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The effect of aluminium on mechanical 
properties and thermal stability of 
(Fe.Co.Ni)- A I -  B ternary amorphous alloys 
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The Research Institute for Iron, Steel and Other Metals, Tohoku University, 
Sendal 980, Japan 

Amorphous phase formation has been found in a wide range of Fe-A I -B ,  C o - A I - B  
and N i - A I - B  ternary systems by a melt-quenching technique. The aluminium content of 
these amorphous alloys is in the range 0 to 60 at % for Fe-  and Co -A I -B  systems and 
0 to 26 at % for the N i - A I - B  system, but the formation of ductile amorphous phase is 
limited to less than 20 at % AI. Crystallization temperature and Vickers hardness increase 
with increasing aluminium and boron content and maximum values are attained at 887 K 
and 880 diamond pyramid number (DPN). Their fracture strengths are about 2140 to 
2680 MPa. The effectiveness of aluminium on the increase in crystallization temperature 
and hardness is greater in the case Of other metal elements such as chromium, manganese, 
iron, cobalt and nickel, but is less than the metalloid elements such as silicon and boron. 
This could be reasonably explained by the assumption that aluminium may also possess a 
weak metalloid character. 

1. Introduction 
The transition metals iron, cobalt and nickel 
containing metalloid elements such as boron, 
carbon, silicon and phosphorus are the most 
widely-studied family of amorphous alloys. This 
type of amorphous alloy is relatively easy to 
quench from the melt and their mechanical and 
magnetic properties are sufficiently excellent to 
warrant commercial exploitation. 

In addition to these metalloid elements, alu- 
minium has been considered to possess a consider- 
ably strong metalloid-like character. Up till now, 
however, systematic information about the effect 
of aluminium on the formation and properties of 
amorphous alloys has not been obtained in spite of 
their high engineering potential resulting from 
their low cost as well as the ease with which 
aluminium-containing alloys may be melted and 
ejected. From this point of view, the present 
authors have recently performed a series of investi- 
gations [1-4] on the melt-quenched structure of 

alloys containing aluminium and have found that 
a completely amorphous phase is formed in a wide 
composition range for X-A1-B (X = Fe, Co or 
Ni) systems. The aim of this paper is to present 
the formation range, crystallization behaviour and 
mechanical properties of amorphous alloys in these 
systems and to clarify the effect of aluminium on 
their properties. 

2. Experimental methods 
The specimens used in the present work were 
Fex Aly Bz, Co= Air Bz and Ni= Aly Bz ternary alloys. 
These subscripts are weighed values and represent 
atomic percentages. Mixtures of electrolytic 
pure metal (iron, cobalt or nickel), aluminium 
(99.99 wt %) and boron (99.8 wt %) containing 
0.03 wt % Fe and 0.01 wt % C etc. impurities were 
melted in a flowing argon atmosphere using an 
induction furnace. The melts were sucked into a 
quartz tube of about 3 mm inner diameter and 
solidified in the tube. Continuous ribbon speci- 
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mens of 1 to 2mm width and 0.02 to 0.03 mm 
thickness were prepared by directing a stream of 
molten alloy onto the outer surface of a rapidly 
revolving steel or copper roller. The copper roller 
was employed only for preparation of nickel-based 
alloys. 

The as-quenched phases and their structural 
changes upon heating were examined by con- 
ventional X-ray diffraction methods using filtered 
FeKa and CuKa radiation and transmission elec- 
tron microscopy. The transmission electron 
microscope samples were electrolytically thinned 
in an electrolyte consisting of 90 parts ethyl 
alcohol and 10 parts perchloric acid, the electrolyte 
being cooled to approximately 273 K. Hardness 
and fracture strength were measured with a 
Vickers microhardness tester using a 100g load 
and an Instron-type tensile testing machine at a 
strain rate of 1.7 x 10 -4 sec -1. The crystallization 
temperature of the alloys was measured by a 
differential thermal analyser (DTA) at a heating rate 
of 8.33 x 10 -2 Ksec -1 and the activation energy 
for crystallization was examined by a differential 
scanning calorimeter (DSC) at various heating rates 
ranging from 8.33 x l 0  -2 to 1.33Ksec -~. The 
ductile-brittle transition behaviour was tested for 
the specimens annealed for various periods at 
573 K in evacuated silica capsules. Ductility was 
evaluated by measuring the radius of curvature at 
fracture in a simple bend test. 

