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Compositional range, thermal stability, hardness
and electrical resistivity of amorphous alloys in
Al-Si (or Ge)-transition metal systems
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An amorphous single phase was found to be formed in wide compositional ranges in rapidly
solidified Al-Si—transition metal (M) and Al-Ge—M alloys. The compositional ranges are in
the range from 12 to 53 at.% Si or Ge and 8 to 23% M and Al-Si—Co and Al-Ge-Fe alloys
have the widest glass-formation ranges. Because the interaction between aluminium and sili-
con or germanium atoms is thought to be repulsive from the immiscible equilibrium phase
diagrams, the glass formation is probably due to an attractive interaction of M-Si (or Ge) and
Al-M pairs. Hardness, H,, and crystallization temperature, 7,, increase with increasing M con-
tent and the highest values reach 1120 DPN and 715 K, while the change with silicon or ger-
manium content is much smaller for H, and is hardly seen for 7,. Additionally, the H, and T,
have maximum values for Al-Si (or Ge)—M (M = Cr, Mn or Fe), decrease with the decrease
and increase in the group number of M element and are the lowest for Al-Si (or Ge)—Ni
alloys. The compositional dependence is interpreted under the assumption that 7, and H, of
the aluminium-based amorphous alloys are mainly dominated by the attractive interaction of
M- (Si or Ge) and Al-M pairs. Room-temperature resistivity, ggr, increases in the range of
220 to 1940 xQ cm with increasing silicon or germanium and M contents. The change in ggr
with the group number of M elements shows a maximum phenomenon for manganese. It has
thus been clarified that the characteristics of the Al-Si—M and Al-Ge—M amorphous alloys
have the different compositional dependence as compared with those for conventional metal—

metalloid amorphous alloys, probably because of the unusual interaction among the con-

stituent elements.

1. Introduction

Aluminium-based crystalline alloys have occupied an
important position among a large number of engineer-
ing metallic materials, similar to iron- and titanium-
based crystalline alloys. A large number of studies
on the preparation and characterization of iron- and
titanium-based amorphous alloys have been carried
out over the last twenty years and these amorphous
alloys have been used practically as magnetic, catalytic,
soldering and high-strength reinforced materials, etc.
Similarly, amorphization of aluminium-based alloys
has actively been tried by the piston—anvil and gun-
quenching techniques as well as the melt-spinning
technique. However, achievement of amorphization
has been limited to Al-Si [1], Al-Ge [2], Al-Cu [3],
Al-Ni [4], Al-Cr [5] and Al-Pd [6] alloys for the
coexisting amorphous and crystalline phases, and
Al-Fe-B [7], Al-Co-B [7], Al-Fe— (Si or Ge)
[8] and Al-Mn-Si [9] alloys for the mostly single
amorphous phase. Most recently, it has been found
[10] that a homogeneously amorphous phase is formed
in wide composition ranges in rapidly solidified Al—
Ge—M and Al-Si-M (M = V, Mn, Fe, Co or Ni)
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ternary systems and the AI-Si—Ni and Al-Ge—Ni
amorphous alloys exhibit a good ductility which
is shown by a 180° bending without fracture. This
paper reports attempts to study the formation range,
thermal stability, hardness and electrical resistivity of
Al-Ge-M and Al-Si—-M amorphous alloys and
to investigate the features of the properties for the
aluminium-based amorphous alloys in comparison
with those for metal-metalloid type amorphous
alloys.

2. Experimental procedure

The specimens used in the present work were Al-
Si—-M and Al-Ge-M (M = Ti, Zr, Hf, V, Nb, Ta,
Cr, Mo, W, Mn, Fe, Co, Ni or Cu) ternary alloys
ranging from 8 to 45at. % Si, 8 to 60at. % Ge and 5
to 30at.% M. The subscripts represent nominal
atomic percentages of the respective components.
Mixtures of electrical aluminium, transition metal (M)
and silicon or germanium were melted in an argon
atmosphere using an arc furnace. Ribbon samples
about 0.02mm thick and | mm wide were prepared
from these mixed alloys by a single-roller melit-

© 1988 Chapman and Hall Ltd.



