B-Si amorphous alloys [13. In the Fe-B-Si
L "3 I , l .! . alloys the stability increases, over the entire composition range,........ % l S o5 5 M IROI'FR 05I90

0 The Curie temperatures of the fe-B-C alloys are shown in
. . a. (1 Fig. 3. They show a slight increase in T with replacement of

I0 30 0 90B by C for iron contents above about 79 percent. For iron

(b) below about 79 percent the T5, decreases slightly on replace-
ment ofeBby C.Fig. 2. Crystallization temperatures in °C for amorphous Fe-B-C alloysobtained at (a) heating rate of 2alin and (b) 2-h anneal at increasing Saturation Magnetization

temperatures. The symbol c following the numbers denotes the de-tection of partial crystalCinity. The low-temperature (77K) saturation magnetization in
emu/g, shown in Fig. 4(a), exhibits the expected decrease in
magnetization with the initial replacement of B by C. This

THERMAL STABILITY decrease is the result of the greater number of electrons avail-The metallurgical change which occurs when crystallization able from the carbon as compared to boron. These additional
begins was detected magnetically by two methods. The first electrons fill the d-band of the alloy to a greater degree than
method uses the magnetization-temperature curve. The mag- would be the case for alloys containing only boron, reducing
netization fails with increasing temperature, typically to M = the magnetization. For larger additions of C it appears thato at T. When crystallization starts, iron or compounds with o no longer decreases. This is not understandable using thehigh T values appear causing an increase in M. The beginning simple charge transfer model. These results have been recal-
of this increase in M is denoted as the begin g of crystalliza- culated in terms of Bohr magnetons per iron atom and are
tion. The M-.T curves were taken at the fixed rate of increase shown in Fig. 4(b). In the limit of pure iron, these resultsof temperature of 200 /min. The results are shown in Fig. 2(a). approach 2.2, the value for crystalline iron.
In the second method we looked for the beginning of the in- The room ten werature O values are shown in Fig. 5. As in
crease in HT, as measured at room temperature, after succes- the case for the Fe-B-Si alloys 13, tthe bo exhibits a ridge of
sive 2-h anneals at increasing temperatures. This increase in maximum o of constant value out to approximately 6-7-per-
H is associated with the appearance of crystalline phases. The cent C. The decrease at higher iron contents is caused by thetemperature intervals were 25-30C. The results shown in rapid decrease in o as the . drops. The ridge, extending out
Fig. 2(b) do not quite paraslg the results in Fig. 2(a). Crystal- to higher iron contents, is consistent with the shape of the
iization does start at lower temperatures for the alloys in Fig. low-temperature contours of is. The present results indicate
2(b), as expected, because of the much slower heating of the that there is no increase in o with replacement of B by C,
incremental step anneals. It is clear that for ailoys with greater whereas Halta e ao. 1- 14p observed an increase in o a. The
than approximately 82-percent Fe, that replacement of B by C difference between our results and, the results of Hatta et a.
decreases thue i or resa to crystallization. For may be due to a difference in measuring technique. In ouralloys containing less than approximately 82-percent Fe the measurements we aeport va at ininite field usinga ./H2 extrap-
stability fist increases and then decreases as B is replaced by C. olation from fields of up to 20 kOe. In [J- 141 0 s1 re-temeraur inevl weel3 herlts shw in aid dere in a, as ..... T, drops. Th ridge exedn u
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e r T a tents and to a lower value since the measurements were made
715 '1117 at I100 0C. i.e., closer to Tc.

2150
175 Coercivit'

a e 1e TuTe coercivity of the as-cast amorphous alloys is shown in10ese 0 1 0 Fig. 7, and the results after annealing to a minimum in H, are
75 0 %1 o ION. /c 8 90shown in Fig. 8. There appears to be much more scatter in

Fig. 5. Saturation magnetization measured at room temperature for these H, results than in T, as, or stability. This increased
amorphous Fe-B-C alloys in emu/g. Circled results from samples scatter is undoubtedly due to the random contributions to H,prepared by Hatta and measured by us. c = partially crystalline, from surface irregularities, internal strains, and defects. In any

case, the H, is seen to increase on replacement of B by C both
ported at I kOe. Since the susceptibility is significantly in the as-cast and annealed state. This is tne reverse of the
dependent on composition, as pointed out in I41, we would behavior in Fe-B-Si alloys on replacement of B by Si 1131.
expect somewhat different results from these two different
Wchniques for measuring q,. We have also observed [141 a Denlsity
decrease in the slope of the low- temperature reduced magneti- The results of our density measurements and those of Hase-
7ation- temperature curve. This will also contribute to the gawa and Ray [ 161 are compared to calculated values in Fig. 9.
increased room temperature a.. The curves were derived by first calculating the packing frac-



524 IEEE TRANSACTIONS ON MAGNETICS. VOL. MAG-16, NO. 3, MAY, 1990

10 14780-- -------

12

X P

0 2' 
0,25 

HA'811*

[ 0 CALCULATED

01 (6-J 07

/ 50 ~~~7500 -I-I 1A*

902 4 6 S ID 12GARSON
Ito". 6/0 16 14 12 1O a 6 4 0808

ATOMIC K68 CENT
Fig. 8. Coercivity in Oe for Fe-B-C amorphous alloys annealed to min-

imum coercivity. c = partially crystalline. Fig. 10. Comparison of our measured density values with calculated
values and those reported by Hatta i al. 121. The error bars represent
the 99-percent confidence interval of the mean.

10 5 -

7% €with the calculated values and those reported by Hatta et al.
5 N [2]. There is a good agreement between our measured density

"i values and the calculated values. Our density values are one to
754 " i5 1 three percent lower than those reported by Hatta et al. [21.( 752 The 41rM, magnetization values of several alloys have been

, 2 50 calculated from the density measurements and the saturization

2 48 magnetization in emu/g from Fig. 5. The 41rM, value of the
720s30, FesoB2o alloy was calculated to be 16.8 kG and that for the

z//715 73 T4 Fes4BloC6 alloy to be 17.0 kG. As shown by Hatta et al
740 4, [1]- [41, these values will increase on annealing.

2 73 74 COMPARISON 01- Fe-B-C ANi Fe-B-Si BEHAVIOR
75 sO S5 90

M. %0 The region in which the Fe-B-C alloys can be prepared in the
Fig. 9. Densities of Fe-B-C amorphous alloys in as-east state in g/cm3. amorphous state is qualitatively the same as for the Fe-B-Si

Lines calculated as described in the text. Densities with squares alloys, although the contour for the transition between the
around them from Hatta et al., with circles around them from Hase-
gawa and Ray, and with nothing around them from this work. amorphous and crystalline states is tilted to the higher Fe

contents for the Fe-B-C alloys. This difference is probably
due to differences in the reduced glass temperature, Tg/Tm.

tion versus the iron content of the Fe-B alloy series using the where Tm is the melting point. Davies [ 19], for example, has
measured densities of Hasegawa and Ray [161. Then the den- shown that a good correlation exists between the critical cool-
sity of various Fe-B-C alloys was calculated by using these ing rate required for glass formation and TI/Tm.
packing fractions for each iron content together with the The crystallization of Fe-B-C exhibits a decrease in the tem-
tetrahedral covalent radii of boron (0.88) and carbon (0.77) as perature for the onset of crystallization T, at Fe contents
previously described [171, [181. above about 84 percent as C replaces B, but at low Fe contents

in this study, the density of a series of Fes 4 B16-,C, alloys T, first increases before decreasing as C replaces B. In the
up to 10 at % carbon was measured by the buoyancy method Fe-B-Si alloys, however, the T, increases as Si replaces B over
by comparing the weight in air to the weight in diethylphthal- almost the entire region studied. These differences are probably
ate (density of 1.1162 g/cm3 at 220C). The density variation due to differences in electronic concentrations and in atom
of the diethylphthalate with temperature was calculated from sizes [20].
that given by lnp = -0.000796 T+ 0.12741 [151. The samples The changes in the Curie temperature T, with composition
were cut from ribbons about 1.5-mm wide to give a total sam- are just about the same in the Fe-B-C and Fe-B-Si alloys. This
pie weight of about 0.22 g. Ten independent density measure- indicates that the near neighbor environment of the Fe atoms
ments were made on each alloy sample, the results were aver- is very similar in the two systems. However, Kazama et al. [61
aged, and the 99-percent confidence limit of the mean was reported that the FesoB 2o-..Cx had lower Tc values than Feso
determined. Because of the large number of strips needed for B2o0-xSix.

each specimen, a special wire holder with a tiny cobalt-samarium The saturation magnetization at low temperatures shows
magnet fastened to one end was used to hold the strips during very similar behavior in the Fe-B-C and Fe-B-Si amorphous
weighing in the diethylphthalate. alloys. The Fe-B-Si alloys exhibit slightly higher o as Si re-

Our density measurements for the Fe84 BI6_xCx series are places B than is observed for C replacing B. This is as expected
given in Fig. 9 by the bare numbers and compared in Fig. 10 [61, since the atomic size of Si is greater than C even though
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THE EFFECT OF TEMPERATURE ON MAGNETIC SATURATION
OF SOME AMORPHOUS ALLOYS

F.E. Luborsky, E.P. Wohlfmrth, J.L. Walter, and H.H. Liebernmn

INTRODUCTION zation, M(T), above room temperature was determined

Spin wave excitations in ferromagnets have a quad- using a force balance made up of a Dupont 951 ther-
ratic dispersion relation for their energy E(K) = mogravimetric recording balance with a Dupont 990
DK2 + . . . where K is the wave vector and D the spin thermal analyzer control unit. The furnace was non-
wave, or exchange, stiffness constant. It was just a inductively wound and fitted with a large permanent
few years ago that spin wave resonances were first ob- magnet to produce a field gradient together with a
served in amorphous ferromagnets.' At that time, field of 225 Oe along the length of I-cm-long ribbons.
whether or not spin waves could exist in the amor- The samples were heated at 20 deg/min. The Curie
phous structure with only short range order was inter- temperature, To, was determined as the intersection of
esting from the theoretical point of view. In such M(T) with the temperature axis. The magnetization at
amorphous structures the wave vector is not well de- 0 K, M(O), was determined by extrapolating to 0 K
fined and no simply defined Brillouin zone exists. from 77 K and above on a T312 scale.
Kaneyoshil2" showed that the long wave length spin
waves can be clearly and stably defined in an amor- TEMPERATURE DEPENDENCE OF M,
phous ferromagnet using the viewpoint that the amor- The M(T) vs. T curves for the Fe-B amorphous
phous magnets have a topologically disordered struc- alloys as the boron content increases are shown in
ture of the type given by the random close packing of Figure 1. We have calculated the values of 1 from the
atomic spheres. data between 77 and 300 K, using Eqn. (1). The use of

From a more practical viewpoint, Hatta and magnetization results up to room temperatue may be
Egamil3 l reported that the high room temperature justified on the basis of past experience '-"- ) which
saturation magnetization of Fe-B-C alloys is, in large showed that Eqn. (1) is valid for amorphous alloys to
part, the result of the decrease in the slope of the mag- much higher temperatures than for crystalline alloys,
netization vs. temperature curve as the content is in- in fact up to T/T, 2 0.5; i.e., near room temperature.
creased. They reported values of 3 in the low temper-
ature spin wave approximation 1.0

M(T)/M(O) = I -/3(T/T,) 3/ 2  (Fe

of 0.43 for Fes.B.C, compared to 0.65 for Fe 6B, 4 and

0.55 for Fe,.B,oC, compared to 0.63 for Fe,4B, 6. Hatta X 14 2
and Egamil" and Fukamichi et al.(4 1 both reported 26 -
some limited results for (1 of some FeO.B alloys. 20 X
However, Kazama et al.' reported an increase in D
with x for the entire series avid showed that D varied '
linearly with T,. They infer from these results the -t05 Tc ao
character of the Fe-Fe exchange interactions. X K emu/g "

Thus it was of interest to examine the low tempera- 14 551 215
ture behavior of other amorphous alloy systems such 16 589 212 Feoo.xx,8 635 209 [
as the Fe-B binary alloys as well as Fe-B alloys contain- 20 655 210
ing C, Si, Ge and Fe-Ni-B-P and to try to establish 22 702 203
some degree of systematics of the spin wave stiffness, 24 718 196
as dependent on the alloy composition. 26 753 196

EXPERIMENTAL PROCEDURE 0 I I I I 1 , 1
Magnetizations at room temperature and below 0 0.5 1.0

were determined in a vibrating sample magnetometer T/Tc
to a maximum field of 20 kOe on specimens about Figure 1. Reduced magnetiatlon-temperature curves for
0.5 cm long and about 0.1 cm wide. Results were ex- Feoo.,x, alloys compared to crystalliae Fe.
trapolated to infinite field using a 1/H 2 law. Magneti- The * Indicates room temperature.

Manuscript received July 13, 1979 1



There may be other contributions to M(T) for these densities of Hasegawa and Ray.' Then the densities
materials, however, arising from itinerant ferromag- of the various ternary alloys were calculated using these
netism (IT), from thermal expansion effects and packing fractions for each Fe content together with
from the amorphicity itself, when compared to equiv- the tetrahedral covalent radii of B, Si, Ge, and P as
alent crystalline alloys. The values of P are shown in previously described.1' '0 Excellent agreement was
Figure 2. This trend is consistent with previously re- obtained between these calculated densities and some
ported results' ,4 1 for the Fe-B alloys. Note that the measured densities in the Fe-B-C system"3 and for
values of P for the two extreme compositions are off some few measured densities in the Fe-B-Si system.
the trend line. This is due to the fact that these two The correlation between D and T, found by Kazama
samples showed evidence for the presence of some et al.'0 ' for the Fe-B alloys was confirmed in this work
slight crystallinity."' as shown by closed symbols in Figure 4, and appears to

hold also for most of the other Fe-B-X alloys as well
as Fe-Ni-B-P. The values of D obtained here from

06 120 M(T) data may be supplemented by values obtained
N /0/ from neutron scattering measurements"" . '1- 1

9
) shown

0 ,, / 0 in Figure 4 by open symbols. It appears that the two
sets of data agree reasonably well for the Fe-Ni-B-P

, ,,alloys but not for the Fe-B-X alloys. Differing D
04- ""u ,x0B X 80 values from magnetization and neutron sources also

A/2 occur for crystalline materials such as nickel;("' this
7' /effect is not fully understood. Figure 4 also shows a

0 3 60 few values of D from neutron scattering for amor-
0 P phous Co-X.
•J . The general trend of these D vs. T, plots seems

0 0 I40 rather clear. There are roughly three sets of data,
X giving an approximately linear dependence and cor-

Figure 2. Slope of the spin wave equation 13 and the ex- responding to:
change stiffness constant D for Feloo-.1B alloys. 1. Fe-B and Fe-B-X,
U from ref. 5; 0 from ref. 3; 0 from ref. 11. 2. Fe-Ni-B-P and

3. Co-X
The magnetization vs. temperature curves for vari- in increasing order of D. For [).] extrapolation of the

ous Fe-B-X alloys were also determined, Where more curve to zero D occurs at T, about 380 K, for [2.] at
than one sample was tested, the maximum deviation about 200 K and for [3.1 at about 0 K. It may be noted
from the curve was ±3/o at T/Tc " 0.7. The results that the value of T, for "amorphous iron," obtained
for P are shown in Figure 3(a) for Fe-B-C, Fe-B-Si, by extrapolating the data for Fezoo.,B. as x - 0, is
Fe-B-Ge and Fe-Ni-B-P alloys. In contrast to the de- about 300 K.1(9
crease in/P by C, Si and Ge, the replacement of B by P The correlation between D and T," has been dis-inthee 4oNioohb .P aalloys resultsinanincreasein cussed for the itinerant electron model by Katsuki and

Wohlfarth.1' They obtained linear relationships be-

tween these two quantities for weak itinerant ferro-
DISCUSSION magnets with slopes determined by the effective intra-

atomic coulomb interaction and extrapolating to zero
The Exchange Stiffness D at zero T,. The observed data in Figure 4 also give

The value of P can be expressed in terms of D by such linear relationships but with the same slopes and
the equation ' 10) with most of the results not extrapolating to zero. It

has been suggested1 2
1, that amorphous Fe-B alloys

P = (g&A/M.) (k/4nrD)'/'F 3/2(T) (2) may be regarded as strong or almost strong itinerant
ferromagnets. For these the D vs T, curves of Ref. 21

where g = 2. 1, M, = magnetization at 0 K, and F3/ (T) are no longer strictly linear and the values of D decrease
- Bose-Einstein integral function = 2.61. The values with increasing T, so as to extrapolate to zero D at a
of D calculated from (2) are displayed in Figures 2 and finite T,. In this case also the experimental data are
3(b). Note in Figure 2 that our values for D appear to thus only partially explained by the calculations of
fall between the previously reported values, .s and Ref. 21. These early calculations, however, were based
the P values are close to values derived from Mossbauer on a very simple band structure and it can only be
hyperfine field measurements."" The values of M. claimed that they already contain the germs of an ex-
were obtained from the measured values (emu/g) using planation of the present complicated observations. If
the densities of the various alloys. This density was the extrapolation of the data to zero D at finite T, is
calculated by first calculating the packing fraction vs. thus a real effect in the sense of this calculation; i.e.,
Fe content for the Fe-B alloy series using the measured in the sense of spin wave mode softening, it may give

2
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AbstracL Measurements of the saturation magnetisation. Curie temperature and size
effects are reported for the amorphous iron alloys -e--X where X is one of. or a combina-
lion of, B. Al, Ga. C, Si, Ge and P. The saturation magnetisation when plotted as a
function of the total metalloid content shows an approAimate trend in terms of charge
transfer from the metalloid to iron atoms. The Curie temperature data show an approxi-
mate coincidence %hcol plotted against X except for Fe-B-Al and Fe- B-Ge. This common
curve follows semiquantitatively from results obtained here on the basis of the itinerant
electron model. The relative change of volume dintV dx was found to vary systematically
with the effective valency of the added metalloid.

I. Introduction

Amorphous alloys containing transition metals, such as iron, and metalloids, such as
boron, silicon and phosphorus, have been much studied in the last few years because
of their low coercive force and ready manufacture. These properties make them poten-
tially suitable for applications as economic soft magnetic materials. Among material
properties to this end are the saturation magnetisation and Curie temperature. These
are clearly also important properties to be considered in making a physical interpreta-
tion of their magnitudes and their systematic variation in terms of the physics of these
amorphous alloys. Hence, several series of measurements have already been published.
for example by Mitera et al (1978) and Kazama et at (1978) who restricted themselves,
as we do, to iron alloys. However, the papers so far published do not Cearly establish
any systematic trends for variations of the metalloid content. Hence, we report here a
new series of measurements of the saturation magnetisation and Curie temperature of
amorphous alloys of iron with the following metalloids: B, Al, Ga. C, Si. Ge, P, taken
singly or severally. The results were plotted in relation to the total metalloid c, -tent
in iron and a number of significant trends became thereby apparent. In order to
interpret these results it was found to be necessary to have available values of the
relative size effect dIn V dx. where V is the atomic volume and x the concentration of
the metalloid. Values of the size variations were also reported by Kazama et a/ (1978)
but the new data reported here again establish a significant trend not previously
noted.
t On leave from Department of Mathematics. Imperial College. London SW7, England. UK until 30
September 1979.
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An interpretation of these data is intrinsically very difficult due to the following
features of amorphous magnetic alloys.

ti) The alloys have properties best described by the itinerant electron model: these
properties were summarised and the application of the model briefly described by
Wohlfarth (19 78a1. This model lacks the immediate appeal and the simplicity of the
direct exchange aspects of the localised model of ferromagnetism. Furthermore, the
itinerant model has many controversial features (see, for example, Edwards 1979)
which make its application even for simple systems like metallic nickel anything but
straightforward. Nevertheless, the above cited review of amorphous magnetism estab-
lished clearly that this model has of necessity to be used for interpreting the properties
of tht- present alloys.

(ii) To discuss the electronic properties of alloys in general it is necessary to have
available a usable and soundly based energy band model of alloy behaviour. The rigid
band model which served such a useful purpose for many years has been found to be
inadequate in many cases. Furthermore, a description in terms of the coherent poten-
tial approximation, local environment effects, etc has so far only been applied in a
preliminary way to amorphous alloys (Alben et al 1976). Hence, a very simple minded
viewpoint is adopted here so as to give at least a semiquantitative interpretation of the
data. Alloying with metalloids is envisaged to cause a charge transfer to the iron
atoms and the local environment effect is taken into account by relating the width of
the energy band of the iron d electrons to the number of nearest-neighbour iron
atoms. Finally, the size effect also influences this width.

Although both these difficulties arise together in interpreting the present series of
measurements the results of the present analysis seem to have established a more
systematic trend on this basis, however imperfect, than in earlier related work. It is
hoped that further experimental and theoretical work on these fascinating materials
will be engendered thereby.

2. Experimental details and results

The iron alloys were prepared in the amorphous state by rapid quenching and were in
the form of ribbons 1-2 mm wide. The total metalloid content varied between 12 and
31 at0 o. Magnetisations at room temperature and below were determined in a
vibrating-sample magnetometer to a maximum field of 20 kOe on specimens about
0.5 cm long and abo t 01 cm wide. Results were extrapolated to infinite field using a
I/H 2 law. Magnetisation, M(T), above room temperature was determined using a
force balance made up of a Dupont 951 thermogravimetric recording balance with a
Dupont 990 thermal analyser control unit. The furnace was non-inductively wound
and fitted with a large permanent magnet to produce a field gradient together with a
field of 225 Oe along the length of 1 cm long ribbons. The samples were heated at
20 deg min '. The Curie temperature, T¢, was determined as the intersection of M(T)
with the temperature axis. The magnetisation at 0 K. M(0). was determined by extra-
polating to 0 K from 77 K and above on a T' 2 scale.

The density p of some of the specimens was measured by the buoyancy method by
comparing the weight in air to the weight in diethylphthalate (density of
l.1162 g cm - 3 at 22 C). The density variation of the diethylphthalate with tempera-
ture was calculated from that given by In p = -0000796 T + 0-12741 (Rogers et al

i.
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1965). The samples were cut from ribbons about 1.5 mm wide to give a total sample
weight of about 0"22 g. Ten independent density measurements were made on each
alloy sample, the results were averaged and the 99%, confidence limit of the mean was
determined. Because of the large number of strips needed for each specimen, a special
wire holder with a tiny cobalt-samarium magnet fastened to one end was used to hold
the strips during weighing in the diethylphthalate. These results, and results from the
literature, were used to calculate the average volume per atom, 1 p0, for each alloy
using the tetrahedral covalent radii for the metalloids (boron = 0.88; carbon = 0-77:
etc) as previously described (Luborsky 1980). For Fe- Si and Fe-P the x-ray data given
by Mangin et a/ (1977) and by Logan (1975), respectively, were used to calculate the
average volume. These measurements made it possible to estimate the relative size
effect dlnV/,dx, where V is the atomic volume.

The results of these measurements of magnetisation and T, were mostly plotted on
ternary diagrams and contours of constant magnetisation and constant T. were drawn
(Luborsky et al 1979a, b). Values of magnetisation and T, were then read off these
smooth contours at selected values of constant boron. These results are shown in
figures 1 and 2 plotted as a function of the total metalloid content, x, expressed in at".
Note that for any one of the ternary alloys there is often more than one curve. These
different curves correspond to differing results for different boron contents.

The results are complicated but show the following approximate trends.

(i) For Fe-B the decrease in the magnetic moment per iron atom tends to be the
least; the slope of the curve giving this decrease at 200,,,B is roughly 0-011 N per Fe
atom per atB.

(ii) For alloys of Fe-B-X with X = C, Si and Ge the decrease is larger, with a
value of this slope at 20%0 total metalloid content equal to roughly 0.019 Ni per Fe
atom per at%,, metalloid.

(iii) Finally with X = P the decrease is larger still but there are not enough data to
estimate this slope beyond pointing out this trend.

22-
E

u Fe-Bk

k2(- Fe-B-C •

. . Fe-B-Si

.......... Fe-B-Ge

Fe-B-P

I II

0 5 10 15 20 25

Total metolloid (at %
)

Figure j. Saturat~on magnetisation at 0 K in 14 per Fe altom for amorphous iron alloys.
plotted as a function of the total metalloid content x., given in at%.
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400-
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Figure 2. Curie temperature in K for amorphous iron alloys plotted as a function of the
total metalloid content x, given in at%

It means, however, that the sensitivity of the magnetic moment per iron atom to
metalloid additions in these amorphous alloys is determined on the whole by just the
effective valency n of the added metalloid, defining this .-om the outer electrons as 1
for B, 2 for C, Si and Ge and 3 fer ?. "i nis trend thus implies that the magnetisation is
determined by the resulting charge "ansfer from the metalloid to Fe, as had frequently
been suggested (Luborsky 1980).

In figure 2 the Curie temperatures are shown, also plotted as a function of the total
metalloid content. The trend shown by these data is surprisingly simple and is estab-
lished here in this clear form for the first time.

(i) With two exceptions, all the data for Fe-B and Fe-B-X with X singly or in



Amtorphous nmagnetic iron alloys 963

I I

V

O JFe - B

0 23
Effective volency

Figure 3. Relative size effect din I', dx as a function of the effective valency n for amorphous
iron alloys: x is here fractional.

combination equal to Ga; C, Si; P (in increasing order of effective valency), lie on a
single curve, showing pronounced curvature, in the range of metalloid contents
12-25o (above 25'o the data for Fe-B-Si deviate downwards from this common curve
so as to even pass through a slight maximum). An estimation of T, for pure 'amor-
phous iron' is extremely difficult on this basis; a slightly more reliable estimate is
given below.

(ii) For Fe-B--Ge the Curie points lie significantly above this common curve.
Iiii) For Fe-B-Al they lie significantly below.

The differences between the T, for the three different aluminium containing alloys
is not considered to be significant. These results imply that the Curie temperatures of
these amorphous alloys are much less sensitive to charge transfer effects than is the
saturation magnetisation. As will be shown now, there is a size effect in these materials
which, however, affects neither the saturation magnetisation nor the Curie tempera-
ture in any detectably systematic way.

It should be noted that our results do not completely agree with iq* tesultF
obtained by Kazama et al (1978). These authors reported that the T el.e-B-C,
Fe-B-Si and Fe-B-Ge formed an ordered set with T, for C < Si < Ge: ,e .'eport T,
for C z: Si < Ge. In addition the results for pB per Fe atom were also reported by
Kazama to vary with C < Si < Ge. We find, however, that Si < Ge < C. The reasons
for these differences are not known; however, the differences between C, Si and Ge are
all small.

In figure 3 appears the dependence of the relative size effect dlnV/dX (x is here
fractional) as a function of the effective valency n for Fe-B (n = 1), Fe-B-C (n = 1.25),
Fe-Si (n = 2) and Fe-P (n = 3). The systematic trend shown involving a sign change
between n = 2 and 3 is here also established for the first time. It is not clear why the
Fe-B-C value deviates from the others.

3. Discussion

The discussion adopted here is, for the reasons stated above, no more than

semiquantitative. The change of the Curie temperature T, with composition x is given

%IPM 10 1
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by

dx ( I - K P, dX (I) ,, j

Here the first term gives the change in T, with metalloid content at constant volume,
arising from the charge transfer which, as described above, affects the saturation
magnetisation. The second term gives the influence on T, of the size effect din V/dx. It
is convenient to introduce here the concept of the pressure dependence of T, through
the compressibility K = -din V/dP since this establishes a relation with (i) the Invar
properties of amorphous ferromagnets (Wohlfarth 1978a), (ii) the influence of carbon
on T, of crystalline Fe-Ni Invar alloys which was also discussed in terms of a pressure
effect (Cadeville and Wohlfarth 1974). In these analyses account was taken of the
change in W, the width of the iron d band, with the atomic volume which can be
changed by pressure or by carbon or other additions. The variation normally adopted
is W - V - s (Heine 1967). In calculating T. as a function of W a formula given by
Kanamori (1963) is normally used which gives the intra-atomic interaction I between
the electrons in terms of W and the assumption is made that the density of states at
the Fermi energy scales inversely as W when this is varied as here. A fuller review of
the pressure phenomena is given, for example, by Kortekaas and Franse (1976) which
leads to the relationship

h1T /iP). = 'K [T - R(I/I,) (TI/TJ] (2)

where 11, is the bare (i.e. Hartree-Fock) interaction used by Kanamori (1963) and T
the effective degeneracy temperature related to the features of the density-of-states
curve at the Fermi energy. As discussed by Wohlfarth (1978a) not much change is
expected in these features when contrasting crystalline and amorphous alloys of the
present type, so that the established theory of Invar behaviour can be applied here.

The third term in equation (1) relates T, to the number of nearest-neighbour iron
atoms z. This also influences the width of the d band of these atoms since in a very
much simplified tight-binding approach

W = wz(x)t(x). (3)

Here w is a constant, z depends on the metalloid content x in the following simple way
(Wohlfarth 1978b)

z(x) = z(O)(l - x)2 (4)

and the hopping integral t varies with x through the volume or pressure effect dis-
cussed above. In the paper just quoted the amorphous state was proposed to be
characterised by local fluctuations in the magnetisation engendered by those in the
concentration and in the interatomic distance. Using equations (3) and (4) and the
same analysis as used to derive equation (2) it is easily shown that

(dT,/dx) = A + [2(1 - x) + JdIn V/dx] [ (I/h)(TF/T) - T,] (5)

where A = (OT,/0x)v represents the effect on T, of the charge transfer. Although this
formula is very simple it has a considerable physical content and can be used to
analyse the present data semiquantitatively.

(i) The magnetisation data shown in figure 1 point to a marked influence of the
charge transfer. This seems natural on the basis of any alloy theory as arising from a
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shift of the Fermi energy on alloying. However. as shon iin ligure 2. the Curie
temperature data do not show any systematic influence of this charge transfer effect, so
that the term .4 in equation (5) must be small. This would follo% from a much less
direct influence of the shift of the Fermi energy on T' if the densit. of states at this
energy and the interaction I do not vary %erN sensiliel during t his shift. A similar
effect was noted b) Cadeville and Wohlfarth 119741 for Fe Ni " cr sltalline alloys.

(ii) For x = 0"2, for example, the square bracket in equation (5) has the ,alues
1-6 - I1 = 05. 16 - 02 = 1.4, 1"6 - 03 = 1-3 and l-6 -1 0.5 = 2-1 for Fe H.
Fe-B- C. Fe Si and Fe P. respectively. Hence the influence of the size effect on T is
only relatively important. As seen in figure 2. the obsersations. in fact. show a single
T, against x curve except for the Fe- B -Ge and Fe B Al allo s. Neither this surprising
coincidence nor the deviations can be fully understood on the present basis, although
the size effect on T, has just been shown to be less than decisise and the charge
transfer effect was shown above to be even more unimportant.

