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Young's modulus of Fe-, Co-, Pd- and Pt-based 
amorphous wires produced by the in-rotating- 
water spinning method 

A. INOUE*, H.S. CHEN, J. T. KRAUSE, T. MASUMOTO t, M. HAGIWARA* 
Bell Laboratories, Murray Hill, New Jersey 07974, USA 

This paper presents the Young's modulus of Fel0o_x_vSix By, Fel00-x-v Px Cy, 
Coloo-x-vSi~Bv, Pd77.sCu6Si16.s, Pd48Ni32P2o and Pt6oNilsP2s amorphous wires deter- 
mined from the Young's modulus sound velocity measurement. With increasing metalloid 
content, the Young's modulus increases from 1.58 X 1011 to 1.87 X 1011N m -2 for 
Fe-Si -B,  from 1.40 X 1011 to 1.52 X 1011N m -2 for Fe-P-C and from 1.73 • 1011 to 
1.75 X 1011N m -2 for Co-S i -B  systems. The increase in Young's modulus with the 
amount of metalloid elements is the largest for B, followed by Si, C and then P. The 
Young's modulus of Fe-and Co-S i -B  amorphous wires increases significantly with the 
replacement of iron or cobalt by IV -V I I  group transition metals. It was recognized that 
there existed a strong correlation between Young's modulus (E) and tensile fracture 
strength (of); the ratio of of to E is approximated to be 0.02 for all the amorphous wires 
investigated. These results imply that the Young's modulus is dominated mainly by the 
structural and compositional short-range orderings due to the strong interaction between 
metal and metalloid atoms which hinders the internal displacements. The existence of a 
constant ratio for of/E was interpreted to originate from a common mechanism for 
plastic flow of the amorphous wires. Further, it was noted that the Young's modulus of 
the Fe- and Co-based amorphous wires with diameters of --~ 100 to 120/am was slightly 
lower than that of the amorphous ribbons with thicknesses of --~ 20 to 25/~m. This 
difference was attributed to the difference in structural ordering due to the differences in 
the solidification processes. 

1. I n t r o d u c t i o n  
The Young's modulus, which is one of the import- 
ant engineering characteristics, reflects strongly 
the interaction and bonding nature among con- 
stituent atoms [l]. Its value can be accurately 
determined within an error of  about -+ 0.5% by 
using an ultrasonic technique [2]. Numerous data 
on the Young's modulus of amorphous alloys of 
various alloy compositions and strong correlations 
between Young's modulus and other properties, 
such as hardness, tensile strength, glass transition 
temperature and crystallization temperature have 

been reported [3]. However, all the previous data 
of Young's modulus for technically interesting 
Fe- and Co-based amorphous alloys were obtained 
only from ribbon samples having thickness less than 
about 40/Jm. Recently Hagiwara and co-workers 
[4-6]  have reported, in the alloy systems of 
Fe -S i -B ,  F e - P - C  and Co-S i -B ,  which are very 
important as an engineering material, the produc- 
tion of continuous amorphous wires up to 200/Jan 
in diameter with uniform circular cross-section. 
This success appears to promise the extension 
of practical uses of the amorphous alloys. Since the 
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Young's modulus is very sensitive to the disordered 

state in the amorphous structure, it is very import- 

ant to determine the Young's modulus of the 
amorphous wires having a diameter which is about 
2 to 10 times as large as that of amorphous ribbons 
thickness. In this paper, we present the Young's 

modulus of Feloo_x_~SixB~, Fexoo_x_yPxCy, 

COloo-x-ySixBy, Pd77.sCu68i16.5, Pd48NinP~o and 
Pt6oNi~sP2s amorphous wires with diameters of 

100 to 120/~m produced by the in-rotating-water 
spinning method. 

2. Experimental procedure 
Continuous wires of the Fe mO-x-y Six By, Fe ~OO-x-r 

PxCy, COloO-x-~,SixBy,  (Fe-M)75SiloBts, ( C o -  
M)7:.sSin.sB~s (M = IV-VI I  group transition 

metals), Pd77.sCu68i16.5 , Pd48NinP20 and Pt60Nizs" 
P:s alloys, typically 100 to 120/am in diameter, 

were synthesized directly from the melt by using 

an in-rotating-water spinning method [7, 8] and 

confirmed to be amorphous by conventional X-ray 

diffraction and optical microscopy. The subscripts 
refer to the atomic percentages of the constituents. 