GOF T i T — 1 T T R
50r W
|
~ 40 _— ]
2 R—n
)
& 30r . -
20" D\D\ |
C]\D
10r(a) | | . | | | ]
T T T T I 1
25F -
oO—0—0—0
. 20F / ]
s °
s
s 15 .
O
10 / \ 4
(b) O0——0 o——~0 J
[ N 1 i [ N
v Cr Mn Fe Co Ni

M Element
Figure | Compositiona) ranges for the formation of amorphous
phase in rapidly quenched Aly,_ Si,M,, (a), and Al;s_ Si,sM, (b)
(M =V, Cr, Mn, Fe, Co or Ni alloys).

spinning apparatus. The amorphous nature of the
as-quenched samples was examined by X-ray diffrac-
tion analysis with monochromatic CuKa radiation
and transmission electron microscopy. Bending ductil-
ity was evaluated by the simple bend test; the methods
have been described previously in detail [7]. The crys-
tallization temperature and heat of crystallization
were measured by differential scanning calorimetry
(DSC) at a heating rate of 20 K min~'. Hardness was
measured by a Vickers microhardness tester with a
100 g load. Resistivity measurement was made by the
four-point method over the temperature range 4.2 to
250K. The temperature was measured using a cali-
brated germanium thermometer at temperatures below
90 K and a calibrated diode thermometer in the higher
temperature range.

3. Results and discussion

3.1. Formation range of the amorphous alloys
A mostly single amorphous phase defined by no trace
of crystallinity in the X-ray diffraction pattern was
formed in Al-Si-M (M = Cr, Mo, Mn, Fe, Co or
Ni) and AI-Ge-M (M = V, Cr, Mo, Mn, Fe, Co or
Ni) systems. No amorphous phase was formed in
Al-Si—M systems with M = Ti, Zr, Hf, V, Nb, Ta,
W or Cu and Al-Ge—M systems with M = Ti, Zr,
Hf, Nb, Ta, W or Cu. Figs 1 and 2 show the com-
positional range of Al-Si—-M and Al-Ge—-M amor-
phous alloys. Their amorphous phases are formed in
the range 12 to 42% Siand 8 to 23% M for AI-Si-M
alloys and 12 to 53% Ge and 8 to 23% M for Al-
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Figure 2 Compositional ranges for the formation of amorphous
phase in rapidly quenched Aly,_  Ge M, (a), and Al;;_ Ge,s M, (b)
(M =V, Cr, Mn, Fe, Co or Ni) alloys. CuKx radiation.

Ge-M alloys. The formation range of the Al-Si-M
amorphous alloys is the widest for Al-Si—Co, followed
by Al-Si—Fe, Al-Si—Mn, Al-Si—Ni and Al-Si—Cr,
and that for the Al-Ge—-M amorphous alloys is the
widest for Al-Ge—Fe and becomes narrower in the
order Al-Ge—Co, Al-Ge-Cr, Al-Ge-V and Al-
Ge-Mn. The amorphous phase is also formed in the
Al-Si—V system, but it is always coexistent with crys-
talline phase.

Although the compositional ranges of the amor-
phous phase are almost the same between Al-Si—-M
and Al-Ge-M systems, one can notice a difference,
in that the metalloid concentration ranges are con-
siderably wider for Al-Ge-M than for Al-Si-M
and the M concentration range is wider for Al-Si—M.
Fig. 3 shows the X-ray diffraction patterns of rapidly
quenched Aly, . Ge Mn,, alloys with different ger-
manium concentrations. It is notable that the amor-
phous alloys have two broad diffraction peaks at
about k, = 23.71 and 31.74nm~". The split of the
broad halo peaks is also observed in the electron
diffraction pattern, as exemplified for Aly,Gey,Mn,, in
Fig. 4, even though no appreciable change in contrast
corresponding to the split of the first broad peak is
seen in the bright-field electron micrograph. Fig. 3
also shows that the decrease and increase of ger-
manium content from the glass-formation range result
in precipitation of fcc aluminium and cubic ger-
manium phases, respectively.