(iii) The value of dT,!dx at x = 0.2, for example. is about 14(X) K per fractional
metalloid addition for the common curve shown in figure 2. tUsing a tpical value of
1J, = 0"5 this gives for T, the approximate value 22M K. This salue is ,erN close to
those derived from other materials, e.g., on the basis of pressure data for sonie cr.stal-
line rare-earth -cobalt compounds (Wohlfarth 1979al and is %er reasoi.ilc (Lipton
and Jacobs 1970). With a value of It equal to 22(M) K the positic term in the second
square bracket of equation (5) is only just over twice the negaihxe term. From the
theory of Invar behaviour in itinerant electron ferromagnets (Wohlfarth 1979b) this
implies that these amorphous alloys are 'almost strong'. This is to be expected. since (1)
the saturation magnetisation does not parallel the Curie temperature as :.howkn in*
figures I and 2. (ii) both of these quantities are relatively high. In fact. this specification
for amorphous Fe-B alloys was already proposed in this publication (Wohlfarth
1979b).

The data of figure 2 give a marked non-linear variation of 7' with x and this is
also given by the relation (5). Not too much reliance can be placed on this agreement.
but the implied plot of the square of T. against x does. in fact, give a more nearly
linear variation over a broad range of x for the common curve. If this is (dangerously)
extrapolated to x = 0 it leads to a very rough estimate of 7: for 'amorphous iron' of
140 K. The observed curve is thus in semiquantitative agreement with the formula (5)
derived above. On the other hand, the size effect data of figure 3 show a clear
correlation between the lattice expansion and the effective valency. This is expected on
the basis of the differences between the amorphous structures of FeB. FeSi and FeP as
the atom size increases in going along the series.

Fukamichi et at (1979) have reported measurements of the Curie temperature of
binary Fe-P alloys which are not included in figure 2. The data show strong devi-
ations from the common curve in that T, varies very little between 13 and 18" 0P. This
additional result must mean that, because of the large change of effective valency (see
figure 3) the charge transfer term A in equation (5). small for the other alloys. becomes
important when phosphorus is alloyed.
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SESSION 4: AMORPHOUS MATERIALS

AMORPHOUS MATERIALS - A NEW CLASS OF SOFT MAGNETIC ALLOYS

F.E. LUBORSKY, P.G. FRISCHMANN and L.A. JOHNSON
General Electric Corporate Research and Development Schenectady, A!Y 12301. USA

The key events in the development of amorphous alloys are briefly summarized within the context of applying them as
soft magnetic alloys. Some of their pertinent magnetic properties, such as saturation magnetization, losses, exciting cur-
rent, permeability and stress sensitivity are reviewed and compared with conventional alloys. New results on iron-rich
alloys will be presented. We have recently discovered that increasing the diameter of the toroid prepared from narrow tapes
produces a remarkable improvement in the magnetic properties attributable to the decreasing contribution of stress
induced ordering. The losses become significantly less than the best results reported for the Pennalloys and are much less
than 1/10 the losses of Fe-3.2% Si.

!. Introduction amorphous alloys have considerably lower losses,

lower H € and higher permeabilities. However, the

In the first papers [1 ,21 on the potential applica- 4,M5 is lower than Fe-Si by about 15%. This is con-
tion of amorphous alloys as soft magnetic materials sidered to be a major drawback, adding to the overall
attention was directed mainly towards their static cost of the final transformer.
magnetic properties such'as coercivity, H,, rema-
nence, Br saturation magnetization, 47rM., Curie tem-
perature, Tc, and the effect of annealing and stress on. 3. Saturation magnetization
these properties, In later papers (3-9] losses and per-
meabilities were discussed in the general context of In recent years there has been a considerable effort
potential applications. Various devices were studied [10-201 directed towards exploring methods of rais-
and their requirements were reviewed 15-9). In this ing 41rM, of low cost amorphous alloys. This has
paper we will review briefly the material properties of taken the direction, of necessity, towards trying to
importance to various classes of devices and then dis- modify the basic Fe-B amorphous alloy by replacing
cuss recent results aimed at developing the under- some of the B with other metalloids and by anneal-
standing of the relation between these device-oriented ing. Additions of Co or Ni are considered to be too
parameters and fundamental parameters. costly. It has been claimed [141 that replacement of

boron by carbon to make FewB 7C 7 raises 4rM, from
16.1 kG for the Fes1 B1 g, which is the peak value in

2. Comparisons of material properties the Fe-B alloys, to 17.4 kG. This is further raised to
17.8 kG by annealing at 270 0C for appioximately

In electronic type applications, where various 2 h. However, these reported values depend on the

nickel-iron alloys are presently used, available arnor- density used and the densities reported by Hatta et al.
phous alloys have lower losses, higher Br and 41rMs (14] are higher by about 3% than the densities
and equivalent or lower H, values. However, amor- reported by Luborsky et al. [171. The ternary comer
phous alloys tend to have lower T,, lower magnetic of the Fe-B-C diagram for iso-magnetization curves
stability, lower initial permeabilities and higher stress measured at room temperature in emu g-1 is shown in
sensitivities, fig. 1 [171. By measuring the 4frM, in emu g-1 the

In power devices, such as in large distribution problem with measuring the density to convert to
transformers, where Fe-31% Si is presently used, the Gauss is avoided. These curves show that a ridge of

130
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Fig. 3. Density in g cm-3 at room temperature in the ternary Fe-B -Si amorphous alloys. Curves calculated. Circled numbers
from Hasegawa and Ray. i, Appi. Phys. 49 (1978)4174. Small numbers mneasured by Martin, unpublished.

constant 4irM5 in emu g-i extends out from Fe8 oB2 o be better than for either of the constituent ternary
to Fe5 3BCs. Since the density increases from 7.38s alloys.
to 7.51 s g cm-3 [17J, about 1.8%, this means that Preliminary results on Fe-B--Ge ternary amor-
4irM5 in Gauss measured at room temperature phous alloys indicate that replacement of B by Ge
increases by about 1.8% also, or from 16.1 kG to indeed raises T0 considerably as previously reported
16.4 kG. Similar iso-magnetization curves have also (21,221 and that os at room temperature has a similar
been generated for the Fe-B-Si alloys as shown in ridge of constant value. However, the density
fig. 2 [1151. The ridge of constant 4nrM5 in this case is increases from 7.38s to 7.7 or 4% corresponding to
much narrower than for the Fe-B-C alloys and an increase in room temperature 4srM s from 16.1-
extends from FesoB 2o to only Fe5 2B,2Si6. The den- 16.7 kG, before annealing, compared with 16.4 in the
sities for the Fe-B-Si alloys have not been reported Fe-B-C system.
before. They are calculated here as described previ- The effect of elevated temperatures must also be
ously 171 and compared with a few measured values considered since most transformers operate at tem-

as shown in fig. 3. The agreement between calculated peratures as high as 1000C. In the case of Fe-Si
and measured values, as also observed for the Fe-B- because its T¢ is so high (-7550 C), 4irMs is virtually
C alloys, is excellent. Thus, the density decreases in unchanged al 1000 C from its value at 250C. However,
going from Fes 0B2o to Fes 3B,2Si6, i.e., from 16.1- the amorphous alloiys with their relatively low T0
16.0 kG. More recently we have been examining the (-3 700C) are found to ha t a reduction of 4"iiM s
properties of Fe-B-Si-C alloys and have found the equal to 6% for Fea1.sBs*,Cs and equal to 7% for
T0, M5 and H0 behavior to be more or less additive Fe81 sB53.s5is. In the case of Fe-B-Ge alloys T0 isfunctions of the individual Fe-B-Si and Fe-B-C increased substantially and thus the effect of temper-

I parameters. However, the ease of preparation and the ature should be smaller.

resultant stability of the quaternary alloys appears to

70
71
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4. Losses for comparison, shown in fig. 4, are results on various
grades of Fe -3.2% Si alloys. The thin tapes, 25-100

A major improvement in losses was reported [231 jum thick, are used in small electronic devices and
recently resulting from studies on the effect of strain- have poor losses because of the poor orientation
induced anisotropy as a result of the winding stresses developed in these thicknesses. The 280-355 pm
introduced in toroids. It was found, for example, that thick Fe-Si have good orientation and, up until the
in narrow amorphous alloy tapes the properties im- past few years, were used exclusively in high quality
proved remarkably as the diameter of the toroid distribution and power transformers as well as in
increased. Thus, a 20 cm diameter toroid had roughly other specialized devices. The newer Hi-B variety,
I the losses of a 1.4 cm diameter toroid. These losses originally developed in Japan 1241 achieves even
represent the lowest losses at 60 Hz of any alloy so lower losses by improved grain orientation, improved
far reported. In fig. 4 these losses are compared with tension effect of the coating, reduced sheet thickness
losses of all the other amorphous alloys reported so and grain size and by reduction in inclusions and
far, from zero magnetostrictive alloys, given by the internal stresses. These Hi-B alloys are now being
dotted curve labelled 0, to the high magnetization used in modern high quality distribution and power
alloys labelled E, all measured on small diameter transformers.
toroids. Other alloys reported 131 have losses which The new results on losses of the 20 cm diameter
all fall between 0 and E as indicated by the cross toroid are now less than the losses reported for any of
hatched area. The losses of the commercially available the best commercial Ni-Fe alloys. These results are
Fe-B-Si-C amorphous alloy (METGLASR compared at 50 kHz, in fig. 5, with previous results
2605SC) are indicated by the curve labelled L. Also, on high magnetization FesoB20 and also with com-

mercially available Fe-B-Si-C (METGLASR

0 10 4 r'0 r

AMORPHOUS
,50 kHz Fe60OB10

MAN 50p THICK 14mOiA D '

300IL -

I 03jFe 3S~ /2626 MB

,0 //,
Fe-.25i 32/ iAORPHOUS

M4,2801jm £X."leA.I 101 I
10' D |0 /: A P

INDUCTION, ,G..
Fig. 4. Cote losses versus induction for Fe-3% Si alloys and-

for amorphous alloys all measured at 60 Hz. The 25, 50 and
100 m Fe-Si tapes from Arnold Bulletin 5C-107A, March #ERMALLOY"-""-SUPERMALLOY1963. M4, IS, M6, Fe-St sheet from Armco Catalna, 1974. . 0Il 1051

M-IH Fe-Si from Nippon Steel Cat. EXE 320, 1976. E = Butx , Gauss
Fe8 oB20 1.4cm diameter narrow tape 131; cross-hatched area Fig. 5. Core tosses versus induction measured at 51 kSiz for

enclosed all other curves for amorphous alloys [ 3]; X = 50 rm thick Permalloys and 30 ram thick amorphous
Fe83 B15Si 2 20 cm diameter narrow tape 1 231; L = Fe53 B I $Si2 of narrow ribbon measured as a 20 cm diameter
Fe61 B13 .5S. 3 5 C2 METGLASR 2605SC from Allied Chem. toroid 1231. FesoB2o from [31, METGLASR 2605SC and
Co. Bulletin 6/79. 2826 MB from Allied Chem. Co. Bulletin 6/79.

. .......- - - -
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2605SC). This improvement in losses for the 20 cm SLPERIALLOY06 " ,/2626mde Al NEARn MAX
diameter toroid holds at all frequencies. Thus, as far 4-7000 .4 Its 2605 A

as losses are concerned, the amorphous alloys are 105 4,' -.. .... "

clearly better than any of the best commercial alloys, 50-5 Y
Furthermore, they have the considerably higher 47rM, F,-S...
of 16 kG compared with 8 kG for 4-79 Mo Permal- 10 "
loy and Supermalloy and have the same 16 kG as the
50-50 Permalloy but are lower than the 20 kG of the
Fe-3.2% Si.

FREOUEieNCY Nz

S. Permeability Fig. 7. Impedance permeability measured near its peak value
as a function of frequency for various Permalloys and Fe-Si
thin tape from Magnetic Metals Cat. CI 171-20M and for

The permeabilities at AB = 100 G, i.e., near the METGLASR alloys from Allied Chem. Co. Bulletin 6/79.
initial permeability range, are shown in fig. 6 for
some commercial Fe-Si and Ni-Fe alloys and for
some amorphous alloys. The cross-hatched area cor- Supermalloy. It is not clear why higher values of g,
responds to the range of results previously reported have not yet been achieved.
[31 for amorphous alloys from zero magnetostriction, In fig. 7 are shown results which are similar to the
with the highest p., to high magnetization FegoB 20  results in fig. 6 but for permeabilities near their maxi-
alloys with lower pz. The new results on the 20 cm mum value. A similar sequence is shown but with the
diameter toroid and some results from Allied Chemi- amorphous alloys reaching higher values of ur (max)
cal Company data sheets for their Fe-B-Si-C alloy than for the corresponding Permalloy, i.e., MET-
(METGLASR 2605SC) are also shown. The perme- GLASR 2826MB should be compared with Supermal-
ability at 60 Hz of 30 000 for METGLASR loy and 4-79 Mo-Permalloy of similar 4M and
2826MB is probably among the highest yet reported METGLAS R 2605SC should be compared with to
for amorphous alloys except for zero magnetostric- 50-50 Permalloy also of similar 4rM. It is believed
tive alloys [251. However, these values are still con- that the more rapid fall-off with frequency for the
siderably below the 4-79 Mo-Permalloy and the amorphous alloys compared with the Permalloys is

the result of their rougher surface. Values of p(max)
for dc fields of greater than 2 X 10' have been
reported [26] for various (FejNi.)-Si-B alloys.
This is well above any of the values expected from

05 , 0o, fig. 7 at low frequencies.
-- PERLOSYUPERMALLOY

2026 Me-_ 4 - ERMALLOY

g 50o-50 M4 6. Excitation power
PRILLOY/7'

0... Very little has been reported on the very impor-
-, ...... .................0o. ....... .. tant parameter in amorphous alloys of excitation

----- /----- L A f power for evaluating distribution transformer perfor.
FREENCY, Ns0 mance. This was first reported in 1978 [6] for small

Fig. 6. Impedance permeability measured at AB = 100 G 1.4 cm diameter toroids of FesoB20 and Fe 40Ni4eP14-
versus frequency for various Permalloys from Arnold Cat. B6. New results are reported in fig. 8 from our own
TC-101B, 1972; Fe-31% Si grade M4 305 um thick from measurements and from the Allied Chemical Compa.
Armco Cat. 1974; METGLASR 2605SC and 2826MB amor- ny compared with results on Fe-Si. The amorphous
phous alloys from Allied Chem. Co. Bulletin 6/79; and
Fes2 BjSS13 amorphous alloy 20 cm diameter torold from alloys are clearly superior to SOpm Fe-Si tapes. We
narrow tape 1231. can compare the amorphous alloys to Hi-B or M-4
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0- CRITICAL TENSIO9
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Fig. 8. Induction versus exciting power measured at 60 Hz
for various Fe-31% Si alloys, M4 280 &m thick from Armco 0 2 0 0 01 I 0 5 4

Cat. 1974, Hi-B 300 m thick from Nippon Steel Corp. Cat. REDucED TENSION
EXE 320, 1975; Selectron from Arnold Bulletin SC-107A Fig. 9. Coercivity of toroids wound under tension. The
1963; 0 METGLASR 2605SC amorphous alloy from Allied reduced tension is the ratio of the winding tension to the crit-
Chem. Co. bulletin 6/79; 0 METGLASR 2605SC amorphous ical tension required to reduce the maximum compressive
alloy toroid prepared in this work with 13.9 cm'outside diam- stress to zero. Open symbols as-wound, solid and crossed
eter 7.9 cm inside diameter and 2.5 cm height unbonded, 0 symbols after 2 h anneal in a circumferential field at the
the same core after impregnation bonding, temperature indicated. 0 Fes 2 B 1 Si3, 2 mm wide; 0 MET-

GLASR 2605B, 2.5 cm wide; 0 Fes 1 sB 1 4. 5 Si4 , 1 cm wide.
Fe-Si in different ways. First, the induction devel-
oped at the same exciting power occurs at I VA kG - 1
and gives B = 13.5 kG. Secondly, by comparing the B developed for the amorphous alloys.
achieved at the knee of each curve. For amorphous There have been various reports on the effect of
alloys the knee occurs at -0.45 VA kG - ' compared tensile stresses on the properties of amorphous alloys
with "1.5 VA kG - ', i.e., a factor of three smaller, [ 1,231. These tensile stresses interact with the posi-
but B "12.5 kG compared with 17 kG~i.e., -25% tive magnetostriction to decrease H c and increase BH/
lower than the Fe-Si. We may also compare the ratio B.. On winding a toroid it is desirable to wind with
of the value of B at the knee with the value of B at high tension to increase the packing fraction. It was
saturation. For amorphous alloys this ratio is 12.6/ first thought that this high tension in the toroid
16.1 = 0.78 while the value for Fe-Si is 17.0/20 =  would indeed enhance the properties as was observed
0.85. Thus, we expect some further improvements in on applying tension to straight ribbons. However, just
the amorphous alloys, the reverse was observed [231 as indicated by the

increase in Hc shown in fig. 9 on winding toroids. A
similar decrease in BH/Bs was also reported. This

7. Stress sensitivity deterioration was demonstrated [231 to be due to the
simultaneous application of face pressure which

In the oriented Fe-Si alloys any anisotropy develops as tension is applied during winding the
caused by stress must compete with the rather large toroid. We now report, in fig. 10, on the effect of
crystal anisotropy of 3.5 X 10 erg cm-3.In the iron- applying only face pressure to the amorphous alloy.
rich stress-relieved amorphous alloys the only aniso- Face pressure was developed by applying a static load
tropy present is probably a field-induced anisotropy on the face of a stack of about 75 rings chemically
which may be of the order of I X I0' erg cm- 3 [27]. etched out of 2.5 cm wide tape. The load was applied
Thus, even for alloys with the same magnetostriction, between three segments of windings onto a thick glass
and the oriented Fe--Si and amorphous Fe-B-Si ring to distribute the load evenly. The windings were
have similar magnetostrictions, the effect of a given connected to a standard hysteresigraph. The face
stress will be much larger on the amorphous alloy, stress sensitivity of the as-cast rings, both in B and in
Furthermore, the application of a coating which im- He, are much less than after annealing in a field with a
parts a stress to the Fe-Si reduces the effective mag- 4 kG cm" 2 load and both of these show much less
netostriction. Such coatings have not as yet been stress sensitivity than the rings annealed in a field but
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.. ........... compression of the stack of rings. The results are also
.
4
<
, ANNEALED WITH LOAD OF 3.8 kg/ct  shown in fig. 10. The large dependence of packing on

80- pressure for the as-cast rings is expected due to the

AS - CAST random variations in flatness exhibited by the rings.
78 Annealing with a load, of course, flattened and com-

71 pressed the stack, resulting in higher packing and less
0"' -------------.., dependence of packing on pressure...... .... .. .....I ............. .....

....... 8. Summary and conclusions

® BI tIn the past year or two the saturation magnetiza-
----- - tion has been increased from 16 kG to approximately

W Co17 kG by substituting some boron by carbon. Further
improvements may occur by substituting with germa-

5 Inium. Losses have also improved substantially now
achieving levels well below the best Permalloys, but

012 AS-CAST the permeabilities reported have only increased a
-- --- small amount. More attention must now be paid to

Z O0.o O........ ANNEALED WITH NO LOAD the exciting power required to reach various induc-........... ..... tion values. Finally, the extreme stress sensitivity of

0 o- 0"--...ANNEALED WITH LOAD the amorphous alloys must be considered in fabricat-
0 . 2605 Sc- 521 j ing and using these alloys.
0 1 2 3 4

FACE PRESSURE, kq / CM
2

Fig. 10. The effect of face pressure on magnetic properties Acknowledgement
and packing fraction of rings before and after annealing of
METGLAS R 2605SC.
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Preparation and Properties of Fe-B-Si-C Amorphous
Alloys

FRED E. LUBORSKY, FELLOW, IEEE, AND JOHN L. WALTER

Abstract-The crystallization temperatures, mapetic properties, and particular, we were looking for the maximum obtainable
density of amorphous alloys of FexBySizC z are reported for 72 < x < saturation magnetization. Table I gives a summary of these
88, 16 <y <28, and 0< 2z <12. The peak value of 4wiMs is 17 kG8i, t1e a-a y state, and ou in 2z<12. The eakn ue of Sis 5 The k maximum values in each alloy system studied. In the as-castin the as-cast state and occurs in the region of FeS2 B13Si2.sC2.s.- The

crystallization temperatures, Curie temperatures, saturation magnetiza- condition o = 180 ± 2 emu/g and 41rM, = 16.85 ± 0.35 kG
don, and density all appear to be average values of the ternary Fe-B. for all alloy systems, with Fe-B-C and Fe-B-Si-C being the
Si and Fe-B-C properties. highest. Until now only the binary Fe-B and various ternary

alloys have been reported. In this paper we report on the

INTRODUCTION properties of amorphous alloys of FexBySi.Cr.

T HIS WORK represents a report on our continuing ef- EXPERIMENTAL

fort to explore the effect of various metalloids on the Amorphous ribbons were prepared 16], 17] by melt quench-
crystallization temperature, Curie temperature, and saturation ing onto the surface of a rotating wheel. We determined Curie
magnetization of iron-metalloid amorphous alloys. In pre- temperatures T using a thermogravimetric recording balance
vious papers [l]-[S] we reported on the preparation and fitted with a permanent magnet to produce a field gradient in
properties of Fe-B, Fe-B-Si, and Fe-B-C amorphous alloys. In a field of 225 Oe. Samples were heated at 20OC/min. The

saturation magnetizations o, were determined using a vibrating
Manuscript received December 5, 1979; revised January 25, 1980. sample magnetometer at fields up to 20 kOe on samples about

This work was supported in part by the Office of Naval Research.
The authors are with the General Electric Corporate Research and 5-mm long. Results were extrapolated to infinite field using a

Development Center, Schenectady, NY 12301. I/H2 function. We calculated the densities d as described

0018-9464/80/0700-0572$00.75 Q 1980 IEEE
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1ABLE I
M ,\IMi %I SkitI R.t (4% M1AkI .I I l/At * Oh! l'kINO) I% VkIItOI

AWoRPIio s AI tmo S -s is,

Maximum Saturation Magnetization / ..
at Room Temperature ,, , ,

as-cast annealed Q 20

as 4nMs Os 4nM5
Alloy System emu/8 kG emu/g kG Reference 0. 5

l-e-B 180 16.7 184 17.0 1II 46,.(

le-B-C 180 16.9 184 17.3 [21, (4] 25, 500
IFe-B-Si 170 16.5 183 16.9 131 480 , / ,W
Ie-B-Ge 179 17.2 183 17.6 151 1 / 350
ie-B-Ga (178)* - 2] 3. 5 4t -' -50

I-c-B-Si-C 182 17.0 186 17.3 this work 75 80 85 90___________ ________________ ______IRON. /

*Value in parenthesis is preliminary. (a)

previously (4]. 8], by first calculating the packing fraction 15 k

versus iron content for the Fe-B alloys using the measured 4/
densities of Hasegawa and Ray [9]. Then we calculated the / /'- 340 3 0
density of the alloy using these packing fractions for each iron 4, At 300 -

content together with the tetrahedral covalent radii of boron /20, 420 280

(0.88 A), carbon (0.77 A), and silicon (1.17 A). This technique 420

gave excellent agreement with measured densities in the Fe- ,
B-C [41 and the Fe-B-Si [8] amorphous alloys. The density 400 3 / 29,

was used to convert a. to 47rM, using 4irM3 = 41rod. 25, /,

RESULTS AND DIscUSSION 3 230

Fig. 1(a) and (b) shows the crystallization temperatures T, 536- "-0 .... , -, 1v 10
75 8085 90

obtained by two differett nethods. The first method uses the IRON, a

magnetization curve obtained as a function of temperature (b)

while heating at 20oC/nin. The magnetization M first falls Fig. 1. The temperature in °C for the initiation of crystallization of

with increase in temperature to M = 0 at T. When crystalliza- Fe-B-Si-C amorphous alloys as determined from (a) magnetization
measurements using a heating rate of 20°C/min and from (bi co-

tion starts, iron or iron compounds with high values of T, ercivity measurements using 2-h sequential anneals. "b" indicates a
appear causing an increase in M. The beginning of this increase slightly brittle sample. "N" indicates the alloy could not be cast
in M is taken as the beginning of crystallization. In the second into ribbon.

method the samples were heated for 2 h at each of a series of
increasing temperatures at 25-300 C intervals. At low anneal-
ing temperatures the coercivity H, first decreases due to stress
relaxation. With the appearance of crystalline iron or iron I5; 420' ,. / 400
compounds 1 increases drastically. The beginning of this , I 380) 360
increase in tt, is taken as the beginning of crystallization. It '/ ,/ ,30
is clear that 7, for the 2-h anneals at constant temperature 0 / o
is much lower than T, for the 20°C/min anneals, as expected. 20, .. .
However, the shapesofthe contours of constant T, are similar. I/
These contours correspoi I roughly to the average of the val- . . /

ues of the contours for Fe-B-C [41 and Fe-B-Si [3] alloys. 460 4' ,

There does not appear to be any enhancement of thermal 25, / 3000
stability by the addition of the fourth atom, although in many 4- '" /260
cases it has been found 1101 that the addition of more ele- ,/20,220,o
ments to an amorphous alloy improves the thermal stability. 75 80IRON, / 85 90

Fig. 2 shows the Curie temperatures for the FezBySiC, ig. 2. The Curie temperature in C for amorphous Fe-B-Si-C alloys.
amorphous alloys. There was almost no difference in T,
between Fe-B-C [4] and Fe-B-Si [3] alloys, and thus there is
no essential difference between the T, of the Fe-B-Si-C As expected these results are also essentially the average of the
alloys and the Fe-B-Si or Fe-B-C alloys, values for Fe-B-C 14) and Fe-B-Si 13). As in the case of the

Fig. 3(a) shows the saturation magnetization measured at individual ternary alloys, a ridge of roughly constant o, at
room temperature, and Fig. 3(b) shows a, measured at 1000 C. room temperatures extends out from approximately Feet B20



S74 IEEE TRANSACTIONS ON MAGNETICS, VOL. MAG-16, NO. 4. JULY 1980

- -7 -I-- 5

12 16 10

5PC170...__ '\\ + -

/75 80 85 90 50 859

176 / - '.

We 
743

''8 1 9 17 2 5X '
174 TO74

69 I. 4 3

25\ 74 ',II /

75 80 85 90 y ' /
IRON, d/o IRON, 0/0
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5ig. 5. The saturation magnetization in kG for amorphous Fe-B-Si-C
Fe82B53i 2525. hisshos a ligt pak. n Tblealloys at room temperature, calculated from Figs. 3 and 4.

we have compared the maximum value of a, obtained along
the ridge of the Fe-B-Si-C studied in this work to other maxi- ACKNOWLEDGMENT
mum values. Note that the maximum values are all within We thank J1. Gillespie for his careful magnetic measurements,

S1.5 percent of 16.95 kG. In Table I we have also reported H. Patchen for his measurements of a., and N. Marotta for her

the maximum values of a, after annealing. These all increase measurements of Tc.
by about two percent as was reported previously I1111.

The values of 41rMs are of greater practical interest. To REFERENCES
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Composition dependence of the Curie temperatures of amorphous alloys
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The Curie temperatures of 25 amorphous alloy systems involving a binary metal together with
metalloids have been fitted to phenomenological equations based on a localized band model
involving only one adjustable parameter to describe the variation of Curie temperature with metal
composition.

PACS numbers: 77.80.Bh, 75.50.Kj, 75. 1O.Lp

INTRODUCTION T... T.(l - x), T , = Tx, (2)

As has recently been shown,' a band theoretical inter- T
;A = TBA (1 - x), T1, = Tsx,

pretation of the variation of the Curie temperature of amor- for the alloy A, B, where the interaction temperatures
phous ferromagnetic alloys is reasonably successful. The in-
terpretation is only semiquantitiave due to the following TAA, I1TA, TBA, and Ts, are defined as for the T 's. Substitut-

properties of the band theory of magnetism: (a) The theory is ing Eq. (2) into Eq. (1), we get

intrinsically difficult and controversial even for pure metals T, TAA (1 - x) + TBOx I

like nickel. (b) No usable theory of alloys has been developed + Xf[ (( -x) - TBx ]2 + T2,x(l -x)l '2 (3)
to cover the case of amorphous materials.

Persuasive reasons have been given,2 as to why the band Both Kouvel 3 and Ray and Chandra5 have used Eq. (3) to fit
theory should, nevertheless, be used as a physical basis for experimental T, results on disordered crystalline Ni-Fe, Fe-
the properties of these complicated alloys. Nevertheless, the Mn, and Ni-Mn alloys with good results. The values of TAA,

localized model of ferromagnetism involving nearest neigh- TO,, and TA, were obtained by fitting the T, vs x results.
bor exchange integrals has an attractive simplicity so that its Negative values of the interaction temperature indicate anti-
application to this problem may be useful at this stage. As in ferromagnetic interactions.
the case of the band model, a description of alloy behavior is Foo and Wu4 have taken a different approach to calcu-
a necessary additional ingredient also for the localized model lating T, vs x. The disordered composition dependent ex-
and it is provided for this model by the work of Kouvel' and change interaction is treated in a coherent potential approxi-
Wu and Foo.' We therefore propose to use this localized mation (CPA). In the weak scattering limit the CPA reduces
model in an analysis of the Curie temperature of a very wide to the result of the mean field theory. However, in the strong
range of amorphous alloys. The analysis is useful in specify- scattering limit, the CPA predicts such effects as a critical
ing the observed data with only a very few parameters. In concentration for the appearance of ferromagnetism which
addition, it may eventually be found that these parameters is beyond the scope of the mean field theory. They derive a
have a deeper significance than is implied by the localized cubic equation for T,, namely,
model in the simple form used here. a2 T,2 + [a(AA +4Ya +~A)- a(l +a)(J>]r

THE LOCALIZED BAND MODELS + [(I + a)JAAJ8RJE (l/J)

Kouvel' has derived the dependence of the Cune tem- - a(JAA .J8 + JABJAA + JABh5)J
T ,

peratures of binary ferromagnetic alloys on their concentra- - AA' B5JAJ = 0. (4)
tion. He used a phenomenological model based on the mo-
lecular field theory suitably modified so that the individual
atomic moments are allowed to vary in magnitude with their a = (z/2) - 1, (5)

local environment. Only nearest negihbor interactions were z is the number of nearest neighbors, the ( ) denotes a corn-
considered. He then derived the equation for the T, of a position average, and the J's are the exchange interactions.
disordered alloy: Following Chein et at.,' if we assume that the value of

T, = J(T;A + T;O)+ [I(T;A - T s)2 + T sTA ]1 2, J,, = 0 for the Ni-Ni exchange, then Eq. (4) reduces toa
(1) quadratic, using JaT, (J ) = x 2

TAA +2x(1 - x)TA

where the primes are interaction temperatures each of which + (I -x) 2 TB,, and ( l/J ) = (x
2
/T,,) + [2x(l - x)/T,,

are functions of composition and are defined in terms of the + [(I - x)2 /1Tsa ]; namely,

spin quantum numbers, the moments at 0 K, the probability a T2 + I a( TA4 + T45) - a( +a)
that any atom has A or B neighbors, and the exchange coeffi-
cients. If the variation in magnitude of the individual atomic
moments with composition is small the calculation of T, was + [ (I + a)( I - x)2 - a ]74,, 4, = 0. (6)

simplified giving At the critical concentration T, = 0 K and

2606 J. Appl. Phys. 51(5). May 19W0 0021-979/80/052808.03SO1.10 980 American Instiute of Phyics am



TABLE 1. Amorphous alloys and fitting parameters.'