The sound velocity (V~) was measured at 100 kHz 

using a pulse-echo technique on amorphous wires 
about 50 to 100 cm long and Young's modulus (E) 

was given by E = pV 2, where p is the density of 
the amorphous wire. The measurement was 

conducted at ambient temperatures. The detailed 
procedure has been described previously [2]. For 
ferromagnetic samples, the velocity was measured 
in a saturating magnetic field parallel to the sample 

lengths. The sound velocity reached a maximum 
plateau with an applied field of about 50 Oe. The 

maximum value was used for the Young's modulus 

determination. The maximum scatter of the 

velocity measurement was estimated to be -+ 0.5% 
due to the uncertainties in length measurements. 

T A B L E I Sound velocity VE, Young's modulus E, density p, tensile fracture strength of, Vickers hardness Hv, tensile 
fracture strain ef = oe/E, yield strain ey "~ Hv/3E and crystallization temperature T x for Fe-Si-B, Fe-P-C and 
Co-Si-B amorphous wires. Data of of, H v and T x are from [4 6 ] 

Alloy VE E p of  H v ei = e t / E  ey = Hv/3E Tx 
composition (km sec -~) (10X~ -2) (103kg m -3) (10~Nm -2) (108Nm -2) (%) (%) (K) 
(at %) 

FesoSi~oBlo 4.655 15.8 7.27 29.1 81.3 1.8 1.7 750 
FesoSisBls 4.749 16.5 7.30 33.2 85.3 2.0 1.7 763 
Fe77.sSi~o B~2.s 4.773 16.4 7.2l 31.0 91.6 1.9 1.9 793 
Fe77.sSiT.s Bls 4.816 16.8 7.23 32.7 88.2 1.9 1.8 789 
F%sSi~oB~s 4.884 17.1 7.16 34.1 101 2.0 2.0 805 
F%sSi~sB,o 4.765 16.1 7.11 31.7 90.2 2.0 1.9 793 
FeTsSi~asBla s 4.822 16.6 7.14 32.0 94.1 1.9 1.9 800 
Fe7sSiT.sB,~.s 4.911 17.3 7.17 35.6 94.1 2.1 1.8 798 
Fe72.sSi~2.sB, s 4.931 17.2 7.08 33.5 102 1.9 2.0 812 
Fe72.sSi~o BaT.s 5.000 17.8 7.10 33.1 102 1.9 1.9 805 
F%oSi~o B2o 5.156 18.7 7.05 39.2 108 2.1 1.9 805 

Feso P~2.sC7. s 4.410 14.0 7.27 27.3 79.4 2.0 1.9 682 
FeTv.sP~ v.sC s 4.384 14.2 7.16 27.6 77.0 1.9 1.8 694 
Fe77.sP~sCT. s 4.423 14.0 7.20 27.6 76.5 2.0 1.8 690 
FevT.sP~.~C~o 4.404 14.1 7.25 27.9 79.9 2.0 1.9 692 
FeTv.s PloC12.s 4.386 14.0 7.30 28.3 79.9 2.0 1.9 694 
FeTv.sPT.sC1 s 4.481 14.3 7.34 29.8 80.9 2.1 1.9 693 
F%sPasCzo 4.470 14.4 7.23 28.2 79.4 2.0 1.8 706 
FeTs P~2.sCa2.5 4.429 14.1 7.23 28.3 83.4 2.0 2.0 694 
FeTsP~oC~s 4.558 15.2 7.28 29.9 87.8 2.0 1.9 706 

Co~,.sSia2.s B~o 4.918 19.0 7.85 35.8 112 1.9 2.0 688 
Co77.s SiT.sB,s 4.771 18.1 7.96 32.7 135 1.8 2.5 686 
Co,sSilsBao 4.731 17.3 7.72 30.3 110 1.8 2.1 766 
Co~sSi~oB~s 4.714 17.4 7.85 31.8 105 1.8 2.0 774 
Co72.sSi~2.sB~ s 4.731 17.4 7.74 34.5 111 2.0 2.1 791 
CoToSitsB~5 4.792 17.5 7.60 30.2 115 1.7 2.2 811 

Pd77.sCu6 Si~6.s 2.918 8.78 10.3 15.6 38.0 1.8 1.4 680 
Pd4sNia~P2o 3.099 9.57 10.07 46.0 - 1.6 645 
Pt6oNi~sP2s 2.439 9.35 15.71 - 37.5 - 1.3 524 
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The densities (p) were assumed to be the same as 
the previous values [9-12] of amorphous ribbons 
which were measured by the liquid displacement 
technique. Tensile fracture strength (at), hardness 
(Hv) and crystallization temperature (Tx) of the 
amorphous wires were taken from [4-6].  