It is generally known that the formation of an
amorphous alloy is easier in the vicinity of eutectic
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Figure 3 X-ray diffraction patterns of rapidly quenched Aly,_ -
Ge,Mn,, (x = 15, 30, 40 and 50at. %) alloys.

composition with lower melting temperature. No equi-
librium phase diagrams of Al-Si—M and Al-Ge-M
alloys are available over the present wide composition
ranges. The eutectic composition of Al-Si and Al-Ge
binary alloys is 11.3at. % Si and 30.3at. % Ge [11],
being significantly different between both the alloys.
The metalloid concentration where the amorphous
phase is formed is in the range 12 to 53 at. % Ge and
12 to 42at. % Si. This indicates that the formation
range extends over both sides of the eutectic com-
position of Al-Ge for the Al-Ge—M system and only
on the hypereutectic side of Al-Si for the Al-Si-M
system. Thus the lowering of melting temperature (7;,)
at a eutectic point is not thought to be a dominant
factor for the amorphization of Al-Si—-M and Al-
Ge—M alloys. On the other hand, the M content for
the glass formation is in the range 8 to 23 at. %, where
various kinds of intermetallic compounds are formed
in A1-M binary alloys, and T, is in the range 1533 to
1921 K [12]. The limitation of the M content is prob-
ably due to the increase of T, on the upper side
and the decrease of the attractive bonding nature of
aluminium and M atoms for the glass formation on
the lower side. The reason for the limitation of the
compositional range for the metalloids (germanium
and silicon) without the formation tendency of inter-
metallic compounds against aluminium remains
unknown, even though a further increase and decrease
of silicon and germanium contents results in precipi-
tation of silicon or germanium and aluminium phases,
respectively, in an amorphous matrix. In any case, the
new information that an amorphous single phase is
formed over wide composition ranges in Al-Si-M and
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Figure 4 Bright-field electron micrograph and selected-area electron
diffraction pattern of a rapidly quenched Al,, Ge;,Mn,, alloy.

Al—-Ge—M alloys containing a large amount of silicon
or germanium without an attractive interaction with
aluminium is different from the general concept [13]
for the glass formation of metal-metalloid type
alloys. The abnormality is expected to result in the
appearance of significantly different structure and
properties. This has already been confirmed by the
split of the first halo peak in the X-ray and electron
diffraction patterns and extremely high electrical resis-
tivities [10].

3.2. Hardness

Figs 5 and 6 show the change of hardness, H,, as a
function of M content for Al-Si—-M (M = Cr, Mn,
Fe, Co or Ni) and Al-Ge-M (M = Cr, Fe or Co)
amorphous alloys with 25% Si and 30% Ge. H, has a
distinct M concentration dependence and increases
with increasing M content from 365 to 600 DPN at
10% M to 730 to 1120 DPN at 20% M. The com-
positional dependence of H, is very similar in Al-
Si—-M and Al-Ge-M alloys. Figs 5 and 6 also show
that the H, values of Al-Si—M and Al-Ge-M alloys
are higher for the alloys with M = Cr, Mn or Fe than
for the alloys with M = Ni or V and there is no
appreciable difference in H, between the alloys with
M = Cr, Mn or Fe. It is notable that the H, values at
20% M may be as high as 700 to 1100 DPN even for
aluminium-based alloys, comparable to the high H,
values [14] for transition metal-metalloid type amor-
phous alloys. Fig. 7 shows the change of H, as a
function of silicon or germanium conent for Al-Si-M
and Al-Ge-M amorphous alloys with constant M
contents of 10 and 15at. % . The H, values are higher
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Figure 5 Change in Vickers microhardness (H,) of Al-Si-M
(M = Cr, Mn, Fe, Co or Ni) amorphous alloys with M content.
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for the alloys with higher silicon or germanium con-
centration and the compositional dependence is more
significant for Al-Ge—M alloys. Thus, the replace-
ment of aluminium by M gives rise to significant
increase in H, for all the alloy systems, whereas the
increase in H, by the replacement of aluminium by
silicon or germanium is less significant and the degree
is much smaller for Al-Si—M alloys. The bonding
nature of the constituent atoms in Al-Si (or Ge)-M
alloys increases in the order M—(Si or Ge) > Al—
M > Al-(Sior Ge) from the data that T,, [12] and H,
[15] are larger for M—(Si or Ge) compounds than for
Al-M compounds and no compound is formed in
Al-(Si or Ge) alloys [11]. Accordingly, increases in M
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Figure 6 Change in Vickers microhardness (H,) of Al-Ge-M
(M = Cr, Fe or Co) amorphous alloys with M content.
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Figure 7 Change in Vickers microhardness (H,) of Al-Si-M and
Al-Ge-M (M = Cr, Mn, Fe, Co or Ni) amorphous alloys with
silicon or germanium content. Load = 25g.

and silicon or germanium contents are presumed to
bring about increase in hardness of the amorphous
alloys, consistent with the results shown in Figs 5 to 7.