Electrons
available

prTTAB T,.,
(5-A ) alloy mole' (*K) CK) (*K) X, Z Reference

(Fe-Co) 7B1,SiO 1,, 0.33 717 1002 697 .... 7
(Fe-Co),.B.2 Si, 0.32 693 908 718 ..* .. 8
(Fe-Co),,B 0.Si,, 0.40 675, 866 675 .. 9
(Fe-Co),,B,,.Pi,, 0.40 640 1075 765 ... 12
(Fe-Co), P,,B.AI, 0.63 600 804 635 ... 10.15
(FC-Co),X,PC7 0.53 595 838 650 ... ... 9

(Fe-N i)1,B14Sim 0.30 721 d 875 ... 0.015 ... I I
(Fe-Ni),.B,S 1,, 0.32 721 875 ... 0.015 11 I
(fe-Ni), P,(,1( 0.40 653 861 *.0.010 *.12

(Fe-Ni),,B,. 0.20 652 1025 ... 0.02.. 13
(Fe-Ni),,P,,B, 0.47 627 825 ... 0.070 I5 14
(Fe-Ni),0P,4B. 0.48 615 775 *.0.050 20 6,13,15
(Fe-Ni)wP 1,B 0.44 608 800 0.010 ... 14
(Fe-N j)1,,.~B.AI, 0.63 600 600 ... 0.045 23 10,15
(Fe-Ni)wP11C, 0.53 585 700*. 0.02 ... 16

(Co-V).,P ~B.0  765 675 *.0.78 2.1 12
(Co-Cr),P,,B,,, 765 750 ... 0.77 2.1 12
(Co-Mn)_,P,,,, 765 1050 *.0.64 2.3 12
(Fe-Mo)KB,,, 685 137 ... 0.87 2.05 19
(C-Ni)?,P..B. 675, 525 .. 0.22 5.0 17
(C-Ni)7,,,B,,Al, 630 550 .. 0.38 3.2 10,15

(Fe-Mo),5P..BAl, 645 140 .. 0.70 2.2 18
(-VwjB1,640 250 *.0.64 2.3 12

(Fe-Cr).P,,,B,,, 640 250 .. 0.62 2.35 12
(Fe-Mn),,P,,B,,, 640 300 ... 0.59 2.4 12

FeCo results calculated from Ray and Chandra; remainder calculated from Foo and Wu,
'Assuming B = I, Si and C =2. P and Al =3 electrons participating
'Extrapolated.
'Interpolated following curve for (Fe-Ni),,B, Si,

X,= I - [ (z - 2)/z 1/2. (7) EXPERIMENTAL RESULTS OF T, FITTED TO THlE
In contrast to Kouvel's results this result does not assume M DL
that the variation of the individual moments with composi- The various amosphous alloy systems to be fitted by
tion is small. Eqs. (3) and (6) are listed in Table I. For the Fe-Co alloys the

We will now use Eqs. (3) and (6) to fit the available values of TA and TB, are obtained from the experimental
experimental Curie temperature results. data.7'"' Thus, Only the value of T,, has to be adjusted to

1000 I 800

75 0
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~"400O(PesMi Xl75P1 8GA1St
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FIG. 3. Curie temperatures of other Co and Fe base amorphous alloys as a
function of Co or Fe content. Curves caluculated using Eq. (6).
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APPLICATIONS OF MAGNETIC AMORPHOUS ALLOYS

F.E. Luborsky and L.A. Johnson

General fiectric Corporate Research & Development, P.O. Box 8, Schenectady, NY 12301, U.S.A.

Abstract.- Device applications are divided into tvo general categories ; power devices such as dis-

tribution transformers and electronic devices such as miniature transformers and sensing elements.

In the case of power devices the recent thrust has been towards developing alloys with maximum M.

at minimum cost since losses are not a problem. Losses are now at least three to ten times lower

than for the best Fe-Si alloys with a similar decrease in exciting power. The status, and possible

future, of these material developments are summarized. In the case of electronic size devices the

results reported in the literature are reviewed. These include the use of amorphous alloys in such

devices as multivibrators, electronically controlled delay lines and surface acoustic wave devices,

filter elements, electronic current transformers, magnetic shielding material, recording heads,

leakage current alarms, d.c. current transformers and in switched mode power supplies.

INTRODUCTION transformer and motor applications. In the first three

There have been a number of reviews written on types of applications the cost of the material is normally

the properties and the potential applications of amor- not an overriding factor in its possible application, but in

phous alloys (1-13]. However, we have not as yet the large transformer and motor applications the

observed any product announcements using amorphous cost/performance ratio is critical.

alloys in a magnetic device although at least three We will now describe some of these applications in

companies offer amorphous alloys for sale f14-16] and more detail and the materials and device developments

one of them [14] offers magnetic shielding material. As which are going on to promote the possible use of

evidenced by the large patent literature r17-251 and amorphous alloys.

journal articles (26-38] on magnetic devices using amor- POWER DEVICE APPLICATIONS

phous alloys, there is great activity in this area. The Iron losses in transformers and in motors cost the

activity is spurred on by the unique and high quality United States over $1.8 X 109 annually. In distribution

magnetic and mechanical properties exhibited by these transformers alone iron losses amount to $740 X i06

amorphous alloys. They are unique in that (1) they~annually while in motors iron losses amount to $1100 X

combine high magnetostriction with high modulus which 06 annually. Based on our test results on losses in

is useful in force transducer applications; (2) they have
model transformers we estimate that we could save over

exceptionally high values of AE, the change in Young's
60% of these costs per year if all of the presently used

modulus with field and the magnetomechanical coupling
distribution transformer cores were replaced with amor-

factor, both useful in electronically controllable delay
phous metal cores. Thus, the incentive is tremendous to

lines; (3) they have exceptional hardness and wear resis- develop a cost competitive motor and transformer made

tance combined with high permeability which makes with an amorphous alloy.

them good for application in recording heads; and finally

(4) they have very low losses and high permeabilities (a) Distribution Transformers

both very desirable properties in both small and large The requirements for distribution transformers are:
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(1) reliability greater than 25 years. (2) Losses less than

Fe-3.2 Si. (3) Cost competitive with existing trans- 11W

formers. (4) At 110% of rated voltage the exciting

current should increase by less than 10 times. (5) The 14

exciting current should be no more than 3% of the rated l.k

full load current. (6) Noise must meet NEMA standards. '.

We will now discuss some of these requirements. 1.0

There have been a number of studies concerned I -FI542i
O0 • • F-U N.lI

with the irreversible end-of-life of amorphous alloys, BMW CIrIST

defined as the beginning of crystallization [4,10]. These 06 o,-2)l

olS oM Palo

have shown, for example, that the Fe 8 B2 0 alloy will
so 2ad

require 500 years at 175°C or 25 years at 200C to start

to crystallize assuming an Arrhenius extrapolation from 02 -*0 111

higher temperatures. This is more than sufficient for 0 _ _ _ _ _ _ _ _I
0 01 01 0.3 04 0

this application. The lower temperature, reversible meCa% l

stability is of more recent concern and is related to the

development of induced anisotropy and its rotation Fig. I. Loss as a function of thickness for Fe-3.2Si and

[4,10]. Recently, DeCristofaro et. al. have related amorphous alloys vs sheet thickness. 0, Fe-Si data on

improved thermal stability, in the range of 125-150 C, maximum loss from Nippon Steel Corp. Cat. EXE 320,

to the achieving of eutectic compositions in the Fe-B-Si- Nov. 1976; 0 from Hill and Overshott, 3. Magn. Mag.

C alloys [39]. Other authors have been studying the Mat'ls, to appear. Q Fe 8 0 B2 0 data from ref. 4. )

magnetic after effect and its origins[40]. There are still F 8 3 B15 Si2 data from ref. 12. V, Fe 8 2 B1 0 Si 8 from ref.

insufficient results to say whether these reversible 41. 0 from R.F. Miller and S.D. Washko, IEEE Tran.

changes will be a problem. Magnetics, to appear .... from M.F. Littman, 3. Appl.

There is no problem in achieving losses 2 to 10 Phys. 38 1104 (1967).

times lower than in Fe-3.2 Si and there have been many

reports comparing these losses [2,4,6-8,10,12]. Another The cost competitiveness of amorphous alloy trans-
comparison is shown in Fig. l based on ribbon thickness. formers is more difficult to evaluate since this involves

This shows that if Fe-3.2 Si could be made as thin as the not only the first cost but also the costs over the

amorphous alloys, without a decrease in the excellent operating life of the transformer. The basic raw mate-

preferred orientation, the properties would fall in the rials costs for Fe81 ,Bi 4 .,Si 4 is projected to be about

range of the amorphous alloys. However, even if this $0.52/Kg assuming boron costs contribute $0.39/Kg.

could be done, if the same processing was used, the cost This should be compared to the present day selling price

of the additional rolling would limit the competitiveness of oriented Fe-3.2 Si of about $1.43/Kg. Our preliminary

of this material.
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analysis of processing costs for amorphous alloys pro- are not too severe. Values up to 10 Oe are quite

duced in large volume suggests the total cost, including acceptable.

materials and profit, would not exceed $1.43/Kg. Since Or" of :he problems with t..e use of amorphous

the losses are reduced, the total owning costs would be alloys in distribution transformers or large motors is that

reduced, In fact buyers for large utilities are now paying their saturation flux is less than that of Fe-3.2 Si. Much

a premium for lover ioss Fe-Si core transformers. The effort has been reported r4l_41 aimed at finding alloys

average premium corresponds to $2-4/watt incremental with greater values of 4rMs without addition of expen-

lower losses at no load conditions and $1-2/watt incre- sive alloying elements such as cobalt. The status of

mental lower losses at full load. Thus, utilities are some of this work is summarized in Table I. All of these

evaluating transformer costs on the basis of total owning systems have been thoroughly explored to find the com-

costs throughout the lifetime of the transformer rather position giving the maximum OYM s at room temperature.

than on the basis of just its initial cost. It is not yet
TABLE I

clear what kind of premium would be paid for the 2 to 5
Maximum Saturation Magnetization Obtained in

times lower losses as exhibited by the amorphous alloys.

Various Amorphous Alloy Systems
The requirement that the exciting current should _ ............

increase by less than 10 times for a 10% overvoltage Maximum Saturation Magnetization at R.T.
as-cast annealed

means that the core material must be operating suffi-

ciently below saturation to accommodate this increase, s 4wks as 1Ms
Alloy System emu/ kG emufg kG Reference

W e have observed that the exciting current is the m ost Alloy _System__ ______ _______ ____Reference

sensitive parameter to changes in stress on the core. Fe-B 180 16.7 184 17.0 45

Exciting currents have been achieved on 14 cm o.d., 8 Fe-B-C 180 16.9 184 17.3 43

cm i.d. and 2.5 cm high model transformer cores which Fe-B-Si 179 16.5 183 16.9 44

are a factor of 3 times smaller than normally achieved in Fe-B-Ge 179 17.2 183 17.6 to appear

Fe-3.2 Si ( 121. Fe-B-Ga (178) - - - to appear

Fe-B-Si-C 182 17.0 186 17.3 42

(b) Motors

The requirements for large motors normally spec- value in parenthesis is preliminary.

ify a 20 year operating life, a specified torque and speed Note that all of the maximum values for the different

and a low first cost. However, as with transformers, alloy systems are the same, namely 17.3 kG ±0.3 kG =

sophisticated users are now starting to pay a small $0.5- ±1.7% after annealing. This is to be compared to Fe-3.2

I/watt premium for lower losses. To minimize cost, at a Si which has 4OM s = 20 kG. Thus, it now appears that

specified torque and speed, high saturation magneti- these values of 4wM s are as high as will be found. The

zation is required. Methods for forming laminations or optimum choice for the alloy composition for this type

solid structures all at low final cost without too severe of application includes consideration of ease of prepara-

deterioration in flux available are also important. Nor- tion, stability, losses and permeability in addition to

mally, because motors operate with the major part of maximizing 4wM so The ease of preparation really con-

the applied mmf in the air gap, excitation requirements siders the minimum quench rate, and thus the maximum

thickness, which the alloy can be cast to form the
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amorphous state. The thicker the ribbon the higher the for shielding F261. Large sheets were made by simple

packing fraction achievable in wound or stacked cores weaving and then coating with a polymer. Cylindrical

and structures, and thus the greater the flux carrying shields made from these woven fabrics were measured

ability. For example, for ribbon thicknesses of about 35 at 60 Hz and compared to an equal weight shield

Im a packing fr-ction of about 0.8 is normally obtained, wrapped from polycrystalline 8ONi2OFe foil. Neither

Doubling this thickness to 70 u m will result in a packing were annealed. Shielding ratios of the woven glass

fraction of 0.9, equivalent to an increase in 4iwMs of compared favorably with the polycrystalline foils. The

more than 10%. Thus, another direction of exploration woven glass, however, has the advantage of flexibility

involves learning how to cast thicker amorphous ribbons, without altering shielding performance and is less sensi-

One approach, just reported (55], demonstrated the tive to mechanical strain.

increase in maximum thickness obtainable as the alloy The second application reported in 1976 was for

complexity increased. On a 15 cm diameter casting accoustical delay lines f 27,341. IDelay lines are impor-

surface the maximum thickness which could be cast and tant components in radar, computer and all signal

still have it come out amorphous was 42 l m for processing equipment. Their quality is determined by

Fe 80B20 1 52 u m for Fe 80B1 6 Si 4 and 57 1im for their magnetomechanical and AE behavior where AE is

FesoB16 Si 2C2 . It was further shown that by increasing the change in Young's modulus E with applied field H

the distance the ribbon stuck to the wheel during cast- where E is directly related to the sound velocity. The

ing, and thus the better the cooling, the thicker the AE effect was extremely large in a variety of amor-

maximum thickness it was possible to cast. phous alloys tested for the delay lines. Fe80 P1 3C7 had

It should be noted that in recent years, because of a peak &E of 0.8 at 5 Oe; Fe 7 8Si 10B 1 2 had a peak value

the premium on lower loss transformers, designers are of 1.9 [56], the largest ever reported. In these same

decreasing the operating flux level by using more core works, the magnetomechanical coupling factor k was

material in order to decrease the lossei in conventional also measured. The value of k is the most important

Fe-3.2 Si. Thus, the gap between the flux available dynamic transducer parameter and gives a measure of

from amorphous alloys and from Fe-3.2 Si is decreasing. the elastic energy generated by magnetic excitation.

ELECTRONIC DEVICE APPLICATIONS The very large values of 0.53 for annealed Fe80 P1 3C7and 0.75 for Fe 7 8 Sii 0 B1 2 were found. Delay times of
In most of these types of devices the amount of

'.2 11s/cm were obtained in zero field; maximum
magnetic material used in each device is small. Thus,

changes of %1!2% were obtained in a field of 8 Oe at 100
the cost of the material is normally not a significant

kHz.
fraction of the total cost of the device. In these types

of applications the performance characteristics domi- Other applications have been reported in 1977.

nate and therefore expensive alloys or alloying addi- An electronic current transformer was described 29].
tions are permissible. This used an amorphous metal tape core made from

Until 1976, there were no devices described in the Fe 4 0 Ni 4 0 P14 B6 operating into a virtually zero ohm load

literature using amorphous alloys. In 1976, two dif- by using feedback from an operational amplifier. Due
to the very low flux density created by virtually short

ferent applications of amorphous metals were reported.

The first of these applications was the use of the ribbon circuiting the transformer, the non-linear effects and

L2
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core losses are reduced substantially. A transformer Fe-B-Si with Mn, Mo, V and Ai was found to reduce the

core of reduced iix .may be used by utilizing such an magnetostriction substantially without a correspond-

electronic transformer. Test :results have shown that ingly large decrease in saturation magnetization.

the amorphous metal core using the active load has Ruthenium additions were also found to act in a similar

performance eqt:al to 8ONi2OFe with respect to magni- manner. Still, the zero magnetostrictive high cobalt

tude error. However, the phase shift is somewhat containing amorphous alloys are preferred for this

poorer than for NiFe of the same size. The amorphous application.

core is significantly superior to the FeSi core in both A leakage current alarm, sensitive enough to

magnitude and phase shift error. The results demon- detect I mA, was described(32] in 1978.

strated the suitability of this amorphous core material By using a toroidal amorphous core with high

for use as a current transformer with the active load, permeability and a rectangular hysteresis loop corn-

Another application reported in 1977 was the use bined with a common iron core of low permeability d.c.

of amorphous cores as tensile-stress transducers in a current transformers, phasemeters, analog to digital

multivibrator configuration f28,31]. This makes use of converters or small power wattmeters were made(32].

the remarkable sensitivity in magnetic properties with A novel overcurrent alarm with temperature

tensile stress of amorphous alloys. A differential type memory was described r32]. This made use of the fact

of multivibrator was constructed using two cores wound that amorphous alloys of low Curie temperature will

from Fe40Ni 40 Pl 4 B6 . Tension or compression could be transform to their crystalline state as a function of

applied to the windings of one of the cores. It was time and temperature. This changes 8m and Hc. Thus,

made with two types of transducing behavior: (1) an watching the changes in the induced voltage waveform

analog type with no zero output but good linearity and provides a history of the time-temperature excursions.

sensitivity and no hysteresis and (2) a threshhold type In 1979 work was reported on the use of

with zero output for tensile stress under a critical Fe4oNi 40 (MoSiB) 20  and Co 7Fe5 Nil 0 (SiB)28  in

stress and maximum output for stress over this critical switched mode power supplies operating at frequencies

stress. Conventional crystalline permalloy would be of 20 kHz-50 kHz. Materials for this application must

very poor for use in this application because of its soft have low a.c. losses, sufficiently high 4cMs, and a Curie

mechanical behavior, temperature of at least 250 °C. It was concluded that

Also reported in 1977 was the use of amorphous either of these two alloys would behave satisfactorily

ribbon in transversal filters F571. These are essentially giving greater outputs per unit volume than either

delay lines and make use of the magnetostrictive waves crystalline Permalloy or MnZn ferrites.

on the amorphous ribbon. They are commonly used in In 1980, magnetostrictive thin films of amorphous

communication and telephone lines. Arbitrary transfer FexSi I-x deposited on the surface of acoustic wave

functions were easily realized by adjusting voltages and devices (SAW) were shown to offer a means of elec-

polarities. tronic tuning (58]. Best results were obtained with

The alloys of low magnetostriction and high per- Fe6 9 Si3 1 annealed in air for 30 min. at about 200°C.

meability for use as cores in recording heads were The relative change in surface wave velocity, AV/V,

reported in 1977 through 1979 [21,23,251. Alloying of
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reached values as high as 0.05% in saturating fields as 13. W. Wolf, R. Mohs and U. Konig, J. Magnetism

low as ,50 Oe. Magn. Mat. XX XXX (1980).

14. Allied Chemical Corp., Morristown, NJ 07960,
SUMMARY AND CONCLUSIONS

USA.
Although no magnetic device using amorphous 15. Vacuumschmelze, Hanau 1, Germany.

alloys is presently sold in commercial quantities the
16. Marko Materials Inc., 222C Arsenal St.,

outstanding performance of a variety of such devices
Watertown, Mass. 02172, USA.

gives us confidence in their eventual successful appli-
17. B.S. Berry and W.C. Pritchet, U.S. Patent

cation.
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REFERENCES 18. M. Dutoit, U.S. Patent 3,838,365, Sept. 24, 1974.

I. D.E. Polk, B.C. Giessen and F.S. Gardner, Mate- 19. L.I. Mendelsohn, U.S. Patent 4,030,892, June 21,

rials Sci. Eng. 23 309 (1976). 1977.

2. F.E. Luborsky, Amorphous Magnetism 11, ed. R. A. 20. L.I. Mendelsohn, U.S. Patent 4,126,287, Nov. 21,

Levy and R. Hasegawa, Plenum Press NY 1977, p. 1978.

345. 21. K. Aso, S. Uedaira, S. Ito, H. Tamura and Y.

3. T. Masumoto and H. Fujimori, Kagaku-to-Kohgyo Makino, UK Patent Appl. BG2005303A., April 19,

30 723 (1977), in Japanese. 1979.

4. F.E. Luborsky, Kirk-Othmer: Encyclopedia of 22. V. Honsinger, U.S. Patent 4,155,397, May 22,

Chemical Technology, Vol. 2, Third Edition. John 1979.

Wiley & Sons, NY 1978, p. 537-569. 23. Tohoku Univ., Jap. Patent 52114-421, Sept. 26,

5. T. Masumoto, Machine Design 1 52 (1978), in 1977.

Japanese. 24. Matsushita Elec., Jap. Patent 53133-505, Nov. 21,

6. F.E. Luborsky, J.J. Becker, P.G. Frischmann and 1978.

L.A. Johnson, J. App. Phys. 49 1769 (1978). 25. Sony Corp., German Patent 2839-626, March 22,

7. F.E. Luborsky, IEEE Trans. Magnetics MAG-14 1979, K. Aso, A. Uchira, H. Murata, M. Ito and Y.

1008 (1978). Makino, Jap. Patent 5.54-56916, May 8, 1979.

8. F.E. Luborsky, P.G. rrischmann and L.A. Johnson, 26. L.I. Mendelsohn, E.A. Nesbitt and G.R. Bretts,

J. Magnetism Magn. Mat. 8, 318 (1978). IEEE Trans. Magnetics MAG-12 924 (1976).

9. K.J. Overshott, Electronics and Power, p. 347, 27. K. Arai, N. Tsuya, N. Yamada and T. Masumoto,

May 1979. IEEE Trans. Magnetics MAG-12 936 (1976).

10. F.E. Luborsky, Ferromagnetic Materials, ed. E.P. 28. K. Mohri and S. Korekoda, Memoirs Kyoshu Inst.

Wohlfarth, North-Holland Publ. Co., Amsterdam, Tech., Eng 7 25 (1977).

Vol. 1, 1980. Chap. 6, p. 451. 29. M. Milkovic, F.E. Luborsky, D. Chen and R.E.

ti. H. Warlimont, Physics in Tech. 11 28 (1980). Tompkins, IEF.. Trans. Mapn. MAG-)3 1224

12. F.E. Luborsky, P.G. Frischmann and L.A. Johnson, (1977).

J. Magnetism Magn. XX XXX (1980). 30. M. Kikuchi, K. Fukarnichi and T. Masumoto, Sci.

Repts. Res. Inst. Tohoku Univ A26 232 (1977).

tK

L.



JOURNAL DE PHYSIQUE
C8-826

31. K. Mohri and S. Korekoda, IEEE Trans. Magnetics, 47. S. Hatta, T. Egami and C.D. Graham, Jr., Rapidly

MAG-1 107 (198).Quenched Metals III, ed. B. Cantor, The Met4Js

32. K. Murakami, Sci. Rep. Res. Inst. Tohoku Univ. A Soc., London Vol. 2, p. 183.

221 (1978). 48. M. Mitera, M. Naka, T. Masumoto, N. Kazama and

33. Y. Makino. K. Aso, S. Uedaira, S. Ito and M. K. Watanabe, Phys. Stat. Sol. (a) 49 K163 (1978).

Hayakawa Sony Tech. Review, N1R78-18, p. 39. 49. M. Mitera, T. Masumoto and N.S. Kazama, 3.

34. N. Tsuya, K. 1. Arai and T. Ohsaka, IEEE Trans. AppI. Phys. 50 7609 (1979).

Magnetics MAG-14 946 (1978). 50. N.S. Kazama, T. Masumnoto and M. Mitera, 3.

35. D.C. Webb, D.W. Forester, A.K. Ganguly and C. Magnetism Magn. Mat. XX XXX (1980).

Vittoria, IEEE Trans. Magnetics MAG-15 1410 51. C. Hargitai and A. Lovas, Proc. Cool. Soft Magn.

(1979). Mat.- 3, Bratislava, Czech. Sept. 1977.

36. K. Mohri and E. Sudoh, IEEE Trans. Magnetics 52. K. Hoselitz, Phys. Stat. So1. (a)44 K 191 (1977).

MAG-15 1806 (1979). 53. K. Hoselitz, Rapidly Quenched Metals III, ed. B.

37. Design News, p. 24 Feb. 18, 1980. Cantor, The Metals Soc., London 1978, Vol. 2, p.

38. W. Kunz and D. Gratzer, 3. Magnetism and Magn. 245.

Mat., XX XXX 1980). 54. K. Hoselitz, 3. Magnetism Magn. Mat. XX XXX

39. N. DeCristofaro, A. Freilich and D. Nathasingh, (1980).

presented at the Materials Research Soc., 1979 55. F.E. Luborsky, H.H. Liebermann and 3.L. Walter,

Annual Mtg., Cambridge, Mass., Nov. 26-30, 1979. Proc. Conf. on Metallic Glasses, Budapest,

40. See 3. Magnetism Magn. Mat'Is. 1980. Hungary, 30 3une-4 July, 1980.

41 R.C. O'Handley, C.P. Chou and N. DeCristofaro, 56. N. Tsuya, K.l. Arai and M. Yamada, Physica 86-

J. AppI. Phys. 50 (1979) 3603. -88B 775 (1977).

42. F.E. Luborsky and 3.L. Walter, IEEE Trans. Mag- 57. K. Shirae and K. Mashino, 1977 INTERMAG, paper

netics, MAG-16 XXX (1980). 30-11.

43. F.E. Luborsky, 3.3. Becker and 3.L. Waiter, IEEE 58. E.M. Simpson and W.P. Robbins, 1980 INTERMAG,

Trans. Magnetics, MAG-16 XXX (1980). paper 19-9.

44. F.E. Luborsky, 3.3. Becker, J.L. Walter and H.H.

Liebermann, IEEE Trans. Magnetics MAG-15 1146

(1979).

45. F.E. Luborsky, H.H. Liebermann, 3.3. Becker &

3.L. Walter, Rapidly Quenched Metals III, ed. B.

Cantor, The Metals Soc., London 1978 Vol. 2, p.

188.

46. S. Hatta, T. Egami and C.D. Graham, Jr., AppI.

Phys. Lett. 34 113 (1979).



SENERAL@ |LECTRIC TECHNICAL INFORMATION
General Electric Company SERIES
Corporate Research and Development

Schenectady, New York

AUTHOR Luborsky, FE SU .JCT no ICRD126
Liebermann, HH amorphous alloys CA.T

Walter, JL June_198_
TiTLE The Effect of Ribbon Thickness, Composition 6t CLASS

and Process Changes on the Properties of Rapidly No PAGES
Quenched Metal-Metalloid Alloys 6

OSIhGINATSA CORPORATE
c0UPO.CT Metallurgy Laboratory RESEARCH ANo EVELOPMNT

SCsEWtCTAO', NY.

SUNNAWT

Alloys of Fe-Ni-B, Fe-B. Fe-B-Si, and Fe-B-Si-C were prepared in the form
of ribbons by melt-spinning. The ribbon thickness was varied from 15 pm to
300 urn by changing the substrate wheel speed. Coercivity. H,. of the as-
quenched ribbons all decreased with increase in thickness until the average
quench rate was inadequate to produce completely amorphous alloys. The H,
then increased with ribbon thickness. The low-field magnetization at I Oe. Mi.
increased with increasing ribbon thickness reaching a maximum at the same
thickness as for the minimum H. The Mi thendecreased with further increase in
thickness as the ribbon became increasingly crystalline. The thickness, t,. at
which the quench rate was sufficiently slow as to initiate crystallinity depended
on the alloy composition and wheel diameter. The value of t, decreased with
increasing wheel diameter for the same linear speeds.

After stress relief annealing, the H, for Fe-Ni-B became independent of
thickness in the amorphous region while the Fe-B. Fe-B-Si. and Fe-B-Si-C
alloys remained strongly dependent on thickness. It is believed that for the
Fe-Ni-B alloy, the H, does not depend on surface pinning but rather depends on
the interactions of strains with magnetostrictive fluctuations. In the highly
magnetostrictive iron-rich alloys, even after stress relief annealing, residual
strains may be sufficient to cause a significant contribution to H,. resulting in the
retention of the thickness dependence in these alloys. The stress relaxation rate
for all of the alloys decreased with increasing thickness, while the embrittleme nt
rate and changes in magnetic properties increased with increasing thickness on
annealing completely amorphous samples. This confirms the view that the free
volume of the amorphous structure, and thus that the rate of the atomic
rearrangements involved in the stress relaxation and in embrittlement, depends
on the quench rate. For further increases in thickness, as the samples became
increasingly crystalline the stress relaxation and strain for fracture approached a
constant, low value. The stress relaxation !ended to increase in the sequence
Fe-B. Fe-B-Si. to Fe-f-Si-C.