3 .  R e s u l t s  

The sound velocity (VE) and Young's modulus (E) 
of the Fe -S i -B ,  F e - P - C ,  Co-S i -B ,  Pd-Cu-S i ,  
P d - N i - P  and P t - N i - P  amorphous wires are listed 
in Table I, where the data of density (p), tensile 
fracture strength (af), Vickers hardness (Hv), ten- 
sile fracture strain (el = at/E), tensile yield strain 
(ey ~--Hv/3E) and crystallization temperature (Tx) 
are also shown for comparison. The approximation 
of ey ~--Hv/3E is based on the fact that amorphous 
alloys exhibit little work-hardening and thus  the 
tensile flow strength is related by at --~ 1/3Hv [13]. 
Figs. 1 to 3 show compositional dependencies of 
the Young's modulus for Fe -S i -B ,  F e - P - C  and 
C o - S i - B  amorphous wires having diameters of 
100 to 120/~m. With increasing metalloid content, 
the Young's modulus showed an appreciable 
increase from 1.58 x 1011 to 1.87 x 1011Nm -2 for 
F e - S i - B  system, and from 1.40 x 1011 to 1.52 x 
1011Nm -2 for F e - P - C  system but was seen to 
increase only slightly (from 1.73 x 1011 to 1.75 x 
1011Nm -2) for the C o - S i - B  system. We noted 
abnormally high modulus values in the C o - S i - B  
alloys with low metalloid compositions. Consider- 
ing the fact that the diameters of the low metalloid- 
containing alloys are almost equal to those [14] of 
maximum ribbon thicknesses for the formation of 
an amorphous phase, the abnormally high Young's 
modulus values appear to be due to the precipi- 
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tation of small amounts of cystalline phases even 
though no precipitation is detected by conven- 
tional X-ray diffraction and optical microscopy. 
The highest value of Young's modulus in each 
alloy system decreases in the order of F e - S i - B  > 
Co-S i -B  > F e - P - C ,  in agreement with the orders 
[4-6]  of hardness and tensile fracture strength. 
The highest Young's modulus of F e - S i - B  amor- 
phous wires reaches a value as high as about 1.9 x 
1011 N m -2 which is comparable to that of pure 
iron and nickel. Figs. 1 and 2 also show that the 
influence of the metalloid elements on the increase 
of Young's modulus for the Fe-based amorphous 
wires is the largest for boron, followed by silicon, 
carbon and then phosphorus, indicating that the 
atomic ordering between iron and boron is much 
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stronger than that between iron and other metal- nesses which reflect the strength of  the chemical 
loids. This tendency is similar to that of  the af interaction between metal and metalloid atoms 
and Hv for the amorphous wires [4, 6]. Such a n  rather than that between the metal  components  

influence of  the metalloids on the Young's modu- 
lus may be interpreted as follows: the Young's 
modulus is dominated primarily by the bond stiff- 
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themselves. However, one may note in Fig. 3 that 

an increasing boron content  shows little effect on 
the Young's modulus for C o - S i - B  wires. This 
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behaviour may be attributed to the electronic 
contribution to the modulus softening compen- 
sating the increase in Young's modulus due to 
atomic ordering [15]. In the Co-B-S i  amorphous 
alloys, electronic configuration of d-shell orbitals 
alters drastically with boron addition as evidenced 
by the lowering of magnetic moments and Curie 
temperatures. 