3. Results and discussion 
3.1. Formation ranges of the amorphous 

phase and crystallization temperature 
Formation of a completely amorphous phase was 
achieved for a wide range of compositions in the 
Fe-A1-B, Co-A1-B and Ni-AI-B ternary 
systems as shown in Figs 1 to 5. The values in 
the figures are the crystallization temperatures 
determined as the starting point of the first 
exothermic peak on the DTA curves. A completely 
amorphous phase was obtained in a very wide 
range of compositions, e.g. 0 to 60 at % A1 for F e -  
and Co-A1-B alloys and 0 to 26at% A1 for 
Ni-A1-B alloys. No amorphous single phase was 
found in the alumimum-rich composition range for 
the Ni-A1-B system. However, ductile amorphous 
alloys showing complete bending are limited to 
less than about 12at% A1 for Fe-A1-B, 16at% 
A1 for Co-AI-B and 20 at % A1 for Ni-A1-B as 
seen in the figures. Thus, the formation range of 
ductile amorphous alloys becomes narrower for 
the nickel, cobalt and iron systems in that order. 
Although the reason for the ductile to brittle 
transition observed with increasing aluminium 
content is not clear at present, it may be due to 
the following two facts: (1) the dissolution of alu- 
minium results in the generation of a large internal 
strain because of the large difference in atomic 
size between iron, cobalt or nickel and aluminium, 
and (2)aluminum possesses a favourable atomic 
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Figure 1 Composition range for 
the formation of amorphous 
phase and the change of crystal- 
lization temperature (Tx) in the 
iron-rich composition range for 
the Fe -A1-B  system. 
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Figure 2 Composition range for 
the formation of amorphous 
phase and the change of crystal- 
lization temperature (T x) in 
the aluminium-rich composition 
range for the Fe-A1-B system. 
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Figure 3 Composition range for the formation of amorphous phase and the change of crystallization temperature (Tx) 
in the cobalt-rich composition range for the Co-AI-B system. 
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in the nickel-rich composition range for the Ni-AI-B system. 

1898 



size and electrochemical factor for the generation 
of a strong interaction between iron, cobalt or 
nickel and aluminium. The possibility of the 
strong interaction between both atoms is also seen 
from the easy formation of the superlattice struc- 
ture for crystalline (Fe, Co or Ni)-A1 binary 
alloys [5] because of a tendency for aluminium 
atoms to avoid being close neighbours. In this way 
the strain energy resulting from the close contact of 
relatively large solute aluminium atoms is reduced. 

Judging from the equilibrium phase diagrams 
of X-B and X-Al (X = Fe, Co or Ni) [5] binary 
and X-Al -B (X= Co or Ni) [6, 7] ternary 
systems, the formation ranges of amorphous phase 
seem to be located around the deep eutectic 
troughs where the melting point is low. As seen 
in Figs 1 to 5, amorphous phase formation in the 
Fe-B, Co-B and Ni-B binary systems is rela- 
tively easy, whereas no amorphous phase is formed 
in X-Al (X = Fe, Co or Ni) binary alloys. The 
amorphous forming range of the Ni-A1-B system 
(Fig. 5) represents the results obtained with a 
melt-spinning apparatus with a copper roller as 
described in Section 2 and is much wider compared 
with the previous results [8] obtained with a steel 
roller. Thus, the amorphous forming range depends 
largely on the difference in the imposed cooling 
rate due to the specimen thickness and the roller 
material. 