Kty WORDS

amorphous alloys, magnetic properties, preparation of
amorphous alloys, glassy metals

INFORMATION PREPARF.D FOR

Additional Hard or Microfiche Copies Technical Information Exchange
Available From Bldg. 81 Room Al 33, Schenectady, N.Y., 12345

RD-54 (1/80)

od



THE EFFECT OF RIBBON THICKNESS, COMPOSITION AND PROCESS CHANGES
ON THE PROPERTIES OF RAPIDLY QUENCHED METAL-METALLOID ALLOYS

F. E. Luborsky, H. H. Liebermann, and J. L. Walter

INTRODUCTION strate wheel speed and diameter. The ribbon thickness
There are a number of reports(' -7 ) describing the was found to be inversely proportional to wheel speed

effect of process variables, such as orifice geometry, and the ribbon width was found to be independent of
ejection pressure, wheel speed, atmosphere, and melt wheel speed. The thicknesses reported here were all
temperature, on the geometry of the resultant amor- measured with a micrometer to ±1.3 jpm and were
phous ribbons. Only a few are cited above. Other found to be about 20% greater tha, 'he average thick-
reports"s' describe the effect of changing quench rate ness determined by calculation from the ribbon weight
on the kinetics of embrittlement and stress relaxation, divided by length, width, and density. The two different
There have been very few reports describing the effect of equipments, both usingO.05 I-cm-diameter orifices were
process variables on the extrinsic magnetic properties of found to give the same thickness for the same linear
amorphous alloys such as coercivity, He, magnetiza- wheel velocity. The various alloys examined in this
tion, M, losses, W, and permeability, ,. Takayama and work were found to all give the same thickness within
Oi tt" showed that, over a limited range of wheel speeds, ±20% for the same linear wheel velocity. Magnetic
H, decreased and Mand,, increased with increasing measurements of dc hysteresis loops were made on
speed for Fe4oNi 0 B2o amorphous alloy. H, increased, straight samples placed in a long magnetizing coil and
M, remained relatively constant, and AA,, decreased sensed with a small pickup coil in the center connected
with increasing temperature for the same alloy over a to an integrating fluxmeter. The Hc and Bat I Oe, B,
range of melt temperature from 1000 to 1500 OC. The were measured from the loops. Stress relaxation was
crystallization temperatures, Curie temperatures, sat- measured"" by comparing the radius of curvature of the
uration magnetization, Ms, and hardness did not vary ribbon during annealing with the radius after release.
forthis range of wheel speed and melt temperature. The This annealing was done for 2 hr at 225 and 300 oC.
changes reported were discussed in terms of the effect of Embrittlement was determined by calculating the frac-
the cooling rate on the amorphous structure. More ture strain ratio'14

1 from the radius at which the sample
recently, Novak et a. 21 examined the effect of a wider fractures on simple bending. The shiny side was always
range of wheel speeds on the H, of the alloy Fes3.Bi66. on the outside of the bend. Crystallization temperatures
They found a minimum in H, with wheel speed. They were determined using a differential scanning calorime-
further reported that Hc decreased with increasing melt ter (Perkin-Elmer DSC-2).
temperature in contrast to the results of Takayama and
Oi. Finally, Lovas et al. 13 reported on the hardness RESULTS FOR Fes3 5B14 5Si4
and H, for a series of Fe-B alloys. They showed that the In Figures 1-4 are shown the results for ribbons
glassy state could be obtained under the widest range of having the nominal composition Fesi.sB 14 Si4 . These
processing conditions when casting an alloy near the curves are typical ofall of the alloys tested. As the wheel
eutectic composition and that the physical properties speed increases the thickness decreases. At very low
are almost independent of the process conditions while wheel speeds, the thick ribbons are at least partially
both the mechanical and magnetic properties change crystalline and thus hate high H, (Figure I). low B,
drastically with process conditions. (Figure 2), a low rate of stress relaxation (Figure 3), and

In this report, we will present detailed results on the are brittle (Figure 4). With increasing speed and
dependence of melt-spun ribbon properties on process decreasing ribbon thickness, the degree of crystallinity
parameters for various glass-forming alloy systems. decreases. H, decreases. B increases, stress relaxation
Considered are the effect of wheel speed on ribbon increases slightly.and brittleness decreases. At a critical
thickness and resultant magnetic properties, stress speed, the samples become sufficiently thin that the
relaxation and embrittlement, and the response of all quench rate through the thickness of the sample is great
these properties to annealing, enough to produce a completely amorphous ribbon. At

this critical thickness, i, in the as-cast state the sample is
EXPERIMENTAL METHODS completely ductile on bending, H, is a minimum, B, is

Amorphousalloys were prepared by melt spinningZl maximum, and the stress relaxation starts rising rapidly.
using two different pieces of equipment; one by H.H. With further increase in wheel speed, as the samples
Liebermann and the other by J.L. Walter. All prepara- become still thinner, the average quench rate through
tion parameters were kept constant except for the sub- the ribbon thickness increases further. For these com-

Manuscript received April 2-1, 1980
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Figure 2. Magnetization at I Oe vs inverse ribbon thickness

for Fe-B-Si in various states of anneal.Figure 1. Coercivity vs inverse ribbon thickness for Fe-B-Si
in various states of anneal.

THICKNESS. pm

pletely amorphous samples which are thinner than t, in 1 o o 0 30 20 1s o

the as-cast state, the H, increases with decrease in thick-
ness, BI decreases, the stress relaxation increases sub- 300eC

stantially, and the samples remain completely ductile. 06-

Annealing the thick, highly crystalline ribbons, H, does
not change suggesting that they are most!y, if not com-
pletely, crystalline. As the percentage of amorphous 06
phase increases with decreasing thickness, the Hc 225'C

decreases with increasing anneal temperatures. When
the anneal temperature exceeds the crystallization 0 04

temperature, T, the H, then starts to increase; the
increase in H, starts first with the thicker amorphous
ribbons. The B, of this alloy, on annealing, increases U) r25, ,, S,.

until T, is reached and then decreases. The stress relaxa-
tion increases with increase in anneal temperature while BRITTLE ---- DUCTILE
the fracture strain ratio decreases with increasing Co 1' . ,
anneal temperature. 0 005 o

The crystallization temperatures. T,, were deter- I I.*,. , m

mined using the DSC scanning at 40 0 / min. The initia- 0 5000 0 0400

tion of crystallization occurred at 492 : 5 'C, the posi- SURFACE SPEED cm sec
tion of the first peak occurred at 524 -± 3 °C, and theposition of the second peak occurred at 563 + 2 ad . Figure 3. Stress relaxation vs Inverse ribbon thickness forposiionof he scon pek ocurrd a 563± 2OC.Fe-B-Si annealed for 2 hours at 225 and 300 *°C.
These crystallization temperatures were all independent
of ril-hon thickness. The T, was also 6,termined from
the ct .,iges in H and B, on isochronal annealing from RESULTS FOR OTHER ALLOYS
ribbon thicknesses near the minimum in H( and near the A number of other alloys were tested in the same
maximum in Bi. These results are listed in Table 1. way as just described for Fee, .B, 4 Si4 . The results for
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for Fe-B-Si in various states of anneal. AS-CAST

Table 1 10-, 00 0l 1

TRIC ± T0E THICKNESS . pm

1, (0m) for 2 hr) 200 100 50 20 10 5
- 14

Wheel (from (from (from
Aly Diano (cm) (from H,) li/Boo0) Avg H,) B,/ III.) WHEEL
All MPERATURES_ OTIosl_-DIAM cm

Febetwei. 2.5 53±i7 53±5 53 -- - 12sm
TCFe 8 , + I, 15

Fetalln 15 42±3 42±3 42 325 320 Fes, 0, B,S-2 C 2  15
FegoBl,.Sw. 15 54 ±10 50 ± 10 52 345 360 4
FeoBi6Si2C2 15 63 ± 10 50 ± 10 57 375 385 10o* Fe.,,8. ,5 S,. 25 /

a 5 I IBI3 5  'IC, 25 /,'
Fes, B4 5Si4 25 36± 5 33± 5 35 340 2-350 FeAo 0 F 251
Few,1 B11 Si.C1  25 50± 15 52 ± 7 S1 345 345
FeoNiuoBz0 25 65 ± 20 60 ± 10 63 355 j 360 8-i

the as-cast H, and B are shown in Figures 5 and 6. The
open symbols refer to alloys made on the 15-cm-
diameter wheel; the solid symbols refer to slightly dif-
ferent alloy compositions prepared on the 25-cm- 4_ AS-CAST

diameter wheel. The results of casting on the,1l
2.5-cm-diameter wheel are not shown. Note that the
general shape of all the curves are the same. Only the 2 '
values of H, at the minimum, or B, at the maximum,
and the position of the miniamum or maximum, i.e., t ,
varies. The values of t: derived from these curves are o
listed in Table 1. 0 01

The effect of annealing these same alloys on H, and 1 I 0rn"

BA is shown in Figures 7 and 8. Only the curve represent- Figure 6. Magnetization at1 D vs Inverse ribbon thickness
ing the alloy near the optimum, anneal temperature T for various alloys all as-cast.

3



THICKNESS. ,. THICKNESS, pm

200 100 50 20 tO 200 100 so 20 1010' - '''A wI I IANJL

TEMP .C

O Fe8 80 325'

0 Fe ,, S. 325

Few B,e S., C, 350"

1 6 Fes I, s,'I S1, 330" 08

to. & Fe,s, 3 5S..C, 325-

0 Feo Nio B"o 330 •I

I oe
06 E

ANNEALED

ANNEALED

0! ANNEAL
0 046TEMP.

10' I 0 Feo B20  325"

0 2 - Faso 8,6 So, 325"
SFFeo 816 S2 C2  350'

& 8 Feas, B s Si 330
°

A Fes, 5 B1 3 , S,4 C, 325'
0 FeoN 6 20  330"

.10
"  

10'

0". o, 10 Figure 8. Magnetization at 1 Oe vs inverse ribbon thickness
for various alloys annealed as In Figure 7.

Figure 7. Coercivlty vs inverse ribbon thickness for various
alloys all annealed to give near minimum H. This not appear to correlate with the differences in alloy
optimum anneal temperature Is shown. composition or wheel size. They are undoubtedly

strongly influenced by changes in the surface finish of
for cach alloy is shown. One of the points to note is the the ribbons due to changes in wheel finish or subtle
relatively flat H, and B, curve with decreasing ribbon changes in process parameters from one series of runs to
thickness in the amorphous region for FesoN4oB20. The the next. In the amorphous region, the increase in H,

FeoB2o alloy was the least stable; the Fe-B-Si-C alloys and decrease in B, with further decrease in ribbon
were the most stable toward changes on annealing, but thickness is probably due to the effect of fluctuations i,
all of the alloys exhibited more stable H, and B values magnetostrictive-strain anisotropy, where fluctuations
on annealing as the ribbon thickness decreased. The in strain have been shown (15) to be a function of thick-
values of T, determined from the beginning of the ness. It is not due to surface geometric pinning sites
increase in H, , or decrease in B1, on annealing of sam- since the Fe4oNioB2o alloy tested had a similar increase
ples with thicknesses near the minimum in H, are shown in H, for the decreasing thickness of ribbon in the
in Table 1. amorphous range but this increase in H, disappeared

The stress relaxation for the various alloys at two after annealing. Annealing does not remove geometric
anneal temperatures are summarized in Table 2. The pinning sites. .However, the Fe-Ni-B alloy has only
result of embrittlement on annealing these various about 1/3 the magnetostriction of the Fe-B-Si alloy.
alloys is shown by plotting the thickness at which Thus, any fluctuation of strain in Fe-Ni-B would pro-
embrittlement is first detectable vs anneal temperature. duce only about I / 3 the anisotropy which would occur
The thickness at which embrittlement is detected was in Fe-B-Si.
obtained by interpolating to of = I from results as The increase in t, observed with increasing complex-
shown in Figure 4 for the various alloys. These results ity of the alloy, shown in Table I, increases in the
are shown in Figure 9 and are summarized in Table 2. sequence Fe-B, Fe-B-Si, Fe-B-Si-C. Thus, thicker

amorphous alloys may be prepared as the number of
DISCUSSION alloying constituents increases. This trend with alloy

The decrease in H, and increase in B,, as the thick- complexity is consistent with the results on the crystalli-
ness decreases for the crystalline ribbons, are due to the zation of amorphous alloys( t16 where it was also shown
decreasing fraction of crystallized material and prob- that the activation energy for crystallization scaled with
ably also the decrease in size of the crystallites. The the alloy complexity. Ths trend was also seen here in the
values of H at the minimum, or B, at the maximum, do effect of annealing on the various alloys. Anneal
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Table 2

THICKNESS FOR STRESS RELAXATION
AND EMBRITTLEMENT

Stress Relaxation Thickness for
Thickness (pm) Embrittlement (prn)

Wheel 2 hr it 2 hr at
Diam 225'Cfor 300°Cfor As- 2hrat 2hrat

Alloy (cm) F = 0.35 F= 0.8 Cast 275 0 C 300 0 C

Fe.si.5Bi4.sSi 2.5 39 39 - - -

FesoB 2o 15 27 27 28 26 22
FesoBi6Si4 15 28 28 42 31 -
FesoBi6Si2 C2 15 29 29 43 20 -

Fesi.s Bi4.sSi6 25 22 23 43 36 28
Fes 1 5 B 3.Si 4 C1  25 30 29 42 38 19
Fe4oNi4oB2o 25 36 36 50 44 42

60 the greater the complexity of the alloy. However, the
o Feo 820 differences in thickness for a given relaxation are quite

0 eB6S14  small and may not be significant. In the case of the
s4 Fe8 o 8,a S2 C2  results on embrittlement, shown in Table 2, there also
o Fes, 6 B, 5 Si , appears to be a weak correlation between the thickness

-4 A es, Fe4 N4o C20  for embrittlement and the alloy complexity.40 F M The increase in stress relaxation for thickness lessthan t, confirms the now accepted view- ' s'" that the
"amorphous" phase represents a continuum of struc-

3tures with increasing free volume as the quench rate
.Y30 0I increases. This increase in free volume means that the

atomic rearrangements responsible for the stress relaxa-
20 -tion can occur faster. In the case of the change in frac-

ture strain ratio with annealing and ribbon thickness,
we see a similar trend. For samples thinner than t,,
higher annealing temperatures are required to embrittle

10 a sample of some given thickness. Thus again, we pic-
ture the rate of the atomic rearrangments responsible
for embrittlement as dependent on the average quench

6 0 rate of the ribbon. Finally, with decreasing thickness we
00 200 40060

T, "C observed an increase in stability of the magnetic proper-
ties on annealing associated with the beginning of crys-

Figure 9. Critical thickness for embrittlement vs anneal tallization. The difference between the stress relaxation,
temperature for various alloys. F, and embrittlement, of, and magnetic properties is

temperatures to reach the minimum H, increased in the that with decreasing ribbon thickness, F increases; i.e.,
tempeaturces to rech theinimum Hieas e in the the rate increases while of and the magnetic propertiessequence Fe-B, Fe-B-Si, Fe-B-Si-C as shown by the resist changes more. The difference implies that the

values of T. in Table I. The large effect of the casting ret chan ism involve in th po e

wheel diameter on i,, seen by comparing the very similar different atomic mechanisms involved in the processes

alloys FeoBteSih and Fe, .s B14 .sSi4 , may be attributed to respond differently to the change in free volume.

the observed"" general decrease in sticking distance
with increase in wheel diameter for the 3-4g melts used. SUMMARY AND CONCLUSIONS
The decrease in sticking distance means that the ribbon The magnetic properties of various amorphous
leaves the substrate wheel at a higher temperature lead- alloys have been shown to be very sensitive to ribbon
ing to a lower average quench rate and thus more rapid thickness as controlled by the substrate wheel speed.
crystallization. This thickness dependence is attributed to the forma-

In the case of the stress relaxation results in Table 2, tion of crystallites in samples made at low wheel speeds
it appears that the greater the rate of stress relaxation and is probably due to fluctuation in strains at higher

L " _5



wheel speeds. The thickness for achieving the optimum 4. H.H. Liebermann, Mater. Sci. Eng. 43 XXX (1980).
magnetic properties depends on alloy composition; the 5. S. Kavesh, in Metallic Glasses, Eds. H.S. Leamy
binary alloys achieve optimum properties for the thin- and J.J. Gilman. American Soc. Metals, Metals
nest ribbons, ternary alloys for thicker ribbons, and Park, Ohio 1977, p. 76.
quaternary alloys for the thickest ribbons. The wheel 6. S. Takayama and T. Oi, J. Appl. Phys. 50, 4962
diameter, which influences the average sticking distance (1979).
of the ribbon on the casting wheel, also influences the 7. H. Hillmann and H.R. Hilzinger, Rapidly
quenching rate and thus the thickness at which the Quenched Metals!!!, Ed. by B. Cantor, The Metals
optimum occurs, On annealing, the rate of change in the Soc., London 1978, Vol. 1, p. 22.
stress relaxation, the fracture strain, and the magnetic 8. G.C. Chi, H.S. Chen, and C.E. Miller, J. Appi.
properties all depend on the ribbon thickness. For Phys. 49. 1715 (1978).
thicknesses in the amorphous region this dependence 9. F.E. Luborsky and J.L. Walter, Mater. Sci. Eng.
demonstrates the changes in the amorphous structure 35, 255 (1978).
and the increasing free volume of the amorphous phase 10. F.E. Luborsky and H.H. Liebermann, J. Appl.
with increasing quench rate. Phys. 50, 7% (1980).

11. S. Takayama and T. Oi, J. Appl. Phys. 50.
1595 (1979).
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Torque magnetometer measurements were used to obtain the anisotropy energy k. induced by
magnetic annealing (up to 6 h at temperatures from 50 to 70 *C below crystallization) on special
patchwork samples of amorphous Fe,( .B, 0  ribbons ( - 6<x< + 61. The dependence of k.
on annealing time and temperature tends to show that the directional ordering processes are
characterized by a very wide distribution of activation energies. At a constant temperature and
time k. is independent of composition, as was also found in results on stress relaxation but not in
results on crystallization. Thus different atomic processes control k. than control crystallization.

PACS numbers: 75.30.GW,75.50.Kj,75.60.Nt,gl.40.Rs,

INTRODUCTION expected induced anisotropy, which was then determined

In previous papers we reported a discontinuity in the with good precision5 .

activation energy for crystallization as a function of B con- The crossed magnetic annealing treatments were per-

tent' near 82a/o Fe in Fe.Boo , but we reported a lack of formed in the very same torque magnetometer, by maintain-

discontinuity in stress relaxation as a function of B content 2. ing the samples at temperatures some 50 C lower than the

These results implied that different atomic processes were corresponding crystallization values T.. These magnetic an-

involved in the rate controlling steps in crystallization and in nealings were preceded by a stress relief treatment some

stress relaxation. In this work we report on the behavior of 20C below T,.

the induced anisotropy, k. as the boron content is varied in The investigation concerned the following amorphous
Fe-B amorphous alloys, alloys: Fe74 B26 ,Fels B22. Fe82 B,8. and Fe 6 B,4 . In all cases

the following procedure was used: (i) Two stress relief treat-

EXPERIMENTAL ments for 2 h, some 20 C below T. in the presence of satu-
rating magnetic field, applied along mutually perpendicular

Measurements of the anisotropy energy k. induced by directions; (ii) annealing under saturating magnetic field
magnetic annealing were performed as a function of time (about 106 A/m) applied along a direction i for a time f.,
and temperature of annealing on amorphous samples having rapid cooling to room temperature, tracing of torque curve,
the composition Fe,(., B20, , with x varying between -6 and followed by an identical sequence, the field during annealing
+ 6. These samples were prepared and their properties de- being along a direction perpendicular to i. The annealing

scribed previously. ". The induced anisotropy energy was de- temperature was chosen some 25 "C below the stress relief
termined by means of high-sensitivity torque magnetometer one. Three successive series of measurements were per-
on convenient samples, from the difference between the formed differing for the annealing t, which is chosen equal
torque curves traced after identical annealing treatments, in to 2, 4, and 6 h; (iii) the same procedure described in (ii) was
which the magnetic field was applied along two mutually repeated for each sample at a different annealing tempera-
perpendicular directions. As known, this technique requires ture, some 25 "C below the previously selected one.
the use of circular samples to eliminate the effect of the shape The actual crystallization, stress relief, and magnetic
anisotropy, which would strongly reduce the sensitivity of annealing temperatures are summarized for the investigated
the measurements. The amorphous materials were actually amorphous compositions in Table I.
prepared in ribbon form, having a width of about 2 mm, too
small to cut out reasonable size circular samples for the RESULTS AND DISCUSSION
torque magnetometer. Therefore special samples were pre-
pared made up of several small ribbon pieces, randomly dis- All of the curves obtained as the difference between the
tributed onto quartz disks 115 mm diameter) and then en- torque measurements after the crossed annealings were
cased into a Ceramfix matrix. By proper selection of some of found to be well described by a law of the type k. (Ta ,t.)
these patchwork samples, the residual shape anisotropy cos 2w where w is the angle between the direction of the field
could be reduced to values comparable or lower than the applied during annealing and the one applied during the

3553 J. Appl. Phys. 62(5), May 1961 0021-8979/81/053553-04$01.10 1981 American Institute of Physfc 35S3



TABLE I. Crystallization, stress relief, and magnetic annealing tempera- mic dependence on annealing time:
tures (in "CjI AmorpThous ,"2 T., T.2 This behavior is typical of activated processes charac-
alloy terized by a wide distribution of time constants, the upper
Fe, B,, 275 255 230 205 and lower limits of which fall well beyond the time span used
Fe,2 Bi 325 305 280 255 in the magnetic annealing experiments8 . This distribution of
Fet Bz2 325 305 280 255 time constants can be related to the presence of a wide spec-

Fel 82. 350 330 305 280 trum of activation energies for elementary activated
'T. is the crystallization temperature. processes.

9

T, is the temperature of stress relief annealings. However, from the present results it is difficult, if notI T, is the temperature of first crossed magnetic annealings. impossible, to unequivocably identify the limits and actual
T., is the temperature of second crossed magnetic annealings. form of this spectrum, and it is not fully clear whether the

presently observed directional ordering phenomena can be
suitably described in terms of a superposition of independent

torque measurement. This confirms that the results should elementary events. Care should also be taken in interpretingnot be affected by spurious effects such as the ones possibly the data of Table II as an indication of correlation between
resulting from magnetostrictive contributions induced by boron concentrations and k. values, which would favor the
the Ceramfix matrix on the patchwork samples. It has fur- hypothesis of monatomic directional ordering of metalloid
ther been checked that within the investigated temperature atomsth . f In fact the tendency of km to increase with in-

ranges, the observed effects are fully reversible, creasing boron concentration may be simply related to the
The k. values, for the annealing temperatures T. listed higher values of annealing temperatures used, owing to the

in Table 1, and as a function of annealing time t. as reported increased crystallization temperature of the alloys richer in
for the different compositions in Figs. I and 2. The maximum B. This is clearly shown by Fig 3, where the k. (To t are
induced anisotropy energy values, clearly obtained after 6 h
annealings, are also reported in Table II. The order of magni-
tude of these k. values is rather large and comparable to
values found by Luborsky and Walter' for Feo B2( but are _

larger by about a factor of 10 thaa those found in Fe,0  . k, (10 ergkm')
B2 +, (- 7<x + 3) alloys by Kisdi-Koszo et al.' In these
previous cases, however, the induced aniso. opy was mea-
sured from the magnetization curves. In the case of Lu-
borsky and Walter, they measured the susceptibilty change
on annealing in longitudinal and transverse fields. These - -0 T-230'C

were followed to equilibrium at each temperature. In the I- -0 ,: 205'C
case of Kisdi-Koszo et al. the induced anisotropy was mea- - - -- - +
sured as the difference between the energy required for satu- / F B,
ration of the sample before and after magnetic annealing. / -

However, no anneal temperatue or time was reported. Both / j/Time (ho'rs)
methods are considered to be less precise than the presently I
used torque magnetometer one. (a) 0 2 4 6

For all examined compositions, the k. vs t curves for 3 k
different annealing temperatues do not tend to show a com- k4 00'er/km')
mon saturation value, but are shifted by a constant k. over
the entire span of annealing items. This is indicative of the
lack of a single activated process as generally observed in 2... - 0 T4=280"C
crystalline alloys. Indeed a rather good fit of the experimen- 0 255"C
tal curves is obtained making use of the following logarith- 0

TABLE i. k.( T. t. =6 h) values
Sk. k.

Amorphous (erg/cm') (erg/cm') Time hours)
alloy T, = T., t. = T.,

FeB,, 1.6x1' 1.1 X )03  (b) 2 6

Fe, B, 2.0x 1" 1.6X 10
Felt B2, 2.Sx 10" 1.9X 10 FIG. 1. k. vs annealing time for Fe..,,D, and FeB,, '. Dashed lines in
Fe, B,. 2.7 x 10" 2.2x 10' (a): k.Iit., T.) curves calculated from Eq. (1) by conveniently choosing the A

.. . .... _ _and B constants.
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3 4 16'
k, (0'erg m') Sol,, symols e. rapi ,e from i, 3

I 6E~:80CIrg/crn) I
6A.20* 1 T, -305-C

* 0 T. 25°C 0 .mI-

Ile T.,- 2
0 C

.... Tt.- 6h

SFe., E3., 75 80 A1M% e8

Time (hours)
a 5 2 4 6 FIG. 4. A vs compfosition of Fe-B at various anneal lemperalures for an

(a) a 2 6anneal time of"6 h. Solid points are extrapolated from results in Fig. 3.

3 It u0erg/crni IT5:305"C1 0
o ,28' to be independent of composition at a given temperature as

* T=:280"C shown in Fig. 4. There does not appear to be any discontinu-
2 ity in k. near 80% Fe as found in the kinetics ofcrystalliza-

* tion' but in agreement with the results on stress relaxation.
Thus the atomic processes involved in the rearrangements

4 F. leading to crystallization are different than those involved in
L ethe development of the induced anisotropy and in stress

relaxation.
Both the behavior of Fig. 3 and behavior ofthe curves of

I Time (hours) k vs t , for various temperatures seem to point to the pres-

lb) 2 4 6 ence of a quasiuniform distribution of activation energies
related to a superposition of independent directional order-
ing processes. Because of this wide distribution of activationFIG. 2. The same as in Fig. I for Fe,, B: '" and Fe, '. energy, the experiments cannot be considered strictly iso-

thermal, and due account should be taken of the heating and
reported as a function of annealing temperatures To for t cooling periods, which were only relatively fast, if any analy-

- 6 h (open symbols) and t = 2 h (black symbols) for all sis is performed on the results, to possibly compute the actu-
examined compositions. As seen, the k. vs T. data are close- al shape of the energy distribution.
ly fitted by two nearly parallel straight lines for t. = 6 and 2
h. It should be noted that the increase of k,, with tempera- CONCLUSIONS
ture is the reverse of that found by Luborsky and Walter' for
Few B2, using magnetization measurements. Furthermore, In conclusion the present results, on directional order-
at a constant time, for example, at 6 h, the k. values appear ing in amorphous alloys of the type Fe. _ B, , ., obtained

by means of the torque magnetometer technique applied to
special patchwork samples, seem to be consistent with the

* Fe.6 B,, anrealed 2 h A Fe,, B, a--e.jej 2 h hypothesis of an activated process characterized by a con-
0 .. , 6 - f,. tinuous distribution of energies, One final note concerns the

0 ,,1, 2- *ce,4B
3 0 en fact that a logarithmic dependence on time of the induced

3 T 1  anisotropy energy, as the one of Eq. (1), could possibly be

ku related, as recently suggested by Egami'2 , to a change with
(erg/cm: . -~ time of a single activation energy, rather than to a wide dis-

221 . . .. - - tribution of these energies. On the other hand, the present
i/ .*results show that the induced anisotropy effects in Fe-B

oJ . - amorphous alloys are largely reversible, at least after per-
.-- forming stress relief treatments, and this seems to disagree

I 0 - -.- 3...... .... with the hypothesis of a change with time of the activation
0- : encrgy, which typically gives rise to irreversible phenomena.

The hypothcsis of the presence, in stress relieved samples, of
T ('C) a continuous static distribution of activation energies seems

200 220 240 260 280 300 thus to be favored by these results, although further mea-
surements are certainly needed to possibly clarify this point.

FIG. 3. k. vs annealing temperature, Straight linesik, = a T b iobtained The absence of any discontinuity in k, near 80% Fe suggests
by linear regression. that the atomic processes involved in the rearrangements
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Effects of surface treatment and thinning on magnetic
properties of rapidly quenched amorphous alloy ribbons")

J. J. Becker

General Electric Research and Development Center, Schenectady. New York 12301

The magnetization curves and hysteresis loops of rapidly quenched transition-metal-glass-former amorphous

ribbons of various compositions were measured as they were chemically thinned, down to about 10% of their

original thickness. The specific saturation moment did not change showing that the ribbons are chemically

homogeneous through their thickness. In general, the approach to saturation of as-cast ribbons remained

remarkably constant. Although annealing experiments indicate that the approach to saturation is controlled

by stresses, they are not distributed in such a way that they are affected by thinning of the sample. The

coercive force initially changed rapidly, either up or down, with decreasing thickness, then increased linearly

with reciprocal thickness. The results can be simply interpreted in terms of surface and volume pinning.

PACS numbers: 75.50.Kj. 75.60.EJ

INTRODUCTION

Surfaces often make an important contribution to the MISS/U

magnetization reversal behavior of magnetic materials, espe- L6 '

cially materials in the form of particles or films. Alteration

of the surface can produce drastic changes in the structure-

sensitive properties. Chemical polishing, for example, has

been shown to produce order-of-magnitude increases in the momIo00
coercive force of cobalt-rare-earth particles.()

The magnetic behavior of rapidly quenched amorphous

ribbons can also be affected by surface treatment, as might

be expected from their geometry. This paper describes some 03
effects produced by chemical thinning of such ribbons.