Since there are no density data available, Figs. 
4 and 5 show the change in squared sound velocity 
V~=E/p (in place of E ) o f  (Fe-M)TsSiloBls 
and (Co-M)Tz.sSi12.sBls amorphous wires with 
the replacement of iron or cobalt by IV-VIII 
group transition metals of the periodic table. The 
compositional dependence is, in many respects, 
similar for both the alloy series; e.g. (a) the solute 
elements which raise the sound velocity are located 
at the left hand side of iron or cobalt in the 
periodic table, (b) no significant effect is seen in 
the mixing between iron and cobalt, and (c) the 
addition of the solute M elements such as nickel 
and palladium, which are located at the right hand 
side of iron and cobalt in the periodic table, results 
in a decrease in the sound velocity. Judging from 
the fact [16] that the Young's modulus of zircon- 
ium, niobium and tantalum elements themselves 
is lower than that of iron and cobalt metals, it 
may be concluded that the effect of the metal 
solute elements on the velocity of the resultant 
amorphous alloys originates from the strong inter- 

action between the solute metal and the metalloid 
atoms. 

The Young's modulus of the Pd- and Pt-based 
wires is 8.77 x 101~ -2 for PdvT.sCu6Sit6.s, 
9.62 x 101~ -z for Pd48Ni32P20 and 9.35 x 101~ 
Nm -~ for Pt60NitsP2s and decreases in the order 

o f  Pd4sNis2P2o > Pt6oNilsP2s > Pd77.sCu6Si16.5. 
These values are slightly lower than the previously 
reported values (10.16 x 101~ -2 for Pd48Ni3z �9 
P2o, 9.61 • 101~ -2 for Pt6oNixsP2s and 9.29 x 
101~ -2 for Pd77,sCu68i16.5 ) [13] for the 
amorphous alloys with a cylindrical geometry 
produced by quenching in water the molten 
alloys contained in a drawn fused-silica capillary. 
Although the difference in the Young's modulus 
is rather small, it may be due to the result that the 
Pd- and Pt-based wires produced by the in-rotating- 
water spinning method have a more disordered 
structure, in which the degree of the short-range 
ordering is lower, owing to the much smaller cross- 
sectional size and the much higher quenching rate 
obtained by the present melt spinning apparatus. 

4.  D i s c u s s i o n  

It is expected that the Young's modulus, which 
reflects the ease of internal displacement, strongly 
correlates to the tensile fracture strength of and 
hardness 11 v. Based on the data of E, ef and Hv for 
Fe-Si -B,  Fe -P-C ,  Co-Si-B,  Pd-Cu-Si ,  P d -  
Ni-P and P t - N i - P  amorphous wires listed in 
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Table I, the E values are plotted as a function of 
of and H v in Figs. 6 and 7. The data points are 
located in a scatter band following a roughly linear 
relationship even though the slope is such that the 
relationship does not extrapolate to the origin. 
This tendency is consistent with that of the 
amorphous ribbon samples in metal-metalloid 
and metal-metal  alloy systems [14, 16-22] .  It is 
noteworthy in Table I and Fig. 6 that the observed 
ratio of  of to E shows an almost constant value of  

about 0.020 for all amorphous wires investigated, 
in spite of significant differences in of as well as E. 
On the other hand, the ratio of  Hv/3 to E is about 
0 . 0 2 0  for the F e - S i - B ,  F e - P - C  and C o - S i - B  
wires, but the values for the Pd- and Pt-based 
amorphous wires are considerably lower (--~ 0.015), 
in agreement with the tendency for amorphous 
ribbon samples [15]. The observed ratio of  E to of 
is nearly equal to 50. This value is much smaller 
than that (100 to 200) of  conventional steels and 
may be comparable to that (15.5) or iron whiskers 
[23]. A similar strong correlation between E/p  and 
of was obtained for the series of(Fe-M)TsSiloBts 
and (Co-M)72.sSi12.sB1s amorphous wires as 
manifested in Fig. 8. The following two features 
are derived from this result: (a) increasing of is 
associated with an increasing stiffness and the 
mechanism of  such changes is the same between 
E and of, and (b) there is no evident change in the 
plastic flow mechanism for all of  the amorphous 
alloys. Accordingly, it may be concluded that the 
variation in E with alloy composition is not due to 
the difference in flow mechanism but attributed 
to the change in the short-range ordering. 