3.3. Crystallization temperature (7,)

T, was also found to show a similar compositional
dependence as that for H,. As shown in Figs 8 and 9,
as the M content increases from 8 to 20at. %, T,
increases from 498 to 715K for Al-Si—(Cr, Mn, Fe or
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Figure & Change in crystallization temperature (7)) of Al-Si-M
(M = Cr, Mn, Fe, Co or Ni) amorphous alloys with M content.
Heating rate = 40K min~".
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Heating rate = 40 K min™".

Co) alloys and from 370 to 575 K for Al-Si-Ni alloys.
On the other hand, increase in T, of A1-Ge~M alloys
with increase in M content is considerably smaller
than that of Al-Si—M alloys and the increase of T,
with increasing M content from 8 to 15at. % is as
small as about 50 K. Furthermore, T, is higher by 50
to 150K for Al-Si-M alloys than for Al-Ge-M
alloys. This difference is probably because the eutectic
temperature of Al-Si alloy is higher by 153K than
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Figure 10 Change in crystallization temperature (T, ) of Al-Si-M
and Al-Ge-M (M = Cr, Mn, Fe, Co or Ni) amorphous alloys

with silicon or germanium content. Heating rate = 40 K min™".
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that of Al-Ge alloy [11]. The T, values of Al-Si—-M
alloys are considerably higher for Al-Si—(Cr, Mn, Fe
or Co) alloys than for Al-Si—Ni alloy and the Al—
Si-M (M = Cr, Mn, Fe or Co) alloys have nearly the
same T, values. No distinct change in T, with silicon
and germanium contents is observed as shown in
Fig. 10. Thus, the H, and T, of Al-Si—M and Al-
Ge—-M amorphous alloys increase significantly with
increase in the amount of Al replaced by M, while
those as a function of silicon or germanium content do
not show a significant change. Such compositional
dependences probably occur because increasing M
content results in an increase in the number of M—Si
(or Ge) bondings with strongly attractive interaction
and a decrease in the number of Al-Si (or Ge) bond-
ings with repulsive interaction. On the other hand, an
increase in silicon or germanium content does not
cause a change in the number of M—Si (or Ge) bond-
ings. Such a change as a function of metalloid content
is significantly different from the general tendency that
H, and T, of transition metai—metalloid amorphous
alloys increase with increasing metalloid content. The
significant difference is interpreted as due to the dif-
ference of bonding nature between transition metal—
Si (or Ge) atoms with strongly attractive interaction
and Al-(Si or Ge) with repulsive interaction. Thus, it
is said that the interaction of the constituent atoms for
aluminium-based amorphous alloys is significantly
different from that for transition metal-metalloid
type amorphous alloys reported previously, even
though the alloy compositions belong to the same
category of metal—metalloid type.

Fig. 11 shows the change in the heat of crystalliza-
tion (AH,) for Al-Si—M and Al-Ge-M amorphous
alloys with M content. As the M content increases,
AH, tends to decrease, in good contrast to the signifi-
cant rise of T,. The decrease of AH, probably occurs
because the short-range atomic configuration in the
amorphous alloys approaches that of crystalline com-
pounds consisting mainly of M—(Si or Ge) and Al-M
bondings with increasing M content. This presump-
tion is consistent with the interpretation described
above that the increases of such atomic bondings
result in increases in H, and T,.