The composition ranges of the amorphous 
phase in X-A1-B (X = Fe, Co or Ni) systems are 
much wider than those in the analogous alloy 
systems such as X-Si -B  [9, 10], Fe -P -B  [11] 
and Fe -C-B  [11]. The wide amorphous phase 
formation range is due to the amorphous phase 
formation in aluminium rich regions. Here, the 
reason for the formation of the amorphous alloys 
containing a large amount of aluminium will be 
considered briefly. As seen in Figs 1, 3 and 5, the 
replacement of iron, cobalt or nickel with alu- 
minium appears to have little influence on the 
extension of their amorphous forming ranges in 
(Fe, Co or Ni)-B alloys. That is, the boron con- 
centration for the formation of amorphous phase 
is almost constant except for CoToA114B16 and 
Ni72-TaB22-28 alloys in the comparison between 
(Fe, Co or Ni)-B binary and (Fe, Co or Ni)-Al-B 
ternary alloys. Additionally, aluminium has a much 
larger atomic size compared with iron, cobalt or 
nickel. These results suggest that aluminium 
possesses the metalqike character in the amorphous 
phase of these systems and might dissolve sub- 

stitutionally. As a result, the direct contact of 
aluminium-aluminium atoms is easily permitted 
in the amorphous state similar to other common 
metal atoms [12], resulting in the formation of 
amorphous alloys containing a large amount of 
aluminum. This inference also receives support 
from the fact that aluminium rich amorphous 
phases containing more than about 50at% 
aluminium are obtained in many alloy systems 
such as Al-Cu [13], Al-Si [13], A1-Ge [14, 15], 
A1-Ni [15], A1-Pd [13, 15] and A1-Fe-Si [16]. 

The crystallization temperature Tx rises 
gradually with increasing aluminium and/or boron 
content, and reaches 848 K for FesoA12oB3o, 887 K 
for Cos4Al12Ba4 and 795 K for Nis4A12oB26 and 
then tends to decrease with a further increase in 
aluminium content. This indicates that the amorph- 
ous phase of the iron- and cobalt-based alloys is 
thermally more stable than that of the nickel- 
based alloys. Also, the most stable alloys against 
crystallization are located on the boron-rich side 
in the amorphous forming regions. One can see 
that the effect of aluminium on the increase of 
Tx is slightly less than that of boron. 

3.2. Crystallization behaviour 
Changes in the exothermic peak on the DTA curve 
were examined for Fe- ,  Co-  and Ni-Al-B 
amorphous alloys. The general features of the 
DTA curves for Fe-A1-B alloys are shown in 
Fig. 6. A broad, low intensity peak on the low 
temperature side results from the precipitation 
of the first crystalline phase from the amorphous 
phase and a narrow, high intensity peak on the 
high temperature side is due to the transition of 
the remaining amorphous phase to the second 
crystalline phase. With increasing total metalloid 
content, the broad peak shifts toward the higher 
temperatures and it becomes less exothermic. At 
about 22at%, this peak disappears and only the 
sharp peak remains, indicating the direct appear- 
ance of the second phase from the amorphous 
phase. The asterisks in Figs 1, 3 and 5 represent 
the existence of two peaks on the DTA curves. 
This range is limited to less than about 18at%B 
for the Fe-Al-B system and about 22at% B for 
the Co-AI-B system. For the Ni-A1-B system 
all the alloys exhibit only the sharp peak. This 
tendency indicates that the precipitation of the 
first crystalline phase is retarded with increasing 
boron content, while that of the second crystal- 
line phase is hardly changed. 
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The activation energy for crystallization was 
determined from the exothermic peak on the DSC 
curve by the Kissinger method [17]. As shown in 
Fig. 7, a linear relationship exists between In (cb/T~) 
and 1/Tp, where q5 is the heating rate and Tp the 
temperature of the exothermic peak. Also, in 
the figure, the data of the Ni75SiaB17 amorphous 
alloy containing almost the same amount of 
metalloids are plotted for comparison. The acti- 
vation energy for crystallization is estimated to be 
about 240kJmo1-1 for Fev4AlsB18, 220kJmo1-1 
for Co74AlaB18 and 180kJmo1-1 for Ni74AlsB18. 
The energy decreases in the order Fe- ,  Co-  to 
Ni-Al-B alloy, similar to the order of crystal- 
lization temperature. It is well known that the 
crystallization of amorphous alloys occurs by a 
nucleation and growth process which is controlled 
by the diffusion of base metal. Judging from the 
fact that the activation energies for self-diffusion 
are 254, 268 and 281 kJmo1-1 for Fe, Co and Ni 
[18], respectively, and are larger compared with 
the activation energies of crystallization, the 
diffusion of atoms in Fe- ,  Co- and Ni-AI-B 
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Figure 6 Differential thermal analysis curves for 
several Fe-A1-B amorphous alloys. 