We examine next the influence of  transition 
metals on the Young's modulus velocity in the 
series of  (Fe-M)vsSiloBls and (Co-M)72.sSiz2.sBls 
amorphous wires. Previous studies [24] have 
pointed out the importance of  the average group 
number (AGN) of  metallic atoms in amorphous 
alloys in an understanding of  the effect of  tran- 
sition metals on the crf, Hv and Tx. We found, in 
fact, that the sound velocity was also significantly 
influenced by the AGN.  In Fig. 9, the measured 
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values of squared sound velocity are plotted 

against the AGN (average ratio of outer s + d elec- 

trons to atoms) of metallic atoms in the amorph- 
ous wires. By taking the numbers of the outer 

electrons to be 4 for zirconium, 5 for vanadium, 

niobium and tantalum, 6 for chromium, molyb- 
denum and tungsten, 7 for manganese, 8 for iron, 

9 for cobalt and 10 for nickel and palladium, 
respectively, the AGN was given by the weighted 
means according to the atomic percentage of the 

transition elements. The strong dependence of the 

Young's modulus sound velocity on AGN that 
persists even though there is rather large scatter in 

the data implies that structural and compositional 

orderings due to the strong interaction between 

metal and metalloid atoms play an important role 
in the large change of Young's modulus of the 

Fe- and Co-based amorphous wires. The com- 

positional ordering has been considered to arise 
from the strong interactions among unlike atoms 
[25] and the strong affinity between unlike atoms 

is manifested by a large negative heat of mixing as 
evidenced by the existence of high melting inter- 
metallic compounds and the deep valley of melting 
temperature around an eutectic composition in the 
transition metal (M) of silicon and boron alloys. 

T A B L E I I Comparisons of sound velocity V g and Young's modulus E in theribbon and wire samples for FeTsSi~oB~5, 
Fe77.sP12.sClo, CoTz.sSi~2 sBls Pd77.sCu6Si16 s Pd4sNis:P2o and PteoNi~sP2s amorphous wires 

Alloy Thickness V E E Ratio of 
composition or diameter (km sec -~) (10 TM N m -2) change 
(at %) (#m) (%) 

F%sSi~0Bls 
ribbon ~ 20 4.967 17.7 

- -  - -  3.4 
wire ~-- 120 4.884 17.1 
Fe77.sPt 2.sC1o 
ribbon ~-- 20 4.423 14.2 

--0.7 
wire ~ 110 4.404 14.1 
Co~2.sSi~2.sB~s 
ribbon ~-- 23 4.762 17.6 

--1.1 
wire ~ 100 4.731 17.4 
PdTCsCh6 Ni16.s 
ribbon ~-- 25 2.920 8.78 

--0.1 
wire ~ 105 2.918 8.77 
Pd48Nis2P20 
ribbon = 15 3.083 9.57 + 0.5 
wire ~-- 115 3.092 9.62 
Pt60 Ni~ sP25 
ribbon ~ 20 2.439 9.35 

0 
wire ~ 115 2.439 9.35 

2749  



Lastly, we investigated the difference of 
Young's modulus between the ribbon samples 
having thicknesses of 15 to 25#m and the wire 
samples having diameters of I00 to 120~m. The 
Young's modulus and the sound velocity in the 
ribbon and wire forms for FeTsSiloBls, Fe77.sP12.s" 
Clo, Co72.sSi12.sBls, PdvT.sCu6SiI6.s, Pd4sNi32P20 
and Pt60NilsP2s alloys are listed in Table II, where 
the data of ribbon thicknesses and wire diameters 
are also shown for comparison. Considering the 
result that the maximum uncertainty of the sound 
velocity is about + 0.5%, it is concluded that the 
Young's modulus of the ribbon and wire samples 
is, within experimental uncertainty, the same 
amoung Pdvy.sCu68i16.5 , Pd48Ni3;P20 and Pta0Nils" 
Pzs alloys. It is rather striking that the Young's 
modulus of FeTsSil0Bls, Fe77.sP12.sC10 and Co72.s" 
Si12.sBls alloys is larger by 3.4, 0.7 and 1.1%, 
respectively, for the ribbon samples than for the 
wire samples, since it has been generally recog- 
nized that the Young's modulus increases by 
structural relaxation on annealing at temperatures 
well lower than Tx [26] and with increasing ribbon 
sample thickness [27] or wire diameter [27]. That 
is, it may be said that the larger the degree of the 
structural disorder the smaller is the Young's 
modulus. Accordingly, it may be said that the 
wire samples (~> 100/~m diameter)of FevsSiloBls, 
Fe77.sP12.5Clo and Co72.sSi12.sBls alloys have a 
more disordered structure compared with the 
ribbon samples (~< 25 gm thickness). 