3.4. Electrical resistivity

Figs 12 and 13 show the change of electrical resistivity
at room temperature (RT), ggr, for A1-Si—M amor-
phous alloys with M and silicon contents. The ggy
increases significantly with increasing M and silicon
contents and the increase is more remarkable for the
increase in M content. The ggr values lie in the range
220 to 1760 pQ cm which are two to six times higher
than those (100 to 300 xQ cm) for transition metal-
based amorphous alloys. A similar metalloid com-
position dependence of ggy is also recognized in
Al-Ge~M amorphous alloys, as shown in Fig. 14.
The ggy value increases significantly from 500 to
850 uQcm at 20% Ge to 860 to 1940 uQcm at
40% Ge. Although the increase in gpy with increasing
silicon or germanium content can be interpreted by
taking the semiconducting nature of silicon and ger-
manium into consideration, the increase in ggr with
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increasing M and silicon or germanium contents is
also thought to be related to the anomalous structure
of the aluminium-based amorphous alloys. That is, as
shown in Figs 3 and 4, the X-ray and electron diffrac-
tion patterns of the Al-Si—M and Al-Ge-M amor-
phous alloys show split first halo peaks, the split being
thought due to the phase separation into aluminium-
rich and silicon- or germanium-rich phases over a
short range [10, 14], i.e. the sites of aluminium and
silicon or germanium atoms in the amorphous struc-
ture are not random and are distributed in a distin-
guishable site on the scale of about 1 nm. It has been
clarified [10] that the splitting phenomenon becomes
significant with increasing M content. The split struc-
ture on a scale of about 1 nm is presumed to result in
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Figure 14 Change in electrical resistivity at room temperature (gpt)
of Al-Ge-M (M = Cr, Mn, Fe, Co or Ni) amorphous alloys with
germanium content.
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rate = 40 K min~', of Al-Si~M amorphous alloys with the group
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electrical resistivities much higher than those of amor-
phous alloys with a homogeneously single structure.

Finally, the effect of M element on T, H, and ggr
values of Al-Si—M and Al-Ge—M amorphous alloys
is summarized in Figs 15 and 16. T, and H, show a
similar change; both values are the highest for alloys
containing chromium, manganese and iron and tend
to decrease with decreasing group number in the
periodic table. The systematic change as a function of
the group number is interpreted as due to the bonding
nature of M—Al, M-Si and M —Ge atomic pairs being
stronger for the VI and VII group number elements.
Additionally, the compositional effect of ggy is
thought to reflect the result that the number of con-
ductive free electrons in the outer d-shell which do not
contribute to the covalent bonding of M—Al, M—Si
and M-Ge pairs is smaller for M = Cr and Mn and
the hybridization between the d-band of the transition
M metal and s and p bands of aluminium is stronger
for M = Cr and Mn [15].

4. Conclusions

1. An amorphous single phase was obtained over a
wide compositional range in rapidly quenched Al-
Si—-M and Al-Ge-M (M = V, Cr, Mo, Mn, Fe, Co
or Ni) alloys. The compositional ranges are the widest
for M = Co or Fe and extend from 14 to 42% Si and
8 to 23% Co for the Al-Si—Co system and from 12 to
48% Ge and 8 to 18% Co for the Al-Ge—Co system.
The compositional range becomes narrower in the
order Co > Fe > Mn > Ni > Crfor the Al-Si-M
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system and Fe > Co > Mn > Cr > V > Ni for
the Al-Ge—M system. The glass formation was inter-
preted as due to attractive interaction of M—Si (or Ge)
and Al-M atomic pairs because of repulsive inter-
action of Al-(Si or Co) pairs.

2. H, increases significantly with increasing M con-
tent and the highest value reached is about 1120 DPN
for Al SiyFe,. Similarly, H, also increases with
increasing silicon or germanium content, but the
increase is much smaller compared to the case for M
content. The compositional dependence probably
occurs because the hardness is mainly dominated by
the bonding nature of M—Si (or Ge) and Al-M atoms
with attractive interaction rather than the Al-Si
(or Ge) bonding with repulsive interaction.

3. The change in T, with M content has a similar
compositional dependence as that for H,. The increase
in M content results in an increase in 7, and the
highest value reached is 715K for Als,Si;, Feyy, while
no distinct change in T, with silicon or germanium
content is seen.

4. The ggr has a similar compositional dependence
as H, and increases from 220 to 1940 uQcm with
increasing metallic, M, and semiconducting, silicon or
germanium, contents. The change in gy 1S closely
related to the degree of phase separation in a short-
range scale in the amorphous phase and there is a
tendency that the clearer the split of the first halo
peaks on the X-ray and electron diffraction patterns,
the higher is ggy.

Thus, the compositional dependences of H,, T, and



orr for the present aluminium-based amorphous
alloys are significantly different from those for pre-
vious metal-metalloid amorphous alloys and the
difference probably occurs because the aluminium-
based amorphous alloys dissolve a large amount of
silicon or germanium with a repulsive interaction with
aluminium.
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