EXPERIMENTAL 0

Amorphous ribbons of various compositions were pre-

pared by the single-roller method(2) in air or vacuum or 100
obtained from Allied Chemical Company. All the ribbons
were approximately 0.1 to 0.2 cm wide and 0.004 cm thick. 90
Magnetic measurements were made on single ribbons about
10 cm long in a pickup coil inside a magnetizing solenoid, so
connected to a duplicate coil and solenoid so that the

induction due to H alone was cancelled. DC magnetization 70
curves and hysteresis loops were drawn by varying the

solenoid current and recording the output of an integrating 60
fluxmeter connected to the pickup coils. Maximum fields of

100 Oe were applied. 50
The as-cast ribbons were immersed for various times in

a chemical polishing solution consisting of 3 parts by volume 40 - DEFLECTION
HNO 3, I part H2S04, I part H3PO4, and 5 parts CH,3COOH. 50
Alter each treatment they were rinsed with acetone, air

dried, weighed, and placed in a glass tube for magnetic 20
measurement. The thickness was ultimately reduced to 10-

20% of its original value. Since the ribbons are very thin 10
compared to their width, the thickness is proportional to the
weight, related to it by the known density. Microscopic 0

examination indicated that the thickness remained reasonably 0 8 10 15 20
uniform, the thinnest samples perhaps containing an oc-
casional small hole. ETCHING TIME, Ilatl

RESULTS

The results of such a series of thickness reductions on a Fig. I Effects of chemical reduction of thickness on amor-

sample of FeoB20 are summarized in Fig. 1. A number of i h. r of Fe B20 (METGLASR of tik en -

observations can be made. The ratio of magnetization in 100 phous ribbon of 2605). Depen-

Oe to weight remains constant. The slight rise at large dence on etching time of, from the bottom- weight,

amounts of reduction appears to come about because with fluxmeter deflection in 100 Oe, coercive force, ratios
much etching the ends of the sample become thinned slightly of fluxmeter deflections in 1, 10, and 100 Oe, and

more than the center, making the cross sectional area under fluxmeter deflection divided by weight.
the coil a bit larger than average. Thus the ribbons are
chemically homogeneous throughout their thickness, as might
be expected. More than that, the shape of the magnetization

1905 J. Appl. Phys. 52 (3), March 1981 0021.8979/81/031905-03$1.10 © 1981 American Institute of Physics 1905



DISCUSSION

5am The behavior shown in Figs. 2 and 3 can be interpreted
on the basis of some simple assumptions about domain

140 boundaries in their materials. Fig. 4 represents the cross
section of a ribbon, with a domain boundary traversing its
thickness. There are pinning centers throughout the voluiue

i00 of the ribbons. Pinning also occurs at each surface. With d
field H applied as shown, for a unit length along the ribbon,

SO the force on the wall is 2MsHd. The total available pinning

g0 force is 2f + V , where fs is the surface pinning force per

40 --- unit length and fv the volume pinning force per unit area of

bo wall. Taking H as the field at which these forces balance,

1' 0 1I I I I v

Fig. 2 Coercive force as a function of reciprocal thickness Thus the slope of Hc vs l/d is f/M 5 and the intercept is

for Fe82B16Si2 and Fe8 0B20 (METGLASR 2605). fv/2Ms. Here fs represents the pinning effect of the surface

after enough etching has taken place so that both surfaces
are the same and remain so. Initially, the surfaces would be
expected to have different pinning characteristics from this
and from each other, since the surface that contacted the
wheel is typically less smooth than the free surface. Thus,

300 - rather than fs' the surface pinning forces are ff and fw for

NCthe free and wheel-contacting surfaces. Initially, for a rigid
wall. Hc will increase if ff + w < 2f and decrease if

100- otOO 4011&P1t4

40 &
/ 0

lCo I A I I i I

li, =I1

Fig. 3 Cecv foe asa function of reciprocal

thickness for FegoB 12Cg and Fe40 Ni 40P14B6

(METGLASR 2826).

curves remains constant, as indicated by the constant values

of MI/N1t00 and MI 0/M 100. This was generally true for as- Fig. 4 End view of ribbon with domain wall interse~ting top

cast ribbons of various compositions. It is well known that and bottom surfaces.

the approach to saturation is enhanced by a stress-relief
anneal. For example, the values of MI/M 100 and MI0/MI00

for an as-cast ribbon of Fe,.5 B14 . 5Si, were 0.75 and 0.95,

while after a 30-minute anneal at 375 0C they were 0.97 and ff + fw >2f.. In the latter case one might expect fw to be

0.99. Thus the difficulty in reaching saturation is usually greater than ff. Then the wheel side of the ribbon might be
attributed to systems of residual stresses in the as-cast
ribbons. Remarkably enough, it appears that any such system more susceptible to modification by etching. To illustrate

of stresses is not affected by chemically thinning the sample this, some FegL.1 B 4 .5Si 4 ribbon was etched on one side only,
until most of it is gone. the other being masked with a plastic tape. As Fig. 5 shows,

A contrasting behavior is shown by the coercive force practically all of the effect comes from decreasing the
Hc. In Fig. 1, Hc can be seen to decrease rapidly as thinning pinning strength on the wheel side of the ribbon.

begins, reach a minimum, and then rise again. A number of Tsukahara et al(3) found changes in both domain

materials behaved in this way. Others, however, showed only structure and anisotropy on electrolytically thinning

an increase in Hc. Both kinds of behavior are shown for four Fe40 Ni4 0 PI 4 B6 ribbons. The large changes in Hc seen here

alloys in Figs. 2 and 3. Here the coercive force is plotted as seem consistent with their observations, but the relative lack
a function of the reciprocal thickness. In all cases there is a of change in the approach to saturation is a little surprising.

rapid initial change, either up or down, followed by a linear Both Is and fv seem to show considerable varion
increase with l/d.
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from one sample to another. One would expect variations in
I with stress state, voids and inclusions, and degree ofV

amorphousness or incipient crystallinity. The final surface
pinning would depend on the interactions between the parti-
cular ribbon composition and structure and the particular
ctching reagent and conditions under which it is used. It
would be informative to study the effects of applied stress
and annealing on the kinds of results shown here.

NC/C01

FREE
LO - SURFACE

ONLY

0.6 £ A WHEEL
SURFACE
ONLY

0.4

02

0 I I I I
35 30 25 20

W, mo

Fig. 5 Ratio of coercive force Hc to as-cast coercive force

Hc for ribbon of Fe8 i.,B 1 4 . 5Si 4 as a function of

weight after etching from either the free surface
only or the wheel surface only.
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The Fe-B-Ge Amorphous Alloys
FRED E. LUBORSKY, FELLOW, IEEE, AND JOHN L. WALTER

Abstract-The crystallization behavior, the saturation magnetization, T, "c - \15
and the Curie temperatures of Fe-B-Ge amorphous alloy ribbons are re- 204q/au 15/ 450
ported and compared to previously reported results lo Fe-B, Fe-B-C, 475
Fe-B-Si, Fe-B-Si-C, and Fe-B-Ga.

INTRODUCTION 20 500 420

HIS PAPER represents a continuation of studies on the !!I)
Leffect of Lhanging metaloid composition on the satura- 4 4 i.,t 400

tion magnetization M, of amorphous alloys containing mostly J 5
iron plus metalloid. This is an effort aimed at trying to in- 25 I
crease the M, available in low cost (i.e., mostly iron containing / 31
amorphous alloys), while maintaining the three to ten times 325
lower losses than obtained in high-quality Fe-3-1/4Si. In pre- 432.4 9 .."2 10

vious papers we reported on the properties of Fe-B [ 1, Fe-B-C 75 so 85 90
[21, [31, Fe-B-Si [41, and Fe-B-Si-C [5]. Other workers have IRON, 0/0
confirmed the general features reported in these papers. For (a)
example, the Fe-B [6]-[8], the Fe-B-Si [91-[15], and the TZ,.C 15
Fe-B-C systems have been reported on [16] -[18), and there 2 hr

have been a number of papers reporting on a variety of addi- I5 340
tions to the binary Fe-B or to the ternary Fe-B-C or Fe-B-Si 360
alloys [191-[23]. In the Fe-B system, the saturation mag- 20 0 0!

netization in emu/g, o,, exhibited a broad peak at FeSOB 20 of 1?/

180 emu/g at room temperature. In the ternary and quater- Z 20
nary alloys, the o at room temperature exhibited a ridge of % 320 -

approximately constant maximum a, still equal to 180 emulg 41 34 -3

extending out from Feso B20 to Fes 2 B13 XS where X = Si, C or // / Soo C
Si + C. This value can be increased a few percent to 184 emu/g 25byiannealing. /"280 140

The properties of amorphous Fe-B-Ge alloys will be dis- 7_ 0

cussed and compared to the properties obtained in the other 330-330 ,

systems. 7 0 N, 90

EXPERIMENTAL 
(b)

Fig. 1. Temperature in *C for start of crystallization for F~c-B-Ge

Amorphous ribbons were prepared 1241, [251 by melt amorphous alloys heated (a) at 20 dcg/min and (b) for 2 h. N is not

quenching onto the surface of a rotating wheel. Curie temper- castable into usable ribbon; C is made ribbon but crystalline.

atures T, were determined using a thermogravimetric record-
ing balance fitted with a permanent magnet to produce a field Fe-B alloys using the measured densities of llasegawa and Ray
gradient in a field of 225 Oe. Samples were heated at 20 deg/ 18]. Then the density of the alloy was calculated using these
min. The saturation magnetizations, a, in emu/g, were de- packing fractions for each iron content together with the
termined by using a vibrating sample magnetometer at fields tetrahedral covalent radii of boron (0.88 A) and germanium
up to 20 kOe on samples about 5-mm long. The results were (1.22 A). This technique gave excellent agreement with mea-
extrapolated to infinite field using a I/H 2 function. The sured densities in the Fe-B-C [31 and Fe-B-Si 1261 amor-
densities d were calculated as described previously (31, [261, phous alloys. The density was used to convert o, to 471M,
by first calculating the packing fraction versus iron content for using 4frM, = 4wosd.

Manuscript received August 18, 1980. This paper was supported in RESULTS AND DISCUSSION
part by the Office of Naval Research.

The authors are with General Electric Corporate Research and De- The stability of Fe-B alloys with Ge, shown in Fig. 1, do not
velopment, Building 81, Room EIt3, Schenectady, NY, 12345. change very much, particularly above 80 percent Fe, on re-
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TABLE I
COMPARISON OF STABILITY OF VARIOUS ALLOYS'

r = Atomic Crystallization temperature,
Alloy radii of X r =rx - rB  X 77.5 percent Fe 80 percent Fe 84 percent Fe

Fe-B-X (A) (A) (percent) (20 deg/min) (20 deg/min) (20 deg/min) Reference

Fe-B-C 0.77 -0-11 0 435 430 415 131

5 470 461 395
7.5 445 440 383

Fe-B-Si 1317 0.29 5 500 500 410 141
7.5 500 500 385

Fe-B-Ge 1.22 0.34 5 475 440 395 this work
7.5 471 432 -

Fe-B-Si-C - - 5 507 483 390 151
7.5 516 485 375

aFrom smoothed data.

T'C TABLE i

15 500 CURIE TEMPERATURES'

40.480 T cat TCat Tc at
'4 Fe8°B1 SXs Fe81 5Bt35 Xs Fe8 3 BI 2 X560 Alloy C CC) 1°C) Reference

200 "a_________________0__
204  "\ Fe-B 389 363 338 1I1

B3 4?0 Fe-B-C 396 371 344 131
474 00Fe-B-Si 396 375 351 141

Fe-B-Ge 417 400 393 this work
5 Fe-B-Ga (410) (387) (373) to appear

25 a Fe-B-Si-C 404 367 341 [51

,) From smoothed data.
40300 260

0 4 4-2 3 6,j0,, 0 tially unchanged. This greater change for Ge additions may be

75 so 85 90 attributed to the effect of the metalloid element size on the
IRON, a/o Fe-Fe coordination and interatomic distance based on the

Fig. 2. Curie temperatures in *C for Fe-B-Ge amorphous alloys. Cir- Bethe-Slater curve [19]. This lends support to the previous
cled numbers from Kazama et al. [41. views based on the itinerant electron model [28]. This in-

crease in T, will decrease the temperature coefficient of M, in
placing B with Ge. The shape of these contours are similar to going from kw temperature to room temperature.
the contours for Fe-B-C 131, Fe-B-Si [4], and Fe-B-Si-C The saturation magnetizations measured at 77 K room tem-
[51. Detailed comparisons show that the C alloys are the least perature and at 100 C are shown in Fig. 3. The 77-K results,
stable, and the Si alloys the most stable of the alloys. The shown in Fig. 3(b), do not agree with the results from Kazama
stabilities of some selected compositions are compared in et al. 1191. They reported an increase in M. in o/0Fe atom
Table 1. Since the electronic structure of these alloys are the for Feso B2 -.,Gex,as x increased as shown by the circled num-
same, whether C, Si, or Ge are substituted, the differences in bers in Fig. 3(b). A convoluted function has been found, first
stability must be due to differences in atomic sizes. Compar- decreasing and then increasing as Ge replaces B. This ab-
ing the tetrahedral covalent radii, used in modeling the alloy normal behavior becomes a smooth normal function when
density [271, C = 0.77 A, Si = 1.17 A, and Ge = 1.22 A, com- plotted as emu/g, as shown in Fig. 3(a). The difference cannot
pared to B = 0.88 A. However, B and C are expected to be be accounted for between our results and those of Kazama
present as an interstitial, and Si and Ge as substitutional addi- et al. However, our general trend of M, with varying metalloid
tives based on their atomic radii. Thus it is concluded that and metalloid content can be accounted for in terms of the
interstitial substitutions decrease stability, whereas substitu- itinerant electron model [28].
tional additives improve stability, provided their atomic radii The room temperature results of M, (Fig. 3(c)) can be corn-
are not too much different from their host atoms. pared to previously reported results on Fe-B-C [31, Fe-B-Si

The Curie temperature of Fe-B-Ge amorphous alloys, shown [4], and Fe-B-Si-C [5]. The general trends are all the same,
in Fig. 2, exhibits a pronounced increase when substituting B that is,a ridge of approximately constant maximum u, extends
with Ge. This is in sharp contrast to the substitution of B by out from near FeoB2o to near Fe2.s B12.SXS. The maximum
C [31 and by Si [4], which exhibits only a very slight increase values obtained in each alloy system, shown in Table IIl, are
in T, (see Table 11). Note the large effect of Fe content. For all essentially the same. The Fe-B-C exhibits quite a wide
example, at 80 percent Fe, T, goes from 3900C to 4200 C in ridge; for example, at 5 percent C in going from one side of
going from 0 percent Ge to 5 percent Ge, a change of 300C. the ridge at 175 emu/g to the other side at 175 emu/g, the Fe
For C or Si, T, 395*C at 5 percent C or Si, which is essen- content changes from 78 to 86 percent. The Fe-B-Si alloys
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A77 5AT 114 15

10 222

20 10 204- )01 11 2 2A6 22
-~0 21 .06£~ 0

75 so 85 90 75 90 85 90
IRON, 0/0 IRON, 0/0

(a) (b)

15 15s

Ile~

060 165

1665

- ... 5.160.1.11111 1116.W.1 0 5

75 so 05 90 75 so s so
IRON, e/e IRON, 0le

(c) (d)
Fig. 3. Saturation magnetization for Fe-B-Ge amorphous alloys mea-

sured (a) at 77 K in emu/g; (b) at 77 K in Bohr magne tons/Fe atom,
circled numbers reported by Kazamna et at. 1 191 at 0 K; (c) at room
temperature in emu/g; and (d) at lOOT in emuig.

TABLE Ill
MAXIMUM SATURATION MAGNETIZATION OBTAINED IN VARIOUS

AmoRpmous ALLOY SYSTEMS'

Maximum Saturation Magnetization
at Room Temperature

As-Cast Annealed Width of ridge
at 5 percent X Composition at

Alloy System 0, 47wM., a, 4wM, for 175 enou/g tip of the
Fe-B-X (emufg) (kG) (emulg) (kGj (percent) 178 ermulgcontour Reference

Fe-B 180 16.7 184 17.0 - FeS0 B20  [11
Fe-B-C 180 16.9 184 17.3 8.0 FeA2 SB6CII. 131
Fe-B-Si 179 16.5 183 16.9 2.5 Fe8 2 B, 2 Si6  (1
Fe-B-Ge 179 17.2 183 17.6 4.5 Fe$2 .S5IIGe. thi's work
Fe-B-Ga (178) - - - -to appear
Fe-&-Si-C 182 17.0 186 17.3 6.5 Fe8 2 BI 2 4 Si2.8 C2 .8 151

aFroin smoothed data.
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oENs1rt, 1/cm 
5  5 B. This may be attributed to the effect of the large size of the

Ge on the Fe-Fe coordination and interatomic distance. The
590 maximum room temperature saturation magnetization believed

to be achieved with Fe-B-Ge was 17.2 kG as-cast and 17.6 kG

780 after annealing. This occurred at Fes-2 B1 3 Ges, assuming a
1 density of 7.65 g/cm 3. These 41rM values are higher than ob-

C 20 770 tained with Fe-B-C or Fe-B-Si alloys.

.60 5 ACKNOWLEDGMENT
5 We are grateful to W. Rollins for the preparation of the

730 ribbons, to J. Gillespie for many of the magnetic measure-
20 '0 ments, to H. Patchen for the saturation magnetization mea-
1 -Z0 surements, and to N. Marotta for the Curie temperature75 80 85 90 measurements.

IRON , alo

Fig. 4. Density, in g1cm
3 
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EMBRITTLEMENT OF SOME METALLIC GLASSES
BY Sb, Se, AND Te

H. H. LIEBERMANN and F. E. LUBORSKY
General Electric Corporate Research and Development

Schenectady, NY 12301 U.S.A.

(Received 9 February 198 1)

Abstract-Some metallic glasses have been found to embrittle after annealing at low temperatures, much
as do some steels. In phosphorus-bearing alloys, phosphorus has been found to segregate during anneal-
ing and result in sample embrittlement. The present report describes the effects of the steel-embrittling
elements Sb, Se, and Te on metallic glasses in which the primary metallic constituents are Fe and/or Ni.
Bend ductility and stress relaxation measurements of as-cast and annealed glassy alloy ribbons have
been used to study embrittlement resulting from less than 0.2 at.*, Sb, Se, and Te addition to the base
alloys. XRD. DSC, and magnetic measurements have been used to further characterize the samples and
to check for changes in magnetic properties which may accompany embrittlement. Results show that P
is a very weak embrittler compared with Sb, Se, and Te. Furthermore, the embrittling power of these
three elements varies in the sequence Te > Se > Sb, the same sequence as found in steels. The effect of a
given embrittler is enhanced when substituting Fe in place of Ni. No substantial changes in DSC or
magnetic measurements have been found as a result of substituting the small amount of embrittler into
the base alloys investigated.

Rksums-Nous avons trouve que certains verres metalliques etaient fragilises par un recuit a basse
temperature, comme certains aciers. Dans les alliages pour paliers au phosphore, le phosphore segrege
au cours du recuit, cc qui conduit i une fragilisation de l'echantillon. Dans cet article, nous pr sentons
les effets de I'addition de Sb, Sc and Te, qui sont des elements fragilisant des aciers, sur des verres
metalliques dont les constituents metalliques principaux sont Fe et/ou Ni. Des mesures de ductilitt en
flexion et de relaxation de contrainte sur des rubans d'alliages vitreux bruts de coulee et recuits ont
permis de mettre en evidence une fragilisation provenant de I'addition de moins de 0.2 at'. de Sb. Se et
Te aux afliages de base. Des mesures de diffraction X. de DSC et magn&tiques ont ensuite permis de
caracteriser plus precisement les echantillons et d'observer une eventuelle variation des proprietes
magnetiques qui pourrait accompagner [a fragiLisation. Nos res"ttats montrent que le P est beaucoup
moins fragilisant que Sb, Se et Te. De plus, le pouvoir fragilisant de ces trois elements varie selon la
sequence Te > Se '> Sb, c'est A dire la mime que dans les aciers. On augmente l'effect d'un element
fragilisant en remplaqant du Ni par du Fe. Nous n'avons pas vu de changement notable du DSC ou des
proprietes magn~tiques a la suite de la substitution d'une faible quantite d'element fragilisant dans
I'alliage de base.

Zusammenfassung-Einige metallische Gliser versprdden wahrend der Auslagerung bei niedrigen Tem-
peraturen wie gewisse Stithle. In phosphorhaltigen Legierungen wurde gefunden, daB Phosphor wahrend
der Auslagerung segregiert und dadurch die Verspr6dung verursacht. Die vorliegende Arbeit beschreibi
den Einflul3 der Stahl-verspr6denden Elemente Sb. Se und Te auf metallische Glaser mit den metallis-
chen Hauptkomponenten Fe und/oder Ni. Mit Messungen der BiegeduktilitAt und der Spannungsrelax-
ation an frisch hergestellten und ausgelagerten Bandern metallischer Glaser wurde die Versprdung
untersucht, die von Sb-. Se- und Te-Zugaben in Mengen von weniger als 0.2 At.-',, verursacht wird. Mit
XRD-, DSC- und magnetischen Messungen wurden die Proben weiterhin untersucht, um m6gliche, mit
der Verspr6dung einhergehende Anderungen der magnetischen Eigenschaften aufzufinden. Die Ergeb-
nisse zeigen. daB P im Vergleich zu Sb, Se und Te sehr schwach verspr6dend wirkt. Die Wirksamkeit
dieser Elemente andert sich in der Folge Te > Se > Sb wie in den Stahlen. Der EinfluBl eines verspr6-
denden Elementes wird verstArkt, wenn Ni durch Fe ersetzt wird. Es wurden keine bedeutenden Ander-
ungen bei DSC- und magnetischen Messungen gefunden. die als Folge der Einfuhrung des kleinen
Anteils verspr6dender Elemente in die Basislegierung auftraten.

INTRODUCTION some metallic glasses and the discovery of embrittle-
ment in glassy alloys containing this element has

The embrittlement of some metallic glasses may occur prompted numerous investigations (3-8]. It has been
without the onset of crystallization during annealing suggested that P enrichment occurs on a highly local-
at temperatures well below those required to cause ized scale in these alloys during annealing, resulting in
crystallization. This embrittlement is analogous to sample embrittlement because of sharply reduced
that found in steels [ I, 2]. except that it is irreversible, ductility in the segregated regions and the extent to
Phosphorus is a metalloid used in the formation of which the ductile-brittle transition temperature is

1413
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suppressed varying directly .ith phosphorus con- bend ductility testing in which a ribbon sample is
tent [7]. gradually bent (shiny side out) to a decreasing radius

Elements such as Sb. Sc and Te are much more of curvature between the platens of a micrometer
potent embrittlers of steel than is P [9]. The current drive and the platen separation at sample fracture
investigation deals with the nature of temper em- converted to a relative maximum strain to frac-
brittlement in metallic glasses of nominal composition ture [4] using micrometer (maximuml ribbon thick-
Fes, ,B, 4 Si., Fe,(1 Ni 4.B, 0 . and Ni 1 .5B,4..Si4 con- ness for calculation. The degree to which atomic
taining 0.2 at., or less of the embrittling agents Sb, Se motion is possible was monitored through stress
or Te. The alloy compositions have been selected to relaxation measurements on all of the ribbons formed.
be phosphorus-free so that properties measured will Stress relief data were obtained by annealing ribbon
not be the result of P segregation. Furthermore, the segments in I cm i.d. toroidal cans for two hours at
nominal compositions chosen permit a comparison of 498 K and measuring the degree of spring-back exhi-
embrittlement as Ni and Fe are interchanged in the bited by each sample on removal from the can [15].
base alloy. Ductile, glassy ribbons of about 25,um average thick-

Embrittlement of a metallic glass is not only depen- ness were sealed in evacuated glass tubes and sub-
dent upon the addition of embrittling alloying ele- jected to I Ih anneals at 373. 473. 573 and 673 K. The
ments but is also determined by processing conditions relative strain to fracture for these annealed ribbon
with which the sample is manufactured. For example. samples was then remeasured and embrittlement
it has been found that glassy alloy embrittlement in- assessed.
creases with decreased ribbon-substrate contact dis- Differential scanning calorimetry (DSC) using a
tance during chill block melt-spinning [101. A similar Perkin Elmer DSC 11 at 40 K min heating rate was
correlation has been established between glassy rib- used to compare crystallization temperatures of some
bon stress relaxation and ribbon-substrate contact ribbon samples with and without embrittler alloy ad-
distance [II]. Increased tendency for embrittlement ditions. Magnetic coercivit) measurements using an
has also been demonstrated with increased as-cast M)0Am I (O1 ) drive field have also been used to
ribbon thickness [12]. Whether by reduced ribbon- examine the annealing response of Fe40Ni 40 B20 base
substrate contact distance or by excessive ribbon metallic glass containing small amounts of Sb and Se.
thickness, the increased embrittlement and reduced
stress relaxation result from the "self-anneittl of the RESULTS AND DISCUSSION
ribbon when departing from the substrate surface
without having undergone sufficient heat removal Embrittlement

during melt-spinning. The embrittlement of all ribbons in the as-cast state
has been measured by the relative maximum strain to

EXPERIMENTAL fracture of U-shaped samples [4]. a typical data set of
which is shown in Fig. 1 for the Fe40 Ni40B2o base

Master alloys of the compositions investigated were alloys. The sharp increase in fracture strain with de-
premelted using high purity constituent alloying ele- creasing ribbon thickness has been drawn to comply
ments in an alumina crucible atmosphere and poured with this kind of variation typically exhibited by
into a split copper mold under Ar atmosphere. glassy alloys [7]. The dashed portion of the
The resultant ingots were then crushed and pieces Fe40NioB1,.,Te,,.1 data curve is an extrapolation to
chill block melt-spun in vacuum [13]. A 125mm a maximum relative strain of 1.0. Fracture strain data
diameter copper substrate wheel wxas used at scatter is well-masked by the steepness of the curves
2, 4. 6. and 12 krpm to result in a set of ribbons drawn. From such plots, the maximum ductile sample
having average thicknesses of from 8 jim to 45 jim for thickness ltd) for each composition is obtained by
each alloy composition investigated. Ribbon-substrate reading the thickness at %hich the maximum relative
sticking distance was not found to vary w ith the alloy strain to fractui drops belo" unit. Note that the r'
compositions studied for a gmcen geometric cross- values obtained are particular to the melt-spinning
section and substrate %elocit. Although the embritt- apparatus and conditions (such as ribbon-roller con-
ling elements studied are also surface active and tact distance) used and ma. vary when using other
reduce liquid iron and nickel surface tension [14]. no equipments. A summary of td' for all the glassy alloy
significant change in ribbon geometry %8as noted %%hen compositions investigated is given in Table I. From
casting embrittler-bearing samples. This is presum- this data. it is seen that as-cast Fes, ,B, 4 1Si4 ribbons
ably because of substantial melt puddle turbulence sho, less embrittlement tcan be made thicker yet duc-
during casting and suggests a uniform distribution of tile) than either Fe4,,Ni 4 B2,, or Nig, 14 *S14 rib-
the embrittler elements in the ribbons. bons. This is presumably because of the greater ther-

Ribbons of various thicknesses for each compo- mal stability of the Fe-based metallic glass, as shown
sition were examined by transmission Laue X-ray dif- by the DSC data in Table 4. The right-hand column
fraction (Charles Supper precession camera with a in Table I lists the ratio of maximum as-cast ductile
GE XRD-4 power generator) to check for indications ribbon thickness for a given base composition (t,) to
of crystallinity. These samples were also subjected to the equivalent thickness for an embrittler-containing
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Fig. I. Relative maximum strain to fracture data for as-cast
samples as a function of glassy alloy ribbon micrometer Fig. 2. Relative maximum strain to fracture data as a func-
(maximuml thickness for the Fe4 oNi,,Bz , base alloy and lion of one hour isochronal annealing temperature for the
samples containing small amounts of the embrittlers Sb. Sc Nis L5 B14 .Si 4 base alloy and sample containing 0.1 at. 0 of

or Te. the embrittler Sb. Se. or Te.

alloy (:'). This ratio eliminates the difference in ther- concentration ofembrittler would presumably also be
mal stability of the three base alloy compositions and the case for the other base alloys as well. In the
gives an indication of relative embrittlement, with Nis,.5B,.SSi4 glassy alloy system, there seems to be
1.00 corresponding to that of the embrittler-free base no embrittling effect due to Sb. Se or Te at the
alloy. The sequence of elements in order of increased 0.1 at.% concentration in any of the as-cast ribbons.
embrittling power in FenNi 40 B20 glassy alloy data Relative maximum strain to fracture of ribbons as a
shown in Fig. I is Sb. Se, Te for 0.t at.*, embrittler function of I h isochronal annealing temperature is
addition. The results also show that increased quanti- exemplified by the data for the Nis8 .5B14 .5Si4 base
ties of Sb in Fe4oNi,,oB20 result in increased em- metallic glass shown in Fig. 2. The I h embrittlement
brittlement. This increased embrittling strength with temperature is defined as that at which the relative

maximum strain to fracture drops below unity and
the sample begins to show loss of bend ductility.

Table 1. Maximum as-cast glassy alloy ribbon micrometer Fracture strain data scatter is more obvious in the
thickness at which completely ductile bending is possible less steep portions of the curves drawn. As in Fig. t,
(r'7. and ratio of ductile base alloy to ductile embrittler- the shape of the data curves has been drawn to corn-

containing alloy ribbon thickness t't'). ply with that typically found for glassy alloys [7].
Note that for the -25 um thick ribbon samples

Composition ,'4.pm annealed and tested, an embrittlement of the
Fes 5314,lS14 58 Ni1 .sBl,.sSi4 base composition samples is only
Fes1 5B,4 SSi1 9Sb. 1 40 1.45 found for samples containing 0.1 at.'. Se or Te. It is
Fei' SB4 SSi ,Se,, I < 20 .2.90 interesting that a 0.1 at.0 o Sb addition causes no de-
Fe, B4 5Sid 1le. I < 20 -2.90 tectable embrittlement beyond that of Ni8s. 5B1,. 5Si4 .
Fe4,Ni 4 lB2,, 42
Fe,&sNi 4,,B,,, ,Sb,,,, 42 1.00 The embrittling power of the three agents used fol-
Fe4oNi4,,B, ,Sb,, P,, 40 1.05 lows the same sequence in each of the three base
Fe4,,Ni 4,,B 19 8Sb,, , 1)X 2.33 alloys: Te > Se '> Sb. A summary of I h embrittle-
Fe4 oNi4,,B19l1q Se lt 42 1.00 ment temperatures and the ratio of one hour em-
Fe~oNi,,,Bi,Se, ,, 28 1.50 brittlement temperature for the base alloy to that of

Fcni4,lg c, ,42 1.00
FeAoNi,,jtt9 je, 1j, <25 > 1.68 the embrittler-containing alloy (TT l for the three
Nip, sB1,4 4Si. 40 base compositions appears in Table 2. An illustration
Nis, 5B14 4Si. 9Sb 1  40 1.00 of the embrittlement data in Table 2 is shown in
Nis1 .B14 1 Si 9Se, 1 40 1.00 Fig. 3 for the three base alloy compositions. The
Nis, jB1, Si x Te,, 1 40 1.00

dashed curves are extrapolations. The T,,iT, trends
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Tahle 2 One hour annealing temperature above which 1.0
-25 pm thick glassy ribbons show a loss in ductility on &O

bending and ratio of one hour embrittlement temperature
for the base allo) to that of the embrittler-containing alloy

Ts'!TI. 0.8 -

Compositlon i h Tmb. (K) Tb/T.