amorphous alloy appears to be easier compared 
with the crystalline alloys. Further, one can see in 
Fig. 7 that the activation energy of crystallization 
of Ni74SisB18 amorphous alloy (180 kJ tool -1) is 
much lower than that of NiTsSisBa7 amorphous 
alloy (335 kJmol-1). This result indicates that the 
Ni-A1-B alloy is more unstable with respect to 
heating compared with the Ni-Si-B alloy. There- 
fore it may be stated that the diffusion of atoms in 
amorphous alloys differs significantly with the 
type of metalloid elements present. 

In order to examine in more detail the precipi- 
tation behaviour of the first and second crystalline 
phases from the amorphous phase, observations of 
structural changes in X-A1-B amorphous alloys 
upon heating were performed by transmission 
electron microscopy. Fig. 8 shows the morphology 
and crystalline structure of the first and the 
second phases for Fe78A18B14, C066A116B18 and 
Ni62AI2oB18 amorphous alloys heated for differ- 
ent periods of time at various temperatures. As 
seen in the photographs, the crystalline phase with 
a circular or elliptical morphology precipitates first 
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and heating at higher temperatures induces a 
change from the remaining amorphous phase to 
another crystalline phase. The first precipitate is 
iron crystals with a b c c structure for the Fe-A1-B 
system, cobalt crystals with an h c p structure for 
the Co-AI-B system and nickel crystals with a 
f c c  structure for the Ni -Al -B  system. On the 
other hand, the crystal structure of the second 
precipitate could not be really determined from 
analyses of diffraction patterns, but this phase 
looks like a compound containing large amounts 
of aluminium and boron. Such a crystallization 
process via two stages (Amorphous -~ Amorphous + 
Crystal-I ~ Crystal-I + Crystal-II) for X - A l - B  
(X = Fe, Co or Ni) amorphous alloys is quite 
similar to that for X-S i -B  (X = Fe, Co or Ni) 
amorphous alloys [9, 10]. 

3.3. Mechanical properties and 
embri t t lement behaviour by ageing 

The Vickers hardness (Hv) and tensile fracture 
strength (of) of Fe-AI-B,  Co-AI-B and Ni-A1-B 
amorphous alloys with a good bend ductility are 
shown in Figs 9 to 11, wherein the values marked 
with an asterisk are the tensile fracture strength 