It has been reported that the maximum ribbon 
thickness for the formation of an amorphous 
phase by the conventional single roller quenching 
technique is usually less than about 40~m [28], 
whereas the maximum wire diameter for the for- 
mation of an amorphous phase by the in-rotating- 
water spinning method is about 270/1m for 
FevsSiloBls [4], about 230/am for Fe77.sPxzs" 
Clo [5] and about 140/~m for Co72.sSiaz.sBas 
alloys [6]. Therefore, it appears that the wire 
samples exhibited Young's moduli lower than 
those of the ribbon samples due to the much larger 
amorphous-forming capacity for the in-rotating- 
water spinning method. The larger capacity is 
considered to originate from the inherent differ- 
ences in the solidification t~rocess of the ejected 
melt as well as in the manner of cooling after 
solidification: that is, in the case of the single 
roller quenching method, the solidification of the 
melt is achieved only through contact with the 
roller [29] with contacting time and length for 

F e - S i - B  alloys as short as about 0.01 sec and 
100mm, respectively [30]. The solidified ribbon 
detaches itself from the roller at or above the 
glass transition and is air-cooled to room tempera- 
ture. On the other hand, in the in-rotating-water 
spinning method, the rapidly circulating water 
cools the melt continuously over the entire outside 
surface of the wire [7, 8, 31 ]. The slight differences 
in the Young's moduli observed between the wire 
and ribbon samples of the Pd- and Pt-based alloys 
is probably a result of lower glass temperatures 
and thus less structural relaxation during cooling 
after solidification as compared with the Fe- and 
Co-based alloys. 

5. Summary and conclusions 
The Young's modulus of Fe100_x_ySixBy, 
Fe a0O-x-y Px Cy, Co lOO-x-y Six By, Pd77.s Cu6 Si16.s, 
Pd48Ni32Pzo and Pt6oNilsP2s amorphous wires 
produced by the in-rotating-water spinning method 
was determined by measuring the sound velocity 
of the wire with the pulse-echo technique. The 
Young's modulus increases from 1.58 x 1011 to 
1.87 x 1011Nm -2 for Fe -S i -B ,  from 1.40 x 1011 
to 1.52 x 1011Nm -2 for F e - P - C  and from 1.73 x 
1011 to 1.75x1011Nm -2 for C o - S i - B  with 
increasing metalloid content. The influence of 
metalloid elements on the increase in the Young's 
modulus of the Fe-based alloys was much larger 
for boron as compared with the other metalloids. 

The Young's molulus of F e - S i - B  and C o -  
Si-B amorphous wires increased significantly 
with the replacement of iron or cobalt by tran- 
sition metals having an averaged group number 
less than 8. From the compositional dependencies 
of the Young's modulus, it was concluded that the 
short-range ordering due to the strong chemical 
bonding nature between metal and metalloid 
atoms influences significantly the Young's modu- 
lus. The Young's modulus of the Pd-and Pt-based 
amorphous wires ranges from 8.8 x 10 l~ to 9.6 x 
101~ -z, being much lower than those of the 
Fe- and Co-based wires. There exists a strong 
correlation between the Young's modulus and the 
tensile fracture strength for all the amorphous 
wires and the ratio of ef/E shows a constant value 
(~-- 0.02) in spite of large differences in E and of. 
It was interpreted that the strong correlation 
originates from a common mechanism for plastic 
flow among all the amorphous wires. 

It was found that there is no difference in 
Young's modulus between the amorphous wires 
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and ribbons for the Pd- and Pt-based alloys, 
whereas the E values of Fe-S i -B,  F e - P - C  and 
Co-S i -B  alloys are slightly lower for the wire 
samples having diameters of 100 to 120/2m than 
for the ribbon samples having thicknesses of 20 to 
25/am. This finding is rather striking and was 
interpreted as a result of structural ordering due 
to the significant difference in the solidification 
processes of the melt, particularly the cooling 
process after solidification of the wire and ribbon 
samples. 
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