FCM1 51414 iS 600 - .F", sB,.4 &Sh ,Sho 1 510 1.18

-esi.qB 1 4 SSi6 -Se".1  <RT > 2.01 U
Fes, 5Bj. 5 sSi. 4Teuoj <RT >2.01 0.4
Fe.MB_,) 600 - * 1158 14 5Si4
Fe.1 Ni 4 oB, qSbo 1  550 1.09
Fe4, Ni,1 Bj, 9Se 1 400 1.50 * ai 5814.S 0 401
Fe. 4 Ni, 4 B,.1 ,Te,, I <RT > 2.01 0.2 & S %
N ias 5B I .SSi 4  500 -

-.

Nisj sB14 5Si3 9Sb(, 500 1.00 a 681,5814 5S13 9T%1
NisI.SB 14 5Si 3 QSCo 1  340 1.47 0.0 £0

Nis2 sB14 sSi. )Te, 1 300 1.67 0 10 20 30 40 50it,Mff

Fig. 4. Stress relaxation data for the Ni, 5B14, 5Si4 glassy

shown are not believed to be very much affected by alloy series is a function of average ribbon thickness.

the slight variations in transition metal: metalloid Samples were annealed 2 h at 498 K for relaxation.

ratio or Si:B ratio in the three base alloy compo-
sitions and show apparently increased embrittlement is presumably the result of self-annealing of thenessispemaythreutose-anangote
as Ni is replaced by Fe. ribbon during casting, as discussed earlier. By

Stre relaxation determining the stress relaxations for a given sample
thickness on the data curves shown in Fig. 4. the

Stress relaxation of ribbon samples was conducted dependence of ribbon stress relaxation on embrittler
ass described by Luborsky et al. [15]. The results are concentration for various ribbon thicknesses may be
an indication of the extent to which atomic rearrange- plotted, as shown in Fig. 5. Note that these plots are
ment occurs during a given annealing treatment. A linear because only two data points are available per
stress relief fraction of 1.0 corresponds to complete ribbon composition and thickness. Table 3 lists the
relaxation of the ribbon. As an example, the data
taken for the Nist 5Bt4.5Si, alloy series as a functionof average ribbon thickness is shown in Fig. 4. The Table 3. Linearized dependence of stress relaxation on

embrittler content as a function of embrittler species and
decrease in stress relief with increased ribbon thick- average sample thickness.

300 Base alloy Embrittler i. 'Um -d(aR)/dC
* 0lW .8*L gMI Fe 1 F .BI, sSi4  Sb 20 0.0
A 0 l afo 5SArTO Se 20 0.0

*0 lWo .TAaTi0r Te 20 0.0
Sb 30 1.5

2SO Se 30 1.5
Te 30 25

X Sb 35 2.7
Se 35 2.1

.,Te 35 >5
205 U \ Fe4oNia0B,0  Sb 20 0.8

ISe 20 0.8
Te 20 3.4
Sb 30 3.1
Sc 30 1.9
Te 30 > 5

15 A Sb 35 > 5
Se 35 3.5
Te 35 > 5

Nis, 5BI4 sSi 4  Sh 10 0.0
Se to 0.0
Te it) 0.8

100 Sb 20 0.0

~8l584 54 . 4402  lgl . s4 Se 20 0.0
Te 20 3.3

Ust ALo CoMTO Sb 30 1.5
Se .0 3.2Fig. 3. Relative embrittlement (TsiT;) as a function of base Te 30 5.7

alloy composition and 0.1 at., embrittler species.
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Fig. 5. Stress relaxation as a function of glassy alloy embrittler content and aerage ribhon tl.icknes for
the Nis% sB , sSi, alloy series.

slopes of the lines generated in such a fashion and this annealing treatment. onl the Sb and Sc-bearing
thereby gives the extent to which atomic rearrange- samples showed embrittlement. Longer annealing
ments occur on annealing with the addition of the times resulted in substantial embrittlement due to
three embrittlers to the base alloys. For a given rib- crystallization and a corresponding coercive field in-
bon thickness, a large negative value of da/dC indi- crease.
cates a system for which the stress relaxation depends
greatly on embrittler content.

Thermal and magnetic measurements CONCLUDING REMARKS

Differential scanning calorimetry (DSC) has been Enhanced temper embrittlement in Fe and.or Ni-
used to obtain start-of-crystallization temperatures. based metallic glasses by small additions of Sb. Se
T,, and crystallization peak temperatures, TP, for and Te has been found in the present investigation.
sample compositions as listed in Table 4. The results The precise embrittlement mechanism remains to be
show a slight decrease in crystallization temperature defined. From the present work. it appears that the
of the Fej. 5B ,4.5Si4 alloy when replacing 0.1 at.% Si embrittling strength of the elements investigated
with Te. The scatter in the Fe40 Ni4 oB2o base alloy scales as Te > Se > Sb. which is the same sequence
data shows no systematic trend. The Ni8,. 5BI4.5Si4  found in steels[l]. Furthermore. the embrittling
metallic glass temperatures are given for comparison strength of P is feeble by comparison. For all of these
with those of the other two base alloys. embrittling elements, loss of metallic glass ductility is

As-cast ductile glassy alloy ribbons having nominal accelerated with increased embrittler content, as is
compositions Fe40 Ni4oB20, FeoNi4oB19gSbo.2. and exemplified in Table I for the case of Sb in
Fe~oNij 9 9Seo, with similar cross-sections ( - 12pum Fe4oNi 40 B20 base metallic glass. Walter er al. [6]
x 0.9m) all were measured to have a magnetic have proposed an embrittlement model based on fast
coercivity of - 1.3Am-' (160mOe) in a longitudinal diffusion of the smaller metalloid atoms to form
drive field of 800Am-' (10Oe). A subsequent 1.5 highly localized clusters which embrittle the sample.
hour anneal of these samples at 623 K reduced the While such a concept perhaps seems feasible for
magnetic coercivity to -0.6 Am - 170 mOe). After explaining the temper embrittlement of metallic

glasses containing P and smaller metalloids. it seems

Table 4. Crystallization start. T, and peak temperatures. unlikely that atoms as large as the embrittlers studied
T . as obtained by DSC at 40 K min. in the present investigation would be capable of

extensive diffusion at the annealing temperatures and
Composition TI (K) T',P (K' T,2 (Ki T, 2 (K) times used. Furthermore, it is remarkable that the

Fej.5B,4 5Si4  784 799 820 833 embrittling strength of these elements is as strong as
Fes ,B ,4 St, Te,, 1 777 793 813 827 has been shown in vie% of the relatively low atomic
Fe4ONi 4,B2o 699 727 mobility anticipated.
Fe4oNi4,BQ 9Sh, 708 734 Unlike the contention by Chen [16] that glassyFe,0Ni,o B I S,) I 7(X) 732 alloy embrittlement comes about through incomplete
Ni, SB,4 5Si4  703 720 filling of transition metal 3d electron shells. and the

Fe5 i 5 , S t) 72alyebiteetcmsaottruhicmlt
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Walter et al. concept of long range metalloid dif- stress relaxation is the densilication freduction in free
fusion, it seems that embrittlement by an individual volume) found when metallic glasses are annealed.
species of atom in a metallic glass depends on a corn- Thus, the contribution to stress relaxation due to
bination of aspects such as embrittler electronegati- embrittler atoms is rather small when the prominent
vity and ionic size. The embrittler strength scales with contribution due to densification is subtracted out.
neither clectronegativity nor size alone. Figure I The DSC and magnetic measurements show that
shows that similar embrittlement behaviors may be although glassy alloy embrittlemcnt may occur as a
exhibited by Sb-bearing and Se and Te-bearing glassy result of low temperature annealing, the crystalliz-
alloys by simply increasing the content of the weaker ation characteristics and structure-sensitive magnetic
embrittling element. Thus. embrittlement in metallic coercivity are relatively unaffected by small additions
glasses most likely is based on the ability of embrittler of embrittling elements. Finally, since the samples
atoms to localize electrons from the matrix, annealed to embrittlement show no detectable coerci-

Embrittlement of metallic glasses occurs as the vity changes. the embrittler-induced atom localization
result of annealing, whether intentionally by heat is probably on a very fine scale.
treatment or unintentionally by fabricating ribbon
samples which are very thick and/or departing prema- Acknowledgement.s The authors are grateful to N. A Mar-
turely from the substrate surface on which they are otta for the DSC runs, S J. Kelly for the magnetic
cast. Nevertheless, the ribbons used in the present measurements, and to C. L. Briant for helpful discussions

investigation may be viewed as having undergone and critical reading of the manuscript.
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EFFECT OF MELT TEMPERATURE ON SOME PROPERTIES
OF Feo.5B 15Si 4C0 .5 AND Fe 40Ni 40B20 AMORPHOUS ALLOYS

F.E. Luborsky and H.H. Liebermann

INTRODUCTION Fe80.5B 15Si 4Co. 5 was chosen as an example of a tech-
Several reports describing the effects of tem- nologically useful alloy having high saturation mag-

perature on the properties of melt-spun amorphous netization and high magnetostriction; Fe40Ni40 B20,
ribbons have recently been published. The first of having about one-third the magnetostriction of the
these") showed that the Curie temperature T., Fe-B-Si-C alloy, was chosen because of its potential
saturation magnetization Ms, crystallization tern- for application in electronic devices where high per-
perature T,, and microhardness H,, for Fe 40Ni 40 B20  meability may be most important.
amorphous alloy were all independent of the melt EXPERIMENTAL
temperature Tm... However the coercivity H, was Ribbon samples were prepared by chill block
reported to have increased, the remnant induction melt-spinning in vacuum using a 12.5-cm diameter
8, to have decreased slightly, and the maximum OFHC copper wheel, quartz crucible with 0.51-mm
permeability # to have decreased substantially as orifice diameter, 0.7 kg/cm 2 Ar ejection pressure,
Tm increased. These results were discussed in 3-mm orifice-substrate spacing, perpendicular melt

terms of additional annealing during casting due to jet impingement. and a linear substrate velocity of
the increase in ribbon temperature caused by the 40 m e for F i na lyzed)t a nd 33 of

increase in Tm. This ad nal annealing presum- for FeorNi 4 B2 0 (nominal). Melt temperature was

ably resulted in a less di. rd atomic structure monitored with a thermocouple. Ribbon
In another reportt) crohardness, brittle- thicknesses I were determined both with a

ness, and coercivity of Ft ,oys were studied. It micrometer (maximum thickness) and by calcula-
was claimed that Tm affectea H,. Changes in H, of icromtr mximu m cnss a b calcula-

2 ~tion from t-m/(p.Iw); m =mass, p= density,up to 3 kN/mm2 were reported over the melt tem- length, and w = width of the ribbon. The
perature range of 1500 to 1700 K, while changes of intrinsic coercivity H, and induction in I0e field
8 kN/mm 2 were reported for boron concentration B, were measured using an integrating fluxmeter
range of 11.72 < B < 23.5 at.%. It was further system (4) on 15-cm long samples. Annealing was
reported that the T-dependence of ribbon ductility carried out in a longitudinal field of 25 Oe for 2 h
changed in a sense opposite to that of H,. The and the sample cooled in the field at about
report shows further that H, of as-quenched rib- 0.5 °C/min. Stress relaxation was measured after
bons increases and then decreases with increasing annealing for 2 h at 225 and 300 °C by measuring
Tm when using a constant linear substrate surface the radius of curvature of a relaxed length of rib-
velocity during casting. The authors report the bon after annealing it constrained to a small
reverse property trend for casting on a wheel rotat- diameter.(5 ) Sample brittleness was measured after
ing with twice the linear substrate velocity. No various 2 h anneals by determining the radius of
trend in H, was observable after stress relief curvature required to fracture the ribbon. 6 )
annealing. Finally, it was concluded that the
decrease in H, on annealing was a consequence of RESULTS AND DISCUSSION
the accompanying reduction in stresses and the The width and thickness of Fe4oNi4B 20 and
change in H, is a consequence of atomic short Feso.5Bt5Si 4Co.s amorphous alloy ribbons cast using
range ordering. No explanation was given for the various superheats are plotted against melt tempera-
subsequent increase in H,.. The same authors ( 3 ture in Figure 1. The slope of 0.73 jim/K for the
studied the Fes3.4B1 6.6 glassy alloy in detail finding average ribbon width data shown is in fair accord
that H, decreased with increased Tm. with the 1.00 1Am/K slope predicted by a ribbon

In view of the varied behaviors reported for the formation model based on the propagation of a
effect of the melt temperature on amorphous rib- thermal boundary layer, as proposed by Kavesh" 8)

bon properties, we have studied the T-dependence under the experimental conditions we used. Simi-
of the properties for two alloy compositions. larly, the -9.6 nm/K slope for the ribbon thick-
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were greater and less, respectively, than the experi- MELT TEMPERATURE, "C

mental figures when calculated using the thermal
boundary layer model. This may be due to Figure 2. Effect of Fe B Si, C melt temperature on

differences in solidification caused by differences in amorphous rbivn asndauction in ae aeld
melt puddle shape between the vacuum melt- aon aoevarious auio of a el
spinning results of the present investigation and the temperature T melt
results of Kavesh obtained by casting in air. The ti
fact that the data of maximum (micrometer) and invariant start-of-crystallization temperature with
average ribbon thickness vs. melt superheat are T: 782 ±4°C for Fe-B-Si-C and 711±4° C for
parallel (Figure 1) indicates that the average amor- Fe-Ni-B. The glass transition endotherm was not
phous alloy ribbon surface roughness is indepen- clearly discernible in any of the scans. There was
dent of superheats, although the topography of this no evidence in the thermogravimetric or DSC scans
surface roughness may vary. for the existence of crystallites in the as-cast sam-

H, and B/Bnoo vs Tm are shown in Figure 2 for pies.
Fe-B-Si-C and in Figure 3 for Fe-Ni-B amorphous Stress relaxation for both alloys decreases with
ribbon, both in the as-cast state and after various increased Tm, as shown in Figure 4. It is further
2 h anneals. In the as-cast state, both alloys exhibit shown that stress relaxation decreases with
a decrease in H, and an increase in B 1/Bjo o with increased ribbon thickness, as previously
increased Tm. After annealing, this T,-dependence reported. (9-10 This increase in relaxation rate with
disappears at -335± 10 °C for both alloys, indicat- increasing T,, and ribbon thickness is probably the
ing that the original dependence is most likely result of the lower average quench rate due to the
caused by quenched-in residual stresses in the rib- greater amount of heat that must be removed dur-
bons. In fact, the 2 h anneal at 335 °C resulting in ing melt-spinning. Thus, a more relaxed atomic
the disappearance of the T.-dependence of ribbon structure results when amorphous ribbon is cast
properties is that required for complete stress relax- when using a higher T,, or making a thicker ribbon.
ation. (5)  It should be noted that the increase in melt tem-

The Curie temperature measured by thermo- perature, which causes the melt to become more
gravimetric analysis at 20 °C/min showed no trend disordered, could lead to an atomically more disor-
with T,,: 379± 1 °C for Fe-B-Si-C and 403±2 0C dered ribbon, contrary to the results observed.
for Fe-Ni-B. Differential scanning calorimetry at Thus, the effect of the lower average ribbon quench
80 °C/min revealed no systematic trend in Curie rate due to the greater amount of heat which must
temperature with Tm: 376±2 °C for Fe-B-Si-C an( be removed as T. increases is dominant over the
399±2 °C for Fe-Ni-B. The same scans showed an possible competing mechanism of the effect of
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Figure 4. Effect of melt temperature on amorphous
ribbon stress relaxation after annealing 2 h different atomic structure for samples made at vari-
at 225 and 300 *C. Solid lines for ous T.. The correlation between stress-relaxation
Feo.B 15S 4CC,, dashed lines for Fe 4 Ni 40fB2 . and fracture strain is the same here as previously

observed on changing ribbon thickness by changing
increased atomic disorder in the melt as T,, wheel speed, °101 i.e., the stress-relaxation rate and
increases. embrittlement temperature increase with decreasing

The brittleness, as measured by the strain-to- thickness (increasng substrate velocity). in the
fracture ratio, is shown in Figure 5 for Fe-B-Si-C present work, stress relaxation and embrittlement
and in Figure 6 for the Fe-Ni-B as a function of temperature increase with decreasing T,,. We
T., These changes on annealing also suggest a assume, as before, (10 ) that the atomic processes
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SUMMARY

Air pockets were found on amorphous ribbons of Fe-B-Si and Fe-
B-Si-C with different sizes, shapes, and orientations due to differences
in processing conditions. The coercivity decreased and the magnetiza-
tion in low fields increased as the size of the air pockets decreased.
The coercivity was always higher, and the magnetization lower, for air
pockets oriented parallel to the ribbon length. The same trends
remained after stress relief annealing. Application of tensile stress pro-
duced changes correlated to differences in air pocket size and orienta-
tion. The 60 Hz coercivity, loss, and maximum drive field exhibited
the same trends as the dc coercivity with changes in air pocket size and
orientation. The difference between Hc (60 Hz) and Hc (dc) increased
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EFFECT OF SURFACE FEATURES OF AMORPHOUS ALLOYS
ON MAGNETIC BEHAVIOR

F.E. Luborsky, S.C. Huang, and H.C. Fiedler

INTRODUCTION EXPERIMENTAL
It is well known that the magnetic properties of Samples were prepared with different surface

thin ribbons are influenced by pinning sites on the features, as shown by some of the typical micro-
ribbon surfaces. 1- 3 These pinning sites can be graphs in Figure 1, by varying the wheel surface
due to inclusions, strains, or surface irregularities, preparation.W4 Similar differences in features were
all of which impede wall motion. In the case of observed on samples of ribbon from outside
amorphous ribbons prepared by rapid quenching, sources. All samples were 1.2 to 2.5 cm in width.
air bubbles are trapped on the underside of the The effect of these different surface features on
molten metal in contact with the quenching surface the dc and 60 Hz coercivity and magnetization in
of the wheel. 4 } This results in a pattern of "air low fields for straight ribbons in the as-cast and
pockets" on the underside of the ribbon and a annealed states was determined. In addition, the
corresponding depression on the top side of the rib- effect of tensile stress on these properties was
bon. The size, shape, concentration, and orienta- determined.
tion can be controlled by suitable adjustment of the
processing parameters.14 ) It was also shown that RESULTS AND DISCUSSION
the atmosphere controls the uniformity of the sur- The coercivity H, and magnetization ratio in
faces and edges' 5) as well as the magnetic quality 16' I Oe to 100 Oe field, i/iBI00, for samples as-cast
of the ribbon. These air pockets produce a strain and for samples annealed to their minimum coer-
distribution around them due to the different cool- civity are shown in Figures 2 and 3. The abscissa is
ing rate. Thus, in the as-cast ribbons, both the an approximate scale for the size of the air pocket-
physical geometry of the air pockets and their ing ranging from very large air pockets in ribbons
resulting strain distribution would be expected to cast under certain conditions to very smooth sur-
influence the magnetic properties. After a stress faces displayed in vacuum-cast material. This
relief anneal, only the geometry of the air pockets decrease in H, for vacuum-cast ribbons compared
remains to influence the magnetic properties, to air-cast ribbons has been reported previously'"
although a stress induced anisotropy may be pro- for ribbons in the Fe-B series. Although there is
duced from the original strain pattern which will considerable scatter, particularly in the as-cast
also influence the domain configuration and thus results, the decrease in H, and increase in BI/B,,
the properties. with decreasing air-pocket size is clear. This effect

The influence of an applied stress to ribbons
should give us some information about the state of
stress in as-cast ribbons. In particular, the stress
required to orient the magnetization in the -tress I-- u - -

direction should be related to the magnitude and minorientation distribution of the internal stress. ---- , limllih
Furthermore, the 60 Hz magnetic properties will

depend on the number and structure of the walls
developed during reversal. This in turn may -

depend on the size, shape, concentration, and VERY FINE LARGE MEDIUM SMALL
orientation of the air pockets and the interaction of
applied stresses with the internal stresses. Figure 1. Air pockets observed In the scanning elec-

In this report, we will examine the relations tron microscope on the underside of various
between the air-pocket structure and the dc and samples. Casting direction Is horizontal.
60 Hz magnetic properties and the influence of Ribbon a cast in vacuum, remainder cast inair; b, c and d exhibit perpendicular air
stress on these properties. These results will be pockets, e, f and 9 exhibit parallel air pock-
discussed in terms of wall pinning. ets. All for Fes, 58 14 5Si4 alloys.

Manuscript received March 1i, 1981



160 1 1 on the as-cast results is attributed to the interaction
of domain walls with these surface defects and with
the associated stresses around these defects; the
larger the defect size the greater the pinning and

1\ thus the highet the H, and the lower the BI/BIoo.
120 \II The lower B1/8,o may also be due to the rotation

of the magnetization away from the easy axis due
** •to these strains. Furthermore, the orientation of
E 8 Cthe surface defects would be expected to influence

-zH, and B1/B1 o; the parallel orientation would be

expected to interact more strongly with the parallel
orientation of the walls as is observed. The fact

S , \ that the slopes of the curves in Figure 2 change on
Q annealing suggests that stresses are also contribut-

40 -"G-- 8-... - ing to the observed H, and B,/BI o. The remain-
... ing dependence of H, and B,/B 1 oo on air pocket

ANN.ALED o size after annealing to remove the internal stresses
• MFUI is attributed to just the influence of the geometry

I and distribution of air pockets on wall pinning.
L M S VAC The effect of stresses on H,. and the stress toDECREASING AIR POCKET SIZE produce the minimum H,. for as-cast ribbons are

Figure 2. Coercive field as a function of air pocket size shown in Figure 4. The remarkable feature of the
for parallel (0) and perpendicular (0) effect of stress on these samples is the variability of
oriented air pockets in the as-cast (solid the response. In most cases, increasing stress
symbols) and annealed (open symbols)

states for straight ribbons. Annealed for 2 h reduces H, but in the case of the large perpendicu-
at 327±5 *C (0,0 ); at 350±5 *C (0,0); lar air pockets, increasing stress increases H,.
and at 367± 3 *C (o, &-). Furthermore, in some cases, H, first decreased to a

minimum and then increased .ii application of
stress, but in the case of large parallel air pockets,

1.0 160 1600

ANNEALED 0 I

0.8 120" I 1200

•I.2 I

0. ell\,l

A S AS-CAST0A

L M S VAC
0.2 DECREASING AIR POCKET SIZE

I i IFigure 4. The minimum H, achieved on applying ten-
L M S VAC sile stress and the stress required to achieve

DECREASING AIR POCKET SIZE - the minimum H, as a function of air pocket
size for samples with air pockets oriented

Figure 3. Magnetization ratio in I Oe field to 100 Oe parallel and perpendicular to the casting
field for the same samples as In Figure 3. direction. Samples all in as-cast state.
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no minimum was achieved up to stresses of 120
1200 kg/cm2. In all cases the minimum Hs
achieved on application of stress is always greater
for samples with parallel -oriented air pocketing as
compared to perpendicular-oriented air pocketing - 0
(Figure 4). Further, the stress required to achieve 0~ 80the minimum H,. is typically greater for the
parallel-oriented air pockets compared to the ANNE4LED

perpendicular-oriented air pockets; in fact, the STRAIGHT
larger the air pockets, in general, the greater the 40C
difference in stress between parallel and perpendic- L M S VAC
ular air pockets required to achieve the minimum 'DECREASING AIR POCKET SIZE -
H, (Figure 4). If we examine the curves in more Figure 5. The 60 Hz coercivity measured at 14 kG as
detail, we find that the H,. drops very rapidly on ap- a function of air pocket size for straight rib-
plication of stress to samples with parallel-oriented bons annealed to their minimum coercivitY
air pockets, while H, decreases only very slowly on wt i okt retdprle 0 nperpendicular (0) to the casting direction.
application of stress to samples with perpendicular Annealed for 2 h at 327±- 3 *C (0, 0 ); at
air pockets. The samples with the large air pockets 350 ±5 *C (0. 0 )and at 367± 3 -C (0,
and the vacuum-cast ribbon with essentially no air ~ )
pockets show no minimum. We attribute all of
these effects qualitatively to the stresses developed 80
around the air pockets during the casting of the rib- 0
bon and the interaction of these internal stresses 0
with the applied stress. 60 0

The behavior of the magnetization B51B 100 with ~ Q~~o-------
applied stress helps to elucidate the changes in an- 40 -e 0
isotropy with applied stress. As in the case of the ANNEALED
changes in H, with stress, the results of changes in 2STRAIGHT04 20
BVB10, with stress also show a wide spectrum of
behavior; some samples extrapolate to BB~ X
as a c using a 1/cr plot; other samples extrapo- L M S VAC
late to values less than 1; still other samples be- DECREASING AIR POCKET SIZE
come independent of o- at high values of o,. The Figure 6. The difference between 60 Hz and dc coer-
following correlations appear to hold: the samples cive field for the same samples as in Fig-
with parallel air pockets approach higher values of ure 5.
BSIBI0, on application of stress than samples with
perpendicular air pockets. The smaller the air Table I
pockets, the higher the value of B B1 () and for the EFFECT OF ANNEALING ON H, and AH,
vacuum-cast sample B5 /81 - I as I/o- - 0.
These results can also be qualitatively attributed to Anneal Sample
the stresses developed around the air pockets dur- Temp. H, (ac) A H, Diameter
ing casting. Sample V0C) (0e) (0e) (cm)

The ac characteristics measured at 60 Hlz using LM51 35 02 0.8 43
sine flux drive conditions show the same correla- LM51 35 02 0.8 43
tions as for the dc results (Figure 5). The 345 0.092 0.044 4.3
difference between ac and dc I, [i.e., 365 0.092 0.027 4.3
H,.(60 Hz) - H, (dc) = A//, I appeared to increase 385 0.21 0.0821 4.3
with decrease in air pocket size (Figure 6). This
suggests that the number of walls is probably 031380WWI 340 0.12 0.095 2.3
decreasing with decrease in air pocket size. It was 350 0.11 0.079 4.3
further observed that All, decreased on annealing, 360 0.11 0.062 2.3
reached a minimum value at the minimum H, and
then increased again. Some typical results are 365 0.10 0.054 4.3
shown in Table I for two different samples. 380 0.16 0.077 2.3

3



Even though the A H, increased with decrease in |
air pocket size, the decrease in H, (60 Hz) causes 40 ANNEALED
the loss, after stress relief annealing, to decrease
slightly, as shown in Figure 7 for straight ribbons. 20- _ e - 330 •

0. 0 0 ' 3600°

0.4 I * I 0 - •3•

-20 1 I I
:0.3 L M S VAC
- DECREASED AIR POCKET SIZE

-- ~ Figure 9. The difference in Hc between a toroid and a
0.2 - straight sample for the same samples as in14 kG 13kG Figure 5.

- 0.1 - ANNEALED 13kG SUMMARY
STRAIGHT The size and shape of air pockets on amorphous

0 I I 1 1 ribbons were found to greatly influence their mag-
L M S VAC netic properties. Decreasing air pocket size

DECREASING AIRPOCKET SIZE - improved the properties both before and after the

stress relief anneal. Application of tensile stress
Figure 7. Magnetic loss at 60 Hz for the same samples produced changes which were also a function of the

as in Figure 5. air pocket size and orientation. It is concluded that
the air pockets and the associated stress distribution

In addition, the increased squareness of the hys- around them provide pinning sites for the walls,
teresis loop with decrease in air pocket size (Fig- thus influencing wall motion.
ure 3) would be expected to decrease Hmax. As ACKNOWLEDGMENT
shown in Figure 8, the large scatter in the results The authors greatly appreciate the work of
makes this conclusion very uncertain. S.J. Kelly on magnetic testing.

The effect of winding a toroid on H, is shown in
Figure 9. The difference between the H, of the REFERENCES
toroid and the Hc of the straight strip is shown to 1. E.M. Gyorgy, H.J. Leamy, R.C. Sherwood, and
be independent of the air pocket size. However, it H.S. Chen, AlP Conf. Proc., Vol. 29, 1976,
should be noted that the H, of the toroid is up to p. 198.
20 mOe higher, on average, than the Hc of a 2. F.E. Luborsky, Ferromagnetic Materials, Vol. 1,
straight ribbon. E.P. Wohlfarth (ed.), North Holland Publish-

ing Co., N.Y. 1980, Chap. 6, p. 451.
3. H. Kronmuller, J. de Physique 41, p. 618, 1980.

3 I I 1 4. S.C. Huang and H.C. Fiedler, Met. Trans., sub-
14 kG mitted.
ANNEALED 5. H.H. Liebermann. Rapidly Quenched Metals I//,
STRAIGHT Vol. 1, B. Cantor (ed.), The Metals Soc., Lon-

don, 1978, p. 34.
1 6. M. Matsura, M. Kikuchi, M. Yagi, and K.

Suzuki, Jap. J. Appl. Phys., Vol. 19, 1980,
L M S VAC p 71

DECREASING AIR POCKET SIZE 7. F.E. Luborsky, H.H. Liebermann, J.J. Becker,
and J.L. Walter, Rapid/y Quenched Metals /I/,

Figure 8. The field required to drive the sample to Vol. 2, B. Cantor (ed.), The Metals Soc., Lon-
14 kG for the same samples as in Figure 5. don, 1978, p. 188.
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The crystallization temperature, Curie temperature, saturation mag-
netization, and coercivity of amorphous alloys in the ternary Fe-B-Ga
system are reported. The range of composition containing Ga for
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the Curie temperature increases, the saturation magnetization at low
temperatures and at room temperature decreases, and the coercivity
increases. Some alloys in the series Fe84-B-AI, Fe84Si2-B-Al, FeBoSi 4-B-
Al, FE82B9C3-Si-A were also prepared. Al contents of only up to 3 a/o
could be made as amorphous ribbons. In all of these alloys, with
increasing Al. the crystallization temperature decreased, the Curie tem-
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PROPERTIES OF AMORPHOUS ALLOYS
OF Fe-B-Ga AND Fe-B-Si-C-Al

F.E. Luborsky, J.L. Walter,
and H.H. Liebermann

INTRODUCTION
In previous work we reported the properties of (1.26 A). This technique gave excellent agreement

amorphous alloys of Fe-BU) Fe-B-Si, (2) Fe-B- with measured densities in the Fe-B-C (3) and Fe-B-
C,03 4 ) Fe-B-Si-C,(5' and Fe-B-Ge(6) The primary Si(12) amorphous alloys. The density was used to
applied goal of this work was to maximize the room convert (r, to 41rM (=41ro" d).
temperature saturation magnetization, M, without
increasing the alloy cost. It was hoped that, RESULTS AND DISCUSSION
although C, Si, and Ge all can contribute more The crystallization temperatures are shown in
electrons to the d-band than B and thus will de- Figure 1 for two different anneals. In Figure I(a)
crease its moment, that with increasing atomic size the samples were annealed at a constant heating
the moment would increase. This was found to be
true, (6) but in addition it was found that the tem-
perature coefficient of M5 increased with atomic CRYSTALLINE

size (7) thus mitigating, at room temperature, the in- 20

crease in M, at low temperature. The highest value
of M, measured at room temperature was 17.6 kG I400

for an Fe-B-Ge alloy after stress relief annealing. 50 48
None of the other alloys had values of M, less than 25360-.