expressed in units of MPa. As seen in these figures, 
H v increases gradually with the amount of alu- 
minium or boron present and reaches about 
730 DPN for FeTaA14B18, 880 DPN for Co66A18B26 
and 875 DPN for NissAli2B30. Thus, the higher 
hardness is obtained near the aluminium- or boron- 
rich side of the amorphous forming region. Also, 
the fracture strengths are about 2680MPa for 
Ni74AlsBls, about 2230MPa for Co74AlsB18 and 
about 2140MPa for Ni74AlsB1s. These strength 
values are of the same order as those for X-S i -B  
(X = Fe, Co or NO alloys [19] reported previously. 
The mean value of Hv/of is about 2.8, similar to 
those of a number of amorphous alloys [20]. This 
implies that the amorphous alloys containing a 
large amount of aluminium also exhibit plastic- 
rigid behaviour [21]. Tensile fracture occurred on 
the shear plane at about 50 ~ to the tensile axis in 
the direction of thickness, and the fracture surface 
consisted of a smooth part produced by shear slip 
and a vein-like part produced by plastic instability, 
similar to the characteristics of the fracture 
morphology for metal-metal and metal-metalloid 
amorphous alloys. In comparison with the hardness 
values (Hv) and fracture strengths (of) among 
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amorphous alloys with alloy composition. 

X-A1-B (X = Fe, Co or Ni) alloys, H,, and af 
decrease in the order iron-, cobalt- to nickel-based 
alloy, similar to the order of the crystallization 
temperature. 

Ductile-brittle transition behaviour for 
X74AlsBls (X = Fe, Co or Ni) amorphous alloys 
with good bend ductility in the as-quenched state 
was examined as a function of the ageing time 
and temperature below 673K. As an example, 
their embrittlement behaviour during isothermal 
ageing at 573 K is shown in Fig. 12, in which the 
crystallization temperatures are represented for 
comparison. The strain on the outer surface 
required for fracture, el, is estimated from the 

equation ef = t / ( 2 r -  t), where r is the radius of 
curvature of the bent sample at fracture and t is 
the thickness of the ribbon specimen, ef = I 
means that the sample fractured just when 2r = 2t. 
The time for beginning of embrittlement is about 
10min for Fe~4AlsB18, about 3000min for 
Ni74AlsBls and about 6500min for Co74AlsB~8. 
To estimate the activation energy for embrittle- 
ment (M/f), the relation between the reciprocal 
of absolute temperature and the logarithmic time 
at ef = 1 for X74AlsBls ( X = F e ,  Co or Ni) 
amorphous alloys is plotted in Fig. 13. zM-/f is 
about 220 kJ mo1-1 for Fe74AlsBzs, 270 kJ mo1-1 
for Co74AlsBls and 330kJmo1-1 for Ni74AlsB18 . 
Judging from the time for beginning of embrittle- 
ment and the activation energy for embrittlement, 
it is concluded that the embrittlement tendency of 
amorphous alloys with ageing depends strongly on 
the type of parent metal. The iron-based alloy is 
more susceptible to embrittlement compared with 
the cobalt- and nickel-based alloys, despite the iron- 
based alloy possessing the highest crystallization 
temperature. The same behaviour has been observed 
in the X - S i - B  (X = Fe, Co or Ni) amorphous 
alloys [9, 10]. 

3.4. Effect of aluminium on the hardness 
and crystallization temperature 

From Figs 1, 3, 5 and 9 to ] 1, it is clear that the 
variation of hardness and crystallization tempera- 
ture with composition is similar for the three 
systems examined in the present experiment, 
namely, these values increase with increasing 
aluminium or boron content. The increments in 
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these values by the addition of 1 at % aluminium 
or boron appear to be much greater for boron 
than for aluminium from the contour of the lines 
for the hardness and crystallization temperature 
shown in Figs 1, 3, 5 and 9 to 11. Also, Inoue 
etaI. [9, 10] have reported that the hardness and 
crystallization temperature for X-S i -B  (X=  
Fe, Co or Ni) amorphous alloys shows a larger 
composition dependence for silicon than for 
boron. It may be stated from these results that 
the effectiveness of the three elements on the 
increase of hardness and crystallization tempera- 
ture becomes less in the order silicon, boron to 
aluminium. Additionally, the effectiveness of 
aluminium on the increase of crystallization tem- 
perature was compared with the data on the 
metalloid effect for iron-based alloys reported 
by Naka and Masumoto [11]. This result is shown 
in Fig. 14. As seen in the figure, the effect of 
metalloids and aluminium on the increase of 
crystallization temperature decreases in the order 
of silicon > germanium ~-- carbon > phosphorus > 
boron > aluminium. Thus, the effect of aluminium 
is less than that of the metalloids. This result 
implies that the bonding between iron and alu- 
minium is much weaker than the iron-metalloid 

bondings as seen by the low hardness value and 
low decomposition temperature of FeaA1 com- 
pared with Fe2B, F%C, Fe3P, FeaSi etc. [5,22, 23]. 
The weakness may be due to the metal character 
of aluminium, dissimilar to other metalloid 
elements. As seen in Figs 1, 3, 5 and 9 to 11, the 
increase of crystallization temperature and hardness 
by the addition of aluminium decreases in the 
order cobalt, nickel to iron systems. It is believed 
that this order is closely related to the ability of 
compound formation in each binary system of 
Fe-A1, Co-Al and Ni-A1. 

Additionally, the effect of aluminium on the 
crystallization temperature and hardness of Fe-B 
based amorphous alloys was compared with that 
of alloying elements such as vanadium, chromium, 
manganese, cobalt and nickel, as shown in Fig. 15. 
As seen in the figure, aluminium is a more effec- 
tive element in raising the crystallization tem- 
perature and hardness of Fe-B alloys compared 
with the 4d transition metals except vanadium 
despite the fact that aluminium is a soft metal 
with a low melting temperature. This result implies 
that the bonding of iron-aluminium and/or 
boron-aluminium is stronger than that of iron-M 
and/or boron-M for the case of M = manganese, 
chromium, nickel or cobalt. This tendency is not 
reasonably explained from the viewpoints of 
atomic size and electronegativity and the strong 
bonding for Fe-A1-B amorphous alloys seems to 
be due to a somewhat metalloid type character 
of aluminium metal unlike the other transition 
metals. 

4. Summary and conclusions 
Amorphous single phases containing a large 
amount of aluminium have been found in the alloy 
systems of Fe-A1-B, Co-A1-B and Ni-A1-B 
by a melt quenching technique. The aluminium 
content in these amorphous alloys is in the ranges 
0 to 60 at % for F e -  and Co-A1-B systems and 
0 to 26 at % for the Ni-A1-B system, but the 
formation of a ductile amorphous phase is limited 
to less than about 12at% A1 for Fe-AI-B,  about 
16at% A1 for Co-A1-B and about 20at% Al for 
the Ni-A1-B system. The hardness and crystal- 
lization temperature of these alloys increase with 
increasing aluminium and/or boron contents and 
the highest values attained are about 880 DPN and 
887K. Also, their fracture strengths are about 
2140 to 2680 MPa. The effectiveness of aluminium 
on the increment in hardness and crystallization 
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Figure 14 Effects of metalloid elements and aluminium 
on the crystallization temperature of FessBls amorphous 
alloy. 

temperature was compared with the previous data 
for other metals and metalloids. The effect of alu- 

minium is larger than other metal elements such as 

chromium, manganese, iron, cobalt and nickel, but  

is smaller than metalloids such as silicon and boron. 
Such an order could be reasonably explained by 

the assumption that aluminium metal may also 

possess a weak metalloid character. The amorphous 

phase in X62_78Als_2oB14_ls (X = Fe, Co or Ni) 
ternary alloys crystallizes following the process 

7501 Fe82-x~x B;8 ' v 

I I !1  I 
6500 2 4 16 

X ( at % ) 

Figure 15 Effect of alloying elements on the crystalliz- 
ation temperature of Fe 82 B 1 ~ amorphous alloy. 

Amorphous ~ Amorphous + Crystal-I-+ Crystal-I + 

Crystal-II. The first precipitate is a crystal with the 

same structure as each base metal and the second 
precipitate is a compound containing large amounts 

of aluminium and boron. 
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