16.9 kG. ,4 0

As part of this program we have now investigat- 4--4,,, "' 0

ed the effect of adding Ga and Al on the properties 75 "0
IRON, c/o

of amorphous Fe-B alloys. These results will be re-
ported here and compared to the properties of the (a)
previously reported alloys and to their predicted
behavior.

EXPERIMENTAL N k C c
Amorphous ribbons were prepared (S.9) by melt 5- " s

quenching onto the surface of a rotating wheel. ' 40y '3 5

Curie temperatures T, were determined using a -

thermogravimetric force recording balance fitted -,
with a permament magnet to produce a field gra- ,, _M I-.l-----,mwi 9075 4-0 0 _0

dient in a field of 225 Oe. Samples were heated at IRON, a/o

20 °C/min. The saturation magnetizations, o-, in (b)
emu/g, were determined by using a vibrating sam-
ple magnetometer at fields up to 20 kOe on samples Figure 1. Crystallization temperatures for amorphous
about 5 mm long. The results were extrapolated to Fe-B-Ga alloys (a) on heating at 20 °C/min
infinite field using a I/H 2 function. The densities and (b) on heating for 2 hr. The dashed line
d were calculated as described previously, (3, 10) by Indicates the boundary between the prepara-
first calculating the packing fraction versus iron tion of amorphous vs crystalline alloys. N

indicates compositions which would not cast
content for Fe-B alloys using the measured densi- into ribbons; B indicates compositions which
ties of Hasegawa and Ray. ( " ) Then the density of cast very blue, oxidized and brittle ribbons;
the alloy was calculated using these packing frac- C indicates compositions which contain
tions for each iron content together with the some crystallites as identified by x-ray anal-
tetrahedral covalent radii of B (0.88 A) and Ga ysis.

Manuscript received May 4, 1981



rate of 20 °C/min and the magnetization was fol- ISO
lowed using the thermogravimetric force balance.
The magnetization first decreased to zero when the ".
Curie temperature T,. was reached and then 170
suddenly increased as crystalline Fe and Fe com-
pounds with high values of Tc started to nucleate b"
and grow. The beginning of this increase in mag- 160 0
netization was taken as the beginning of crystalliza-
tion. In Figure l(b) the samples were heated for I
2-hr periods at temperatures increasing in 30 °C I I I
steps. The coercivity H, typically, first dropped as 400 FeSo8i6-ySi4Al
the samples were stress relieved by the annealing
and then rapidly increased. The beginning of this I
rapid increase in H, was taken as the beginning of 350 -
crystallization. (13) In general in both (a) and (b)
the replacement of B by Ga decreases the stability FB....l4"S2AI.
of the amorphous alloy. However, at low Fe con- 300
tents the stability increases, as shown in Table 1, - 1 084 BF 16 . yAly

but the increase for Ga is the smallest of those I I I
recorded. A somewhat greater decrease was ob- 450
served for Fe-B-Al alloys shown in Figure 2 as 450 -
recorded also in Table 1. The addition of -Si 2 to
Fe84Bi,6_Aly increased the stability slightly, as ex- Q
pected, when comparing the quaternary alloy to the 400
ternary alloy due to the greater alloy complexity. 0 B

It would appear, from the summary in Table 1 30 20dog/min
as graphed in part in Figure 3, that the stability of 350k
these amorphous alloys, on replacing B by another I i\ I I I
metalloid, is determined by the atom size, whether 0 2 4 6 8 IC
the added element is larger or smaller than B, i.e., ALUMINUM ADDITION, y M/
whether it is an interstitial alloy or a substitutional Figure 2. The saturation magnetization measured at
alloy and on the iron content. Thus, with increas- room temperature, the Curie temperature,
ing atom size the stability of the substitutionally ad- and the crystallization temperature for vanri-
ded elements, -Si, -Ge, -Ga and -Al, decreases, ous amorphous alloys as a function of Al
as seen in Figure 3 and Table 1. This appears to be content.

Table 1

COMPARISON OF STABILITY OF VARIOUS ALLOYS*

r=Covalent ,r= Crystallization Temperature,
Alloy radii of X rx--ra X at 20 */min. Reference

Fe-B-X (A) (A) (a/o) 77.5 a/o Fe 80 a/o Fe 84 a/o Fe

Fe-B - - 0 435 430 415 (I)

Fe-B-C 0.77 -0.11 5 470 461 395 (3)

Fe-B-Si 1.17 0.29 5 510 500 410 (2)

Fe-B-Ge 1.22 0.34 5 475 440 395 (6)

Fe-B-Si-C - 5 507 483 390 (5)

Fe-B-Ga 1.26 0.38 3 485 445 370 this work
5 450 410 - this work

Fe-B-Al 1.26 0.38 3 - - 360 this work

*From smoothed data. r 8 =0.88.
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independent of the difference in electronic structure
between Si and Ge and the Ga and Al atoms. Note Fe-B 389 318 (1)
that the stability of the equiatomic mixture of Si Fe-B-C 396 325 (3)
and C appears to have the stability representing Fe-B-Si 396 330 (2)
roughly the average stability of the Fe-B-C and Fe-
B-Si alloys. Addition of -C, Si-C, or Si to alloys of Fe-B-Ge 417 390 (6)
Fe80- or Fe77 .5- increases the stability while addi- Fe-B-Si.-C. 404 325 (5)
tion of these same elements to Fe84- decreases the Fe-B-Ga 410 - this work
stability. It is tempting to ascribe this difference in
behavior to the difference in atomic structure which Fes0B17X3  Fe84B13X 3

occurs around Fe8a-. That is, for boron-rich alloys Fe-B-Ga 415 358 this work
containing less than Fe8t- all of the possible Bernal Fe-B-Al 294 this work
holes or free volume is filled. While for alloys con-
taining more than Fe8s- there is a deficiency of Fe-B-Si.-C.- P, 396 unpublished
boron and excess free volume exists and, as for the *From smoothed data
binary F-B alloys, the stability rapidly decreases as
-B exceeds about 82 a/o Fe. saturation magnetization in the sequence given,

The Curie temperatures of the Fe-3-Ga alloys presumably because of the increasing atom size
are shown in Figure 4. The increase in T, on re- since they all have the same outer electron
placement of B by Ga is quite striking in contrast to configuration. It should be noted that the results
the much smaller increases for Fe-B-C and Fe-B-Si for the -C, -Si, -Ge series forms the same se-
alloys shown in Table 2. It is comparable to the in- quence as calculated from the results reported by
crease observed for the Fe-B-Ge alloys. However, Kazama et al. (t 4 ) Furthermore, in going from -Ga
the very similar Fe-B-Al alloys show a decrease in to -Ge, where one p electron is added, with only a
T,. on replacement of B by Al, as shown in Figure 2 slight decrease in covalent or atomic radius, the o s
and summarized in Table 2. There is no explana- decreases as expected. Thus, the decrease in c-s on
tion for this behavior, replacing B by the isoelectronic element Ga must

The saturation magnetization measured at 77 K, be due to the increase in atomic size. At room
room temperature, and 100 °C is shown in Fig- temperature the contours resemble the contours for
ure 5. At the low temperature the replacement of Fe-B-Ge and to a lesser extent those of Fe-B-C and
B by Ga produces a decrease in o at all iron con- Fe-B-Si. However, the ridge of constant a, which
tents. This follows the same trend as observed for extends out into the -C- or -Si-rich regions in
the substitution of B by -C, -Si, and -Ge. As these alloys is just about absent in the -Ga alloys.
shown in Table 2, this substitution decreases the Table 3 summarizes the maximum values observed
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v M, for 175 emu/g 178ntour

____________(emu/g) (MG) (emu/g) (MG) (percent) _________________

Fe-B 180 16.7 184 17.0 - Fc,1, (1)

Fe-B-C 180 16.9 184 17.3 8.0 Fes,5BC 1  3

Fe-B-Si 179 16.5 183 16.9 2.5 Fex2B12Si (2)

Fe-B-Ge 179 17.2 183 17.6 4.5 Fe8 5 11 GC6 (6)

Fe-B-Si, -C, 182 17.0 186 17.3 6.5 F%5 B12 4S'2 RC2  (5)

Fe-B-G;a 178 16.8 181 17.1 - Fes0Rj7Ga~j this work

Fe-B-Si ,-Cj-, 177 16,5 178 16.6 4.8 -~ Fe,1B13,,SijgCjgP18  unpublished

"From smoothed data.
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CREEP, STRESS RELAXATION AND STRUCTURAL
CHANGE OF AMORPHOUS ALLOYS

A. 1. TAUB and F. E. LUBORSKY

General Electric Corporate Research and Deselopmenrt, P.O. Box X. Schenectady. New York. U.S.A.

(Receiied 30 March 1Q10)

Abstract-The time. temperature and stress dependence of the homogeneous flow of amorphous
FeNiPB and PdCuSi has been examined in tensile creep. tensile stress relaxation and bend stress
relaxation tests. The results are shown to be entirely self-consistent, and are used to reconcile the
discrepancies found in the literature data. In all cases, the viscosity increases linearly with time. the rate
of increase being both temperature and composition dependent. The stress dependence of the strain rate
follows a hyperbolic sine relation. The volume strain element appears to be a function of temperature
and composition. A general empirical flow law for amorphous alloys is presented based on these
observations. It is shown to be in agreement with all the available data.

Risurn- Nous avons etudie au moyen d'cssais de fluage en traction et de relaxation de la contrainte de
traction ou de flexion. la variation de l'ecoulement homogene de FeNiPb et PdCuSi amorphes en
fonction du temps. de Ia temperature et de la contrainte. Nos r~sultats sont entierement auto-coherents
et its riconcilient les differences que lon trouve dans la litterature. Darts tous les cas. la viscosite
augmente lincairement en fonction du temps, sa vitesse d'augmentation dipendant de la temperature et
de la composition. Cette vitesse de deformation varie en fonction de la contrainte selon une loi en sinus
hyperbolique. L'element de deformation en volume est fonction de la temperature et de ]a composition.
Nous presentons une loi empirique generale pour I'coulement des alliages amorphes. que repose sur ces
observations. Elle est en accord avec tous les resultats dont on dispose.

Zusammefassung-Zeit-, Temperatur- und Spannungsabhingigkeit des homogenen Flieftens von amor-
phem FeNiPB und PdCuSi wurde im Kriechund im Spannungsrelaxationsversuch gemessen. Die erhal-

tenen Ergebnisse sind selbstkonsistent und werden benutzt. die in den Literaturdaten gefundenen
Widerspruche aufzulosen. In samtlichen Fallen nimmt die Viskositat linear mit der Zeit zu. wobei die
Geschwindigkeit von Temperatur und Zusammensetzung abhangt. Die Abhangigkeit von Spannung und
Dchngeschwindigkeit folgt einem hyperbolischen Sinus. Das Volumendehnungselement scheint von
Temperatur und Zusammensetzung abzuhingen. Aufbauend auf dieen Beobachtungen wird ein allge-
meines empirisches Fliel3gesetz fUr amorphe Legierungen vorgelegt. welches -wie gezeigt wird- mit den
vorliegenden Ergebnissen ubereinstimmi.

INTRODUCTION Some questions still persist, however, concerning
the details of the stress strain rate relation. Transition

There have been numerous investigations of homoge- state theory predicts that the strain rate sensitivity

neous flow in metallic glasses using stress relaxation

and creep measurements. When comparisons of some o d (In

of the early work of different investigators arc made. d (In r)

large discrepancies in the reported measurements aie
found. Of particular concern has been the differences should be unity at low stresses, and increase rapidly

in the reported values of the activation energy for at higher stresses. When Ihe reported values of ni

isoconfigurational flow [I - 5] and for the stress depen. measured during creep tests were tabulated against

dence of the strain rate [2, 3.6-Il]. The origin of the testing stress, this trend was indeed observed (17].

many of these discrepancies has recently been clarified Furthermore, one set of tensile tests conducted over a

by taking into account the strong dependence of large stress range (330 750 MPa) also showed that m

homogeneous flow on preanneali-g [2, 12-14] and by increases dramatically wilh stress [9]. However, for

applying transition state theory to the flow pro- the one set of stress relaxation tests performed over a

cess [ 13, 15-1"7]. relatively large stress range 1365- 925 M Pal, a constant

1939
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value of i =4 has been reported [1, IS]. In an
attempt to resolve this discrepancv. Ate performed ten-
sile creep, tensile stress relaxation and bending stress
relaxation tests on an amorphous FeNiPB alloy and
on an amorphous PdCuSi alloy. These alloys were 6

chosen because the) are common to the work of
man% of the previous insestigations. The tests were
also used to examine the kinetics of structural change
as they affect homogeneous flow. Several investiga-
tions have shown that structural relaxation is mani- C

fested as a decrease in the homogeneous flow rate [2, 9

12.-14]. However. different values for the exponent

-d(ln I"
d (InO

have been reported In = 0.5 [13]: it = 1.0 12]). In
this paper we will present the results of our new tests,
and show that they are entirely self-consistent and
that they resolve the above questions concerning the
stress strain rate relation and the kinetics of struc-
tural change. The available literature data is also -

analyzed in relation to our observations.

ARGON VAUML

EXPERIMENTAL Fig. I. Schematic of creep apparatus: II temperature con-
trolled cage: 12) bell jar: (31 weights: 141 motor-driven

The specimens tested were amorphous weight pulley: 151 water coils: (61 motor-driven LVDT: 17)
iron core: 18) Zircar board insulating caps: (91 heater hous-

Fe40Ni 40 P14 B, and Pd-.. 5Cu,,Si1,.5 . The FeNiPB ing; (10) Fiberfrax insulation: It1) aluminum heating
was obtained from Allied Chemical Corporation block: 1121 specimen: (131 rubber shock mounts.
(Metglas 2826) in the form of ribbons 1.4mm
wide x 48 microns thick. The PdCuSi was produced
by single roller quenching as ribbons 1.4mm
wide x 33 microns thick. to provide a dynamic pressure of 200 microns. To

The creep tests were performed with the apparatus minimize thermal expansion, the apparatus was con-
shown in Fig. I. The specimen is gripped on the structed out of Invar and the temperature of the bell
bottom with a stationary pin vise and on the top by a jar cage and the circulating water controlled at 36 C.
pin vise that extends down from one arm of the Tensile strain rates as low as I x 10- tOs- can be
balance beam. The load is transmitted across the detected.
balance beam from a weight pan suspended from the The tensile stress relaxation tests were performed
other arm of the beam. All the tests reported here on an Instron Static Tensile Testing Machine. The
were conducted at constant equivalent shear stress lower end of the specimen was held by a friction grip
r = a,, 3 = 104 + 3 MPa, where a is the uniaxial which was attached to the bottom of a I-inch dia.
tensile stress. Elongation of the specimen is measured 12-inch-long quartz tube that was bolted to the
by monitoring the displacement of an iron core in the underside of the crosshead. The top of the specimen
grip support rod using a Schaes it/ Corporation linear was held by a friction grip that was attached to the
voltage displacement transformer (LVDT. The heat- bottom of a second quartu tube 5 8 inch in diameter.
ing chamber can keep the specimen temperature to that was suspended from the load cell. The support
within + I C over a hot zone length of 10 inches. At rods were constructed from quartz to insure negligible
both ends of the hot zone. the temperature drops thermal expansion of the grips. The upper quartz tube
rapidly to ambient temperature lapprox. 5 C in the %Is inserted through the crosshead and into the lower
first 1/2 inch with the furnace at 250 C. Since the tube, providing a gage length of 8 inches. At the start
flow rate of these materials is so strongly temperature of the test, the sample was elastically loaded to the
dependent and the temperature drops so rapidly out desired initial stress at a tensile strain rate of
of the hot zone. we assume that only that part of the 2 , 10 a s '. Then a uniform temperature silicone
specimen in the 10-inch hot zone contributes to the oil bath was raised over the specimen. For testing at
flow. This allows us to define a specimen gage length high stresses, tt was necessary to add load during the
without having to thin down and possibly change the heat-up stage to counteract the specimen thermal
state of the material. The entire apparatus is placed expansion. Holes in the lower quartz tube allowed the
inside a bell jar that can be evacuated to 0.5 micron. oil to reach the specimen to provide rapid tempera-
During the tests, the system is backfilled with argon (ure equilibration. It took 30 s to raise the oil over the
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entire specimen length. To reduce oxidation of the 2WC

specimen, nitrogen was bubbled through and blown
over the oil. The elastic response of the machine was
found to be less than 5",, of the specimen response i6o
and was therefore ignored in the data analysis.

The bend stress relaxation tests were performed by
spring back measurements as described else- 120 -
where[19.20]. The restraining ring was made of
molybdenum with a diameter of 1.46 cm. The anneals A

were performed by submerging the coiled specimens so
into a silicone oil temperature bath held to +O.S'C.
To reduce oxidation, nitrogen was bubbled through
the oil. 40_

0 250 500 750 000 1250 1500
DATA ANALYSIS nu(miwtul

Creep Fig. 3. Equivalent shear stress r = 6/v' 3 as a function of
The analog voltage signal from the LVDT was con- time. for two as-cast samples of Fe40Ni40P1 ,B6 tensile

verted to a digital signal, averaged, transformed to a stress relaxation tested at 500 K. The two different symbols
strain measure and periodically stored automatically are the actual data for two independent runs. Note the
during the test. Figure 2 shows a typical strain-time excellent reproducibility. The solid line is a least squares

plot following a temperature increase. The equivalent fitted polynomial.

shear strain y = i.'3E is shown, where E is the uniaxial
tensile strain [21]. The flow during the first 10mm plot following the raising of the oilbath. Shown is the

after the initiation of a temperature change is ignored equivalent shear stress o = / 3, where is the

to allow for the decay of all the thermal transients. uniaxial tensile stress. The = a re ahis the
unixia tnsie sres. hesymbols are the actual

The dots are the actual data. The solid line is the least data. The solid line is the fitted curve.
squares fit of an eighth order polynomial to the data. The slope dr/dr is computed analytically from the

The equivalent shear strain rate v = /3 is com- derivative of the fit function. Since we are assuming
puted analytically from the derivati" - -f the fit fune- an infinitely stiff machine. we can write
tion. Similarly for the viscosity

r I o do dTr -E
.= 3 dt-Et or dr- 3

Tensile stress relaxation where E is Young's modulus. Then for any time t, we
The voltage signal from the load cell was converted can find corresponding values for r and $.

to a stress measure and handled in the same manner
as the creep data. Figure 3 shows a typical stress-time Bend stress relaxation

At the start of the test, the initial radius of curva-
12 ture of the ribbon ri, is measured. The ribbon is then

stressed by coiling it to a radius r0. annealed, and
allowed to spring back. The new radius of curvature

t0 r., is measured and the ribbon is coiled and annealed
once again. This process continues, providing a
radius-time history.

The maximum stress is computed from the thin-
walled, pure bending solution a = Et/2r where ris the

6 - thickness of the ribbon. The quantity of interest a/co,
where 60 is the initial coiled stress, is then:

2 
601 (ro

TIME (minutes
RESULTS

Fig. 2. Equivalent shear strain ;= k as a function of Fe40Ni4fP,4 Bh
time. for Pd,, 5CuSi, 6, tensile creep tested at 505 K. The
symbols are the experimental data. The solid line is a least Figure 4 shows the strain rate history of samples

squares fitted polynomial. ,reep tested from the as-cast condition at different
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Fig. 6. Rate of change of viscosity with time as measured in

100 101 102 I0 tensile creep, tensile stress relaxation and bend stress relax-

TIME (MINUTES) ation tests.

Fig. 4. Equ. alent strain rate as a function of test time for
samples creep tested from the as-cast condilion at the indi-
cated temperatures. The symbols are the experimei.tal lion of their data where crystallization has not yet
data. The solid lines indicate the linear portion of the data. occurred, a linear increase in viscosity is also

observed [23]. In Fig. 6, the rate of change of visco-
sity with time i4, is plotted against inverse temperature

temperatures. At the lower temperatures, the strain for both our new measurements and tie above litera-
rate varies inversely with time from the start of the ture data. Although Arrhenius-type behavior is not
tests: C(C - -9

1 
-1). At the higher temperatures a exhibited, all the data lie on one smooth curve.

similar decrease is observed, but only after an initial Figure 7 is a plot of the tensile stress relaxation
transient period of approx. 30 min. data for as-cast specimens tested at 500 K at different

It is sometimes more convenient to examine the initial stresses. For each curve the strain rate
viscosity q1= T/, rather than the strain rate. Figure 5
shows that the viscosity increases linearly with time at 3 dr
all the temperatures tested. Similar behavior has pre- E dt
viously been reported by Anderson and Lord for this
system at temperatures near the glass transition tem-
perature [22]. We have re-examined recent measure- was computed at t= 0.255. 0.5. 1, 2, 5. 10, 15, 20, 50.
ments by Takamori, et at. and found that in the pot- 100. 150, 200. 500, 1000, 1500 and 2000 min. In Fig. 8.

this strain rate is crossplotted against the correspond-

ing stress value. For times greater than five minutes.
we find a linear stress-strain rate relation. , -

100 7-- T T. °°0.0 '. For times less than 5min, however, the
90 / linearity appears to break down at the higher stresses.

1'4041?14s Previous creep investigations of Pd1 2 Si18 [17]
80 ,o ; C showed a similar transition from linear to non-linear

70- , .183 tIC stress-dependent flow at high stresses. This was cx-
I212112C fo

Z' 60- 260tC plained by applying transition state theory to the flow
0 309tIc process, which predicts a stress-strain rate relation of

40 the form:LD40

2" sinh kT
I0

0 .
0 100 200 300 400 500 600 700 00 900 1000 ;n is the local strain produced by shear site of volume

TIME (MINUTES) Of [15. 16]. Table I shows the least squares fit values

Fig. 5. Viscosity as a function of test time at the ill dj of the free parameters of this relation for the data of
temperatures. times less than 5 min. In Fig. 9 the fitted curves are
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70o down was found, the maximum stress had decayed to
600 below; 400 MPa.

F40N140 P1486 1500K) The stress relaxation data can also be used to cal-
500 culate an effective viscosity, to be compared with the

Z creep results. From equation (I1 we have at low
stresses:

300
T kT200 qI -" ..;o (2)

100 

1019

The viscosities computed with this relation are listed
500 000 500 2000 in Table I. For times greater than 5min (i.e.. those

T,.ti.,..,.i data sets with T_, < 400 MPa. for which a sinh fit is

000 .. not practical), one can calculate the effective viscosity
directly from Fig. 8. We construct a line on the figure
at the same stress used in the creep tests
(T = 104 MPa). then read off corresponding values of
:'for each time and calculate ?i = T directly. This
effective viscosity calculation is compared with the

* results from equation (2) in Table I. Figure 10 shows
that the viscosity computed in this direct manner also

too increases linearly with time. In addition, the rate of
change of the effective viscosity is in excellent agree-
ment with the creep measurements (see Fig. 6).

Figure I I is a plot of the ring coiling, bend stress
. .. . relaxation data for as-cast Fe40 Nio40 P 4B6 reported

o- ' t' 102 'a 0 e by Graham, et al. [24] and by Luborsky and
TIME l,-ues) Walter [201. Note that although the work was per-

Fig. 7. Equivalent shear stress as a function of time for formed at two different laboratories, the two data sets
as-cast samples tensile stress relaxation tested at 500 K. are in cx.,lcnt agreement. We can compute at, effec-

starting at different initial stresses. tive viscosity from these measurements using the same

relations found for the tensile stress relaxation data.
plotted with the experimental data. Note that at small For the bend tests, the maximum stress
stresses

(T Er
(r < kT,'OQf = 411 MPa r= I = =330 MPa.

sinh(Tr- o.0 kT) - ro f kT 3 3r

and linear behavior should be observed. In fact. for so linear stress strain rate applies. For high stress
times greater than 5 min where no linearity break- bend tests where non-linear effects become important,

10
,
3

F"4 6508000

F 10
2  0

* 490'
/ * I 420

TIME - 370
(minutes) 20001000 500 200 100 50 20 5 2 05 200

150
S108 /006) o 110

- 8C

t09  0
-
8 67 165 '0

"

E dt

Fig. S. Slopes at indicated times, of the tensile stress relaationi cur\es it I-ig 7.io. crossplotted with
equivalent %hear stress. Data for 0.225. I. 10. 15. 150 and 15(W min has been deleted to %implifN the plot
Solid tines show the stress strain rate dependence at each time. Dished lines indicate where the data
begin tI deviate from a linear s tres, strain rale relation. r,, is the stress after the oil bath was raised. For

those tests marked with a '+ '. the stress was increased during the raising of the oil
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Table I. Least squares fit parameters for equation (I) and computed viscosities for
tensile stress relaxation data of Fe4oNi,oP, 6 at 500 K

q ft
Time o oO 1/kT (1013 Ns/m2 }  (1013 Ns/m 21
(min) (10- 6 s-) (10-t Pa ') (from equation (2)] (from Fig. 81

0.225 35.3 2.13 1.32 1.8
0.5 19.3 2.13 2.43 3.6
1 7.93 2.84 4.44 5.1
2 5.71 2.50 7.01 7.3

yoflh = (16.5 ± 2.5) A 3

the analysis ic more complex. For a discussion of the 30 min, in agreement with the decay time of the creep
analysis for a fully relaxed specimen (i.e. the effective transient (see Fig. 4). The rate of effective viscosity
viscosity is constant during the test), see Ref. [18]. For increase, ,, can now be computed from equation (5J.
the low stress tests considered here, we can define an using the slope of linear region. We use the modulus
effective viscosity which should increase linearly with measured during the loading stage of both the creep
time. Then: and tensile stress relaxation tests, E = 120 + 3 GPa.

E* E rThis is in good agreement with the reported value of
------ + t" (3) 125 GPa [25]. In Figure 6 the values of ' computed

3 3 'or from equation (5) are shown together with the creep

Integrating from t= 0 with initial stress to: results. Also shown is the rate of change of the effec-
tive viscosity computed from the linear portion of the

In E IT + 't (4) tensile relaxation data using equation 5. There is, as

TO 3,) ' o expected, no difference in the values of , computed
At long times qt >, no yielding: for the tensile stress relaxation data by the linear

slope method and the more rigorous analysis of theI n - B I B I -+t n( ).
- I t (5) previous section. We find good agreement for the

To 'To 'o values of 4 computed from all three tests.

where Pd77.5C6Sj6.5

E
B = Figure 12 shows the strain rate history of samples

34) creep tested from the as-cast condition. As was the
After an initial transient, case for the FeNiPB. an inverse relation for the strain

rate with time is observed , t - I .o0* -. 1 In Fig. 13

In - = In - the data is plotted as viscosity versus time at various
To Go anneal temperatures. In Fig. 14 the rate of change

should decrease linearly with In t. as is observed (see of viscosity, computed from the slopes of the data in
Fig. 13, is plotted against inverse temperature. Also

Fig. 11). Note that the transient lasts approximately shown are the available literature data for this com-

position. Even though the literature tests were on
2 Mspecimens cast by a different technique than the one

- 0.225 MINUTES
7 a - 0.50 MINUTES
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Fig. 9. Fit of Equation I to the data of Fig. 8, for times less Fig. 10. Effective viscosity computed from the tensile stress
than 5 min. relaxation data in Fig. 8.
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Fig. II. Bond stress relaxation data for as-Cast 10
Fe4oNi 4oP, 4 B5 at the indicated temperatures. Open sym-
bols are from Ref. [24]. Closed symbols are from Ref. (20].The solid lines indicate the slope of the linear region. 00 250 500 750 1000 1250 1500 I0

TIME Ieminvlel)
Fig. 13. Viscosity as a function of lest time at the indicated

used here (pendant drop melt extraction [2.26] vs temperatures.
single roller quenching), all the creep data are in good
agreement.

Figure 15 is a plot of the bend stress relaxation DISCUSSION
data obtained for as-cast specimens using the spring-
back measurements on coiled rings. A linear decrease Amorphous metallic alloys appear to exhibit very
is observed at all temperatures. Using equation (5), similar flow properties whether tested in uniaxial
the rate of change of the effective viscosity was com- creep, tensile stress relaxation, or bending stress relax-
puted. The modulus measured during the loading ation. A linear increase in viscosity with time is com-
stage of the creep tests was used in the calculation, mon to both Fe4 Ni4 P1 Bo and Pd 7 .sCU6 Sit 6 .s, as
E = 108 + 10GPa. This value is approx. 25% greater well as to Pd8 2Si16 [12]. Moreover, this linear rela-
than the reported value of 88 GPa [25] for this com- tion seems to be valid over the entire temperature
position. The computed values of // are shown in range examined ,-250 < T <, In additions the
Fig. 14. Generally good agreement with the creep results of a previous investigation of PdSi show that
data is observed, the rate of linear increase is not greatly affected by

prior thermal treatment or by the application of
stress [14, 29]. The latter point is verified by the data
,n Fig. 8, where the stress-strain rate relation gener-

i0_s  ated by testing at different stresses is seen to shift

Pd~5 Cu6; Si16,S
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3
/T(Kisamples creep tested from the as-cast condition at the indi-cated temperatures. The symbols are the experimental Fig. 14. Rate of change of viscosity with time as measureddata. The solid lines indicate the linear portion of the data. in tensile creep and bend stress relaxation tests.
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t 0 be seen whether the activation energy for isoconfigur.
ational flow for these two alloys increases in a manner
corresponding to the increase observed in Qit. In fact.

an increase in Q-onisat...n.l, toward the higher acti-
•ol 423K vation energy that has been observed for equilibrium
*448 K

473K flow[7], is expected at temperatures near the glass* 496K
* 23 K transition temperature T.

00 .... The stress dependence of the strain rate has been
0 "00 I 10 0 (0 shown to obey a hyperbolic sine relation [equation

TIMUE{minutes (1)]. For PdSi. yoflf = 48A 3 at 500 K[17). This

Fig. 15. Bend stress relaxation data for as-cast quantity is approximately three times greater than
Pd7,Cu 6Si1ndi at the indicated temperatures. The solid that of a flow site with volume equal to one Pd atom

lines indicate the slope of the linear region. undergoing a unit shear jump o = 1. Extrapolating

the reported data for FeS2B1 3Si[33] to 500K. a
large value of yo0lf-- 150A 3 is also observed. A

uniformly with time. If the rate of viscosity increase strong temperature dependence of ,,ois is also indi-
was stress dependent, then the slopes of the curves cated. For FeNiPB. we found -o-flf = 16.5 A3 at
would change as time increased. These observations 500 K. In this case, the value is roughly equal to a
indicate that the time dependence of the flow rate is unit strain of 1.5 times a single atomic volume
only a function of temperature and composition: (CIO, = 11.8 A3, [iN, = 10.9 A3 [34]). The large value

of yfo.f can be explained in terms of a multiple shear
(t, T. M) x [o(T, M) + i/(T. MJt] (6) jump of a single atomic unit, or a fractional shear

M = material. strain of a larger atomic volume[15.16). Recent
bubble raft experiments indicate that the local shear

It is important to note that the transient period transformations involve regions approximately five
observed in the ,-t plot (Fig. 4), is the time required atomic diameters wide [35]. Further work must be
for the increase in viscosity 4t, to become much larger done in this area to clarify the atomic mechanism.
than the initial viscosity q/o. During this transient, the However, the results indicate that at least empirically,
exponent the stress dependence can be incorporated into equa-

d(ln ~tion (6) as follows:n d(ln t;) ryfff
/1 d(n t)sinh °~rL /kr _1

is not a constant and is considerably less than unity. ", o. T. M) x ( (8)
This has led to some confusion, particularly at high [i 0 (T, M) + (T. M)t] (

temperatures where exponents less than unity
(n = 0.5) have been reported [13]. Finally, we can consider previous observations of

A structural relaxation model based on an exten- isoconfigurational flow. In all cases, an Arrhenius-
sion of the free volume concept has been proposed to type temperature dependence has been reported
explain the observed increase in viscosity with anneal- [1, 36]. For PdCuSi structurally stabilized by an

ing[12,30-32]. The model attributes the viscosity anneal at 534 K,

increase to a decrease in the free volume of the mater-
ial as the structural order of the system increases. The Qsoconuigurational = 240 + 25 kJ/mole [27].
model predicts an Arrhenius-type temperature depen-
dence for /, where the activation energy Qj1 consists of The reported value for Ni 3,Fe 32C, 4 Pl 2B6 (Metglas
two terms: 2826A. stabilized at 548 K. is

= Qistonig.uralional + Qlrcolumnnihjation' (7) Qm..... '50 ± IS k/mole [37].

Qijoonliguralional is the activation energy for constant
configuration, constant free volume (i.e. isostructural)
flow. Qfreeoiume annihilation is the activation energy for
free volume reduction or potential flow site annihi- . 192 ± 17 kJ/mole
lation. For PdSi, Qisononsurlionai was a constant,
192 ± 17 Id/mole, over the entire temperature range for specimens stabilized by annealing over a wide
tested 423 K _< T _< 553 K [12]. For that same tem- temperature range [2. 12. 14]. In addition, it has been
perature range, 4 had an Arrhenius-type temperature shown that for PdSi. the activation energy is un-
dependence with a constant activation energy, Q, = affected by stress history. It remains to be shown
31 ± 2 ki/mole. However. for FeNiPB and PdCuSi. whether or not Q,,itgur, l,,onal remains a constant for
the activation energy for viscosity increase Q. is temperatures up to the glass transition temperature.
clearly not constant (see Figs 6 and 14). It remains to As discussed previously, for PdCuSi and FeNiPB. the
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activation energy probably increases near T. Incor- 5. Compiling the data of this study with previous
porating these observations into equation (8), we investigations, a general empirical law describing
obtain: homogeneous flow for several amorphous alloys

ex[Q,.(T.tls W .yflf(T. M)l

a,. T, M) exp[ - k T ] sinhl k [oQT. (9)
,jo(T, M) + ,q(T, M)t

T and t, are the structure stabilizing preanneal tem- under both uniaxial tension and pure bending
perature and time, respectively, has been developed [equation (9)].

Equation (9) is a general law describing homoge-
neous flow for several Fe- and Pd-based amorphous Acknowledgements--The authors gratefully acknowledge
alloys. It successfully describes flow under both uniax- the assistance of W. Mowrey and J. Wilson in designing
ial and bending stress conditions, as measured by and building the test apparatus, and W. Rollins for helping
creep or stress relaxation tests. to run the tensile stress relaxation tests. The Pd(uSi rib-

bon was vacuum cast by H. H. Liebermann.
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DIFFUSION OF SILICON INTO AMORPHOUS Fe-B-Si

F.E. Luborsky and F. Bacon*

INTRODUCTION were then annealed in N2, under Ti chips as a
The results of studies in amorphous alloys of getter, at various temperatures. The Auger spec-

kinetics of crystallization0.2) stress relaxation (3.4)  trometer used for the analyses was a Physical Elec-
induced anisotropy, (5. 6) and embrittlement (t ) all tronic SAM-545. To obtain the elemental depth
depend on atomic motions controlled by diffusivity profiles, an in situ Ar+-ion gun operating at a beam
of the various species present in the alloy. Until voltage of 2 kV was used. This gun, operating in a
the past year or so, there have been very few direct defocused mode, produces an etched crater of
measurements of diffusion of atoms in amorphous -5 mm in diameter which is substantially larger
alloys. Thus, it has been difficult to interpret these than the primary electron beam diameter of
kinetics on an atomistic basis. -25 jim used in the analysis. Thus only the cen-

In this report we present diffusion constants for tral flat portion of the etched spot was analyzed.
silicon diffusing into Fe-B-Si. We discuss these Elemental depth distributions were obtained simul-
results and compare them to previous results of taneously for boron (179 eV Auger transition), iron
diffusion of atoms into amorphous alloys. (703 eV), silicon (1619 eV), and oxygen (503 eV).
EXPERIMENTAL Typical results are shown in Figure 1. The rate of

TheXE M T a ro alwion gun etching was determined from the time re-
The amorphous alloy was obtained from the Al- quired to etch through the deposited silicon layer to

lied Chemical Company as Melglas 2605S, an alloy the midpoint in the Si profile. The thickness of Si
with the nominal composition Feg2B1 2Si(6 . To deter- deposited was determined from calibration runs us-
mine the effect of surface roughness on the analyti- ing the weight increase of a glass slide. It was as-
cal breadth of the silicon-amorphous metal interface sumed that the rate of etching through the Si was
during elemental profile analyses, the amorphous the same as the rate through the amorphous alloy
metal surfaces were prepared by four different pro- since there was no change in slope of the concen-
cedures: (1) mechanically polishing the surface tration vs sputter time curves at the interface when
down to 0.05 lhm Aa203 powder, (2) mechanically plotted on probability paper in any of the samples.
polishing as in (1) followed by electrolytic polish- An example is shown in Figure 2.
ing, (3) only electrolytic polishing of the shiny side Annealing was carried out at temperatures both
of the ribbon, and (4) no surface treatment for below and above the start of crystallization as previ-
deposition on the shiny side of the ribbon. The ously determined from the beginning of the in-
electrolyte used for the polishing contained 15 ml crease in coercivity.( 9 ) We believe the results ob-
perchloric acid, 800 ml ethanol, and 100 ml pro- tained above the start of crystallization are still rep-
panol. It operated at 28 V and was used to remove resentative of diffusion of Si through predominately
- 7 Mm of material. The samples were then placed the amorphous phase since DSC scans have shown
in a sputtering chamber, the silicon target sputter that only a small traction of the samples are crystal-
etched for 30 min, the amorphous ribbon sputter lized at the highest temperature used for the
etched for 3 min at 1650 V and then immediately diffusion (Table 1).
600 to 4000 A of Si deposited at 1700 V and 300 W
RF, all in 18 Mm of argon. Under these conditions DATA ANALYSIS AND RESULTS
the Si deposit is amorphous. This was confirmed At the highest temperature used for the
by X-ray diffraction from the surface. The sputter diffusion, the plateau in the depth profile represent-
etching removed about 100 A of the ribbon which ing the existence of a pure Si layer in Figure 1, is
had previously been shown to be more than still in evidence. Thus, we are considering the
sufficient to remove any oxide, surface films, and diffusion of an atom from an infinite source into an
inhomogeneily in composition. (S) The samples infinite sink; i.e., one in which the diffusion dis-

tance 4(DT)1/2 is small relative to the length of the

Inorganic Materials and Structures Laboratory system. Accordingly, the concentration at any

Manuscript received July 20, 1981
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Figure 1. Typical Auger output on sputter etching and

analysis Of a 2500 A layer of Si deposited on 2ha
Fe,,B,zSl. (a) as prepared and (b) after 2nea hraato
annealing fo t375*.Temperature Crystallized

(60 )
given distance x from the center of the interface as-cast 0.05
after time twill be 360 +0.040

380 -0.03
c~j c'(4ir Dt)-1/21 f 400 -0.07

C x )-0415 +0.02
436 +0.95

exp 1-(x-a)2(4Dt)-'Ida (1) 452 1.00
480 1.00

where c' is the initial concentration of the diffusing abeginning of crystallization as
species. In this case for Si c' = 1, D is the diffusion detected by the first increase
constant, tis the time, and a is the distance from in coercivity.

2



the diffusing slab to x = 0. If we define the error the Si deposition. These effects were discussed re-
function cently.""11 The change to be examined in the

profiles on annealing is the result of Si diffusing

er~)-2r12-x 1I~a2(4-1 into the amorphous alloy represented by the de-- Jfoexp -] crease in the slope of the deeper layers. These tails

of the curves appear to be straight lines and thus
dD(2) represent a single value of D. The values of Dd (- awere calculated from these straight line tails in the

then amorphous alloy. However, since the slope of the
0 0 f unannealed samples (4D)' 1/ 2 is comparable to the

slope after annealing (4t)a' /2 , the slopes repre-
senting the Si diffusion were obtained by simply

where z = xD 12  T ve risubtracting the squares of the inverse slopes asdescribed above, where (4Dt);" 2 was obtainedfunction cannot be evaluated in any simple manner ubut re vaiabl intabuar orm in any from the initial portion of each curve; i.e., from thebut are available in tabular form in many Si-rich film. The value of D was then calculated
mathematical tables. A graph of relative concentra-
tion vs depth on probability paper will be a straight from eq. (4). There appeared to be a small trend

towards a decreasing initial slope as well as a smallline. Differentiating to obtain the slope
G = -(47rDt) - 1/2 exp(-x2/4Dt) which becomes shift in the midpoint of the profile with increase inG-(4rDt/ 2  w h o anneal temperature (Figure 2). These effects were
-(4wtDt) - /2 at the interface x = 0. In the case
where various contributions to the initial broaden- ignored in the analysis.
ing -come significant, the observed broadening The results of all of our measurements and cal-
n . be corrected for this initial broadening, as has culations for D for two different alloys are shown in
betrn described.I0 ) When a Gaussian diffusion Figure 3, on an inverse temperature scale. The
process is observed with an instrument whose composition profile of two samples, prepared under
response is also Gaussian, then the uncorrected identical conditions, was determined. One sample
profile is also Gaussian. Then the observed in the entire work was discarded because the value
broadening is given by the concentration gradient G of D was two orders of magnitude above the trend
as G-2 - G-k + G:nstr. In addition, in a multi- shown. This sample had the highest oxygen con-
stage diffusion process, since diffusion times add tent at the interface and this may presumably have
linearly, diffusion distances add as the square root been the cause for the high value. The ratio of the
of the sum of the squares. Thus a similar relation oxygen peak to the pure silicon peak was 1.3 for
applies if some diffusion occurs before the initial this sample; the average ratio for all other samples
profile is measured or if other broadening effects was 0.29. The different polishing procedures and
such as roughness and nonuniformity of thickness the different Si layer thicknesses showed no
or composition occurs, provided they are Gaussian. significant effect on the half-width of the Si profileThus, we have Go G-j + G:-2 dif" + G-2

= n +inst r + or on D. We also found no significant effect of
G-2rough +... and the deconvolution is a simple sub- preannealing on D as shown in Figure 3. The

traction to give results in Figure 3 appear to be a straight line giv-
ing an activation energy of 2.2 ±k0.4 eV and a

-I Go -Goj =4Dt. (4) preexponential constant of 0.029 m2/s.

Preliminary analysis by secondary ion mass spec-
Typical results of the Si data, as a function of trometry (SIMS) have been performed on a few

annealing, are shown in Figure 2 on probability pa- Si-Fe82B12Si 6 couples. The results have not been
per. The curves were shifted, for clarity in presen- analyzed quantitatively but they show the same
tation, by the amount shown on the inset in the trends as obtained from the Auger result.
figure. The unannealed Si/amorphous alloy couple
is always a straight line from -5 to 95% of the DISCUSSION
profile with o- = 20 t 5 nm. This analytical There are now a number of measurements of
broadening may be due to instrumental factors, diffusion of metals and metalloids in various amor-
insufficiently flat substrate surface, uneven etching phous alloys. These are summarized in Figure 4,
across the pit, the "knock-in" effect, preferential plotted against the inverse temperature normalized
sputtering, or penetration or atom transport during to T, and include the results from the present

3
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study. It should be noted that values of T all at Figure 4. Diret measurements of diffusion coetiicients

the same heating rate were not available, and, in in amorphous alloys vs normalized inverse
fact, where T values were not obtainable theteprue

values of the start of crystallization T.0 were used 
A) Li in PdiSiB, (B2)

(Table B). iffren cs 1 0 and Si inwaqued a nd B) B in as-quenched (open circles) and re-(Tabe 2. Dffeencs o 10 o 2 ° wuldmak nolaxed (filled circles) Nts,.sNb,,.s (13)

difference in Figure 4. Note that the results tend to C) B in Fe ,B4#2 (14)
fall into two groups. The upper group comprises D) Si In as-quenched and relaxed Fe,,B,,Sk*
the diffusion of small atoms; Li in PdSi, (12) B in (this work)
NiNb, ( ) B in FeNiB, ( 14) and Si in as-quenched and F) P In Fessis (s

relaxed FeBSi (this work). The lower group of G) Ag in PdsPSi, .
H) Au in as-quenched Pd77.5Cu Si (17

curves comprises the diffusion of larger atoms: P I) Au in relaxed Pd77.sCu 6SiG.s "5

in FeB, (05) Ag in PdSi,(16) Au in as-quenched PdCu- J) P in relaxed Fe32Ni Cr,4 P 1 1B, 119)

Sit(
17) Au in annealed PdCuSi, ( ) P in annealed K) Fe In FeoN6P B,P1e

FeNiCrPB, (t 1 ) Fe in FeNiPB, (19) and P in L) P in FeONiP,B (2o).

FeNiPB. (2 ) Our new results confirm the previous interstitial site so that the only possible diffusion
observations. (21 ) First, the diffusion of small atoms mechanism is a cooperative process. This will be a
is several orders of magnitude larger than the slow process because of the low probability of
diffusion of large atoms at an equivalent fraction of correlated atom motions. The correlated jump

Tt. Thus, the natural interpretation is that there mechanism has been proposed for the diffusion of
are two different mechanisms. Secondly, annealing Li in PdCuSi.017 ) For small atoms, such as Li and

of the amorphous alloy before diffusing produces B, interstitial diffusion occurs in crystalline metals
little or no change on the diffusion of a small atom and the same is likely in amorphous metals. An in-
into the amorphous alloy. terstitial mechanism has been proposed for Li in

Kijek et al. (21 ) have summarized the possible PdSi.(12) If we extrapolate results from the literature
diffusion processes in amorphous metals. There are for the diffusion of Si in crystalline a-Fe or in fcc
three possibilities: vacancy, cooperative, and inter- Ni from the high temperature where the measure-

stitial diffusion. They conclude from computer ments were made down to our measurement tern-
modeling studies that individual vacancies are not peratures, then the values of D are at least several

stable so that vacancy diffusion in amorphous alloys orders of magnitude slower than obtained for our
is not possible. As in crystals there is a high energy results on diffusion of Si in amorphous FeBSi (Ta-

barrier to prevent a large atom from locating in an ble 3). The slower diffusion of the larger atoms is
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TABLE 2

VALUES OF THE GLASS TEMPERATURE
AND THE TEMPERATURE FOR THE START OF

CRYSTALLIZATION USED IN FIGURE 4.

Heating
T T, rate

Alloy (16 (K) (deg/min) Reference

Fe 40Ni 40 B 20  683 - 10 14

Pd 77.5Cu 6Si 16.5  632 - 10 17

Ni59 .SMb0.5 881 - 10 25

Pd 80 Si20  655 - 20 26

Pd81 Si19  650 - 20 26

FessB1 5  - 660 10 27

Fe4 oNi4 0P 4B6  643 20 28

Fe8 2B1 2Si6  - 740 20 this work

Fe32Ni 36Cr1 4Pl 2B6  725 10 this work

TABLE 3

DIFFUSIVITY OF SI INTO CRYSTALLINE
a-Fe, fcc Ni, AND AMORPHOUS Fe-B-Si

Temp. D, m2/s

( 0C) aFea Nib Fe8 2Bl 2Si6

300 1.5 x 10-23 3.3 x 10-28 7.1 x 10- 22

350 4.5 x 10- 2  2.6 x 1026 2.7 x 10-20

405 1.1 x 10- 20 1.5 x 10- 24 7.7 x 10- 19

a caic. from ref. 22; A = 4.4 x 10- 5 m2/s, Q - 2.10 eV.
b calc. from ref. 24; A = 1.5 x 10 - 4 m2/s, Q - 2.69 eV.
c from this work; A = 0.0292 m2/s, Q - 2.23 eV.

assumed to be by a cooperative process from trapped at the larger interstitial sites.(23) This result
substitutional sites. All of these considerations is not observed on comparing the diffusion of Si
mean that Si is diffusing rapidly by an interstitial into fcc Ni(24) as calculated from higher tempera-
mechanism. ture measurements to the diffusion of Si into amor-

There is expected to be a distribution of activa- phous FeBSi (Table 3). It was also argued that be-
tion energies for individual interstitial jumps be- cause interstitial diffusion is not a true random walk
cause of the distribution of sizes of interstitial sites process in amorphous alloys, it may not follow the
in an amorphous alloy. Thus, interstitial diffusion Arrhenius law. As seen in Figure 4, this appears to
is not a true random walk process and the be true for some cases, namely for B in NiNb,(t 3)
diffusivity of a given atom should be smaller than Li in PdSi, (t12) and B in FeNiB. ( 4) However, the
in an fcc crystal because diffusing atoms can be results from the literature presented in Figure 4 are
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EFFECTS OF RIBBON THICKNESS AND ANNEALING TEMPERATURE

ON THE AC MAGNETIC PROPERTIES OF THE Fe8s. 5 B1 4.5 Si3CI ALLOY

S.C. Huang, P.G. Frischmann, F.E. Luborsky, J.D. Livingston, and A. Mogro-Campero

INTRODUCTION the electrical resistivity by a four-probe dc tech-
The effect of some process variables on the nique. 8s  Finally, the magnitude and direction of

properties of melt-spun amorphous metal ribbons the magnetic anisotropy were determined by a
has been reported recently (see Reference I for a torque magnetometer using disk specimens etched
brief review). Of most interest is the finding that out of the ribbon.
the soft magnetic properties are very sensitive to
ribbon thickness as controlled by the casting RESULTS AND DISCUSSION
speed. (1-3  More specifically, it has been demon- The excitation of a straight ribbon (33 tim
strated that a ribbon should be cast at an optimum thick) near saturation induction is compared for
thickness in order to obtain the best dc magnetic three annealing temperatures (Figure 1). Anneal-
properties. (1. 3) The degraded magnetic properties of ing 2 hr at 345 0C results in low excitation. Iso-
thick ribbons were generally attributed to the re- chronal annealing at 305 or 385 OC yields high exci-
duced quench rate, but those of thin ribbons were tatiQn, being characterized by a slow approach to sa-
not well understood. This work reports on the ac turation. Among the three temperatures studied
magnetic properties as influenced by ribbon thick- here, 345 *C was selected as the optimum anneal
ness as well as annealing temperature. The ribbon temperature, although more thorough studies re-
thickness was controlled by the melt delivery condi- veal that the best 2 hr anneal for minimum exciting
tions (e.g., ejection pressure, nozzle slot size, and power at useful flux densities occurs at 360 'C.
the crucible-wheel gap), while the casting wheel The effect of varying ribbon thickness and anneal-
speed was kept constant. (4) A number of ribbon ing at 345 'C/2 hr is shown in Figure 2. For a thin
characteristics relating to structure, stress, ribbon ribbon, excitation is low at low inductions, but is
surface smoothness, and magnetic domain configu- high at high inductions due to a slow approach to
ration were studied in order to obtain insights into saturation, and, for a thick ribbon, excitation is
the observed ribbon-thickness effect. high at all levels of induction. The intermediate

thickness gives the best ribbon property. The an-
EXPERIMENTAL nealing condition and ribbon thickness influence

Steady-state casting of Fe815lB14.5Si3C1 ribbons the core loss of ribbons in a similar manner. Fig-
was carried out in air on a copper-I% chromium ure 3 summarizes the ribbon thickness effects on
wheel with internal water cooling. The casting excitation and core loss at 1.4 Tesla after the op-
wheel was rotated at a surface speed of 15 m/s and timum anneal. Clearly, an optimum ribbon thick-
the wheel surface was maintained with wire brush ness exists at S--- 30 pAm, which achieves a low
at a "matte" finish during casting. (5 ) Variations in core loss of -0.18 W/kg and a low excitation of
nozzle slot breadth (0.4 to 0.9 mm), ejection pres- -0.2 VA/kg at 1.4 Tesla. The optimum thickness
sure (104 to 4 x 104 pascal), and crucible-wheel gap found here for the ac magnetic properties is in
(0.35 to 0.7 mm) were made to change the ribbon agreement with that reported for the dc proper-
thickness.(4) The resultant ribbon thickness was ties.A)
determined by calculation from ribbon weight di- The excitations for straight samples and toroids
vided by length, width, and density. The ribbon at various ribbon thickness are also compared in
surface smoothness was studied by SEM and the Figure 3. They are similar in magnitude for thin
ribbon cross-section profile by metallography. The ribbons, but the toroid excitation is significantly
ac core loss and excitation were measured with higher for ribbons thicker than 30 Jim. Study of
sinusoidal flux at 60 Hz for straight ribbons (40 cm the excitation versus induction shows a slower ap-
long) and toroids (20 turns on 7.5 cm diameter proach to saturation when a thick ribbon is wound
cores). The magnetic domain configuration was ob- into a toroid. Compared with straight samples, the
served by the SEM technique. () Also, the stress core loss of toroidally wound thin ribbons is un-
relaxation was studied by annealing a ring,( 7) and changed and that of thick ribbons increases slightly.

Manuscript received August i1, 1981 1
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Figure 1. Excitation near the saturation Induction for Figure 3. The ribbon thickness dependence of the core
2 hr annealing at 305, 345, and 385 *C. loss and excitation for straight ribbons and
Ribbon thickness S - 33 m. 7.5 cm toroids, annealed 2 hr at 345 *C.

B - 1.4 Tesia.
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Figure 2. Excitation near the saturation Induction for Figure 4. SEM magnetic domain configurations
ribbons of the thickness of 16, 31, and observed on the air-side surfaces of ribbons
64 Asm, annealed 2 hr at 345 °C. of (a) thickness S - 31 im, annealed 2 hr

at T- 345 *C; (b) S,- 31g m, T- 385 °C;
The magnetic domain structure observed in a (c) S- 64 Am, T- 345 C; and (d)S-

ribbon of optimum thickness and after annealing at 16 pLm, T - 305 *C. The ribbon axis is in
the vertical direction. Difference in

the optimum condition of 345 °C/2 hr is shown in magnification in the horizontal and vertical
Figure 4a. As shown, the wide domains separated direction Is due to specimen tilt.

by 1800 domain walls are generally parallel to the
ribbon length and are quite evenly spaced across The transverse closure domains in Figure 4b and 4c

the ribbon width. When an optimum thickness rib- are indications of compressive stress fields and

bon is annealed 2 hr at 385 *C, transverse fine out-of-plane anisotropy. Thin ribbons annealed
domains can be found in a few areas superimposed 2 hr at 305 °C show fine longitudinal domains,
on the longitudinal wide domains (Figure 4b). In a which are complicated by the internal stresses asso-
thick ribbon annealed at the optimum conditions, ciated with the ribbon surface irregularities
the domains are exclusively transverse (Figure 4c). (Figure 4d). After the optimum anneal, the thin
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ribbons show an increase in domain width and The stress relaxation results in Figure 6 show
domain alignment, but the domain walls are still that the relieved fraction Fof stress increases with
curved slightly at the vicinity of the surface irregu- annealing temperature. As derived from the slope
larities. Application of tensile stresses on the order of the log (F) versus 1/ T relation, the apparent
of 10-20 MPa removes the transverse domains of kinetic activation energy involved in the low-
Figure 4b and 4c in favor of longitudinal domains, temperature relaxation (T < 250 0C) is 29 kJ/
and tends to straighten the curved walls of mole. This apparent energetic barrier for the stress
Figure 4d.(6) The transverse or wavy longitudinal relaxation is independent of the ribbon thickness.
domains observed in ribbons of suboptimal thick- The relieved fraction F, however, decreases with
ness or annealing should give rise to the slow ap- increasing ribbon thickness at a given annealing
proach to saturation observed in Figures 1 and 2. temperature. The relatively slow stress relaxation

The fraction of crystallinity in the ribbon is es- in a thick ribbon can be attributed to the small free
timated from resistivity measurements (Figure 5). volume due to a low average quench rate, (9) and to
It has been demonstrated previously that a nearly partial crystallization. (1 0) After the 345 °C/2 hr an-
linear correlation exists between the resistivity and neal, therefore, the remnant stress (I-F) is 30% in
the fractional crystallinity of a ribbon. (s ) Here, the the 64 Am ribbon, compared with 8% in the 31 Am
normalized resistivity P77/P295 - 0.962 is measured ribbon. Because of the interaction of this high
for completely amorphous Fes. 5B14.5Si 3C1, and remnant stress and the magnetostriction (the
P77/P295 = 0.650 for a ribbon fully crystallized (by magnetostriction coefficient k = 30 x 10-6 cm/
annealing 2 hr at 465 °C). As shown in Figure 5, cm), the thick ribbon has degraded magnetic prop-
there is a tendency for an increase in crystallinity erties. Thus, both the remnant stress discussed
with ribbon thickness, for both as-cast or annealed here and the crystallization discussed in the preced-
specimens. In the 20 and 30 Am ribbons, crystalli- ing paragraph contribute to the poor properties of
zation occurs only after high-temperature anneal- thick straight ribbons, but the former has a further
ing; and, in the 64 Am ribbon, there are cast-in deleterious effect on the properties of toroids.
crystals which grow in size upon annealing. The When a ribbon is wound into a toroid, the winding
above results on crystallinity fraction have been stress increases with ribbon thickness. This high
confirmed qualitatively with TEM studies, and initial stress plus the ineffectiveness of stress relax-
should explain, at least partially, the observed ation in a thick ribbon further deteriorates the
effects of ribbon thickness and annealing tempera- properties of the thick-ribbon toroids (Figure 3).
ture on the magnetic prope.ties. An interesting
note from Figure 5 is the geherally small fraction of TEMPERATURE (*C)
crystallinity (<4%), even in the thick, annealed ,o 400 350 300 250 200

ribbon which has very high core loss and excitation.

8' * ... "I,\ ';, , 0 .05

096

AS8CAST 0 1b 20 22

N.'~ *2 1 T 00_3K'

"'-.. ', .",. Figure 6. Stress relaxation as a function of tempera-
-.... z ture of the 2 hr anneal, for various ribbon

O.-.-.. [thicknesses.

The peak torque measuring the magnetic aniso-
tropy is shown in Figure 7 as a function of ribbon

0I9. -L 40 thickness. In general, the peak torque occurs in a
mesom r"C0P0S8 W.) direction within :t 10 degrees of the casting direc-

Figure $. Crystallinity fraction determined by resis- lion. The peak torque remains -104 erg/cm3 for
tivity measurements as a function of ribbon as-cast ribbons as thin as 20 Am, but increases
thickness for as-cast, 304 °C/2 hr anneal, drastically to 103 erg/cm 3 with thickness decreasing
and 385 "C/2 hr anneal. to 16 Am. Annealing at 345 *C does not change

3
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Figure 7. Peak torque vs. ribbon thickness, for as-cast

and 345 *C/4 hr anneal. Each data point
represents the average of a deck of 5 ribbon
disks; the error bar shows the scatter of
Individual disk measurements.

the magnitude of the as-cast peak torque. This ex-
cess anisotropy is believed to result from the large

quenched-in stresses due to the local variations in
cooling rate in thin ribbons. In addition, the varia-
tions in cooling rate also result in ribbon thickness
variations (see Figure 8), which may also increase
the magnetic anisotropy like the quenched-in
stresses. The cooling rate variations in thin ribbons
can be attributed to the presence of large air pock-
ets, which reduce the local thermal conductance at Figure . Metallography of the cross sections of rib-
the metal-wheel interface. (5) The large air pockets bons of various thicknesses: (a) 64 lim,
on thin ribbon are formed by extensive air entrap- (b) 31 m, and (c) 18.6 14n.

ment at the ribbon-wheel interface due to the low
ejection pressure used for thin-ribbon casting. (4)  nozzle slot breadth) or by the melt extraction con-
They are, in general, elongated in the casting direc- ditions (e.g., casting wheel speed). For thin rib-
tion, which is the measured peak torque orienta- bons, the properties degenerate because of the
tion. Even though this magnetic anisotropy in the quenched-in stresses and the ribbon thickness vari-
ribbon length direction is favorable, the air pockets, ations associated with the air pockets, which tend to
being associated with stress fields and thickness retard the magnetic domain wall motion. The air
variations, tend to curve and pin the magnetic pockets are large and elongated in the casting direc-
domain walls (Figure 4d), resulting in the poor tion, due to the low ejection pressure necessary for
magnetic properties of thin ribbons, thin ribbon casting. For thick ribbons, the cast-in

CONCLUSIONS crystallites and the remnant stress not removed by
annealing give rise to transverse domains, resist theRibbon thickness as well as the annealing condi- apoc ostrtoadyedhg oels n

tion strongly influence ac magnetic properties. The approach to saturation, and yield high core loss and
otimum anngly in2en hr mantic 345o wi. The- excitation. The ineffectiveness of stress relief inoptimum annealing is 2 hr at 345 °C, which re- thick ribbons further impairs their toroid properties.

moves most of the cast-in stress before crystalliza-
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