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The effect of aluminium on mechanical 
properties and thermal stability of 
(Fe, N i ) - A I - P  ternary amorphous alloys 
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The Research Institute for Iron, Steel and Other Metals, Tohoku University, Sendai 980, 
Japan 

Amorphous phase formation with good ductility has been found in F e ' A I - P  and 
N i - A I - P  ternary systems by using a melt-spinning technique. The aluminium content 
of these amorphous alloys is in the range 0 to 18at% for the Fe-A I -P  system and 0 to 
6 at % for the N i - A I - P  system. Crystallization temperature and Vickers hardness 
increase with increasing aluminium and phosphorus content and maximum values are 
attained at 721 K and 640 diamond pyramid number (DPN). Their fracture strengths are 
about 2000 MPa. The effectiveness of aluminium on the increase in crystallization tem- 
perature is very great, being almost the same as that of silicon and the refractory metals 
such as vanadium, niobium, molybdenum and tungsten, but its effectiveness on the 
increase in hardness is not so great. From the previous data on the effect of aluminium 
on the activity coefficient of phosphorus in molten iron, it is inferred that the effective- 
ness of aluminium is due to the attractive interaction between aluminum and iron or 
nickel which is greater than that between aluminium and phosphorus. 

1. Introduction 
Aluminium-containing alloys possess high 
engineering potential because of their low cost 
as well as the ease with which their alloys may be 
melted and ejected. Therefore, it is very important 
from scientific and technological points of view to 
clarify the effect of aluminium on amorphous 
phase-forming ability, thermal stability, mechanical 
strength and chemical and physical properties. 
Recently, we have found [1] that an amorphous 
single phase is formed in a wide range of com- 
position for X-A1-B (X = Fe, Co or Ni) systems 
and the effectiveness of aluminium on the increase 
in crystallization temperature and hardness is 
greater than that of other metal elements such as 
chromium, manganese, iron, cobalt and nickel. 
Further, it has been inferred [1 ] that the reason 
for this great effectiveness of aluminium is due 
to a rather strong metalloid-like character of the 
aluminium atom. In the subsequent investigation, 
we have tried to form an amorphous phase in 
X-A1-P ( X =  Fe or Ni) systems. Phosphorus 
*Present address: The Patent Bureau, Tokyo 100, Japan. 
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as well as boron has known to be an essential 
metalloid element in forming an amorphous 
phase exhibiting useful engineering properties 
such as the Invar effect [2], corrosion resistance 
[3] and catalysis [4]. The purpose of this paper 
is to present the formation range, crystallization 
temperature, the activation energy-for crystal- 
lization, hardness and tensile fracture strength 
of  amorphous alloys in F e -A I -P  and Ni-A1-P 
systems and to clarify the effect of aluminium 
on their properties. 

2. Experimental procedure 
The specimens used in the present work were 
Felo0_x_yAlxPy and Nil0o_x_~AlxPy ternary alloys. 
These subscripts are weighed values and represent 
atomic percentage. The alloy ingots were prepared 
from electrolytic pure metal (iron or nickel), 
aluminium (99.99 wt %)and  Fe-26.8 wt % P or 
Ni-14.9wt% P alloy in an argon induction 
furnace. Small pieces of the ingots we're m~lted by 
using a conventional melt-spinning apparatus and 
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rapidly solidified to form a continuous ribbon 
which was about 0.5 to 1 mm in width and about 
10 to 15 #m in thickness. The roller material used 
in the apparatus was steel for the iron-based alloys 
and copper for the nickel-based alloys. X-ray dif- 
fraction, transmission electron microscopy, dif- 
ferential scanning calorimetry (DSC) and dif- 
ferential thermal analysis (DTA) were carried out 
on both as-quenched and heat-treated samples, as 
described previously [1]. Hardness and tensile 
fracture strength were measured with a Vickers 
microhardness tester using a lOOg load and an 
Instron-type tensile testing machine at a strain 
rate of 1.67 x 10 -4 sec -~. 

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

phase 
Formation of a completely amorphous phase 
was achieved for a wide range of compositions 
in the Fe-A1-P and Ni-A1-P ternary systems 
as shown in Figs. l a and b. These amorphous 
alloys are so ductile that no crack is observed even 
after closely contacted bending test. The values 
in the figures are the crystallization temperatures 
determined as the starting point of the first 
exothermic peak on the DTA curves measured 
at a heating rate of 5 K min -1 . An amorphous 
phase was obtained in a range of compositions, 
e.g. 0 to 18at% A1 and 13 to 21at% P for 
Fe -AI -P  alloys and 0 to 6 at % A1 and 15 to 23 
at% for Ni-A1-P alloys. Amorphous phase 
formation in the Fe -P  and Ni-P binary systems 
is relatively easy, whereas no amorphous phase is 
formed in Fe-Al and Ni-A1 binary alloys. Further, 
one can see that the addition of aluminium results 
in a slight extension in phosphorus content from 
15 to 13 at% for Fe-A1-P amorphous alloys, 
in contrast to the result that the composition 
range of phosphorus in Ni -Al -P  amorphous 
alloys becomes narrow by the addition of alu- 
minium. Thus, the formation range of an amor- 
phous phase is much wider for the Fe-A1-P 
system than for the Ni-A1-P system despite 
the facts that the extent of the formation range 
of binary Fe -P  and Ni-P amorphous alloys is 
almost the same and the melting point (Tin)is 
much lower for Ni-A1-P alloys than that for 
F e - A l - P  alloys. Although the reason for such 
a significant difference in their amorphous phase- 
forming ranges is not clear at present, it may be 
due to the following facts: the solubility limit 
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Figure I Composition range for the formation of amor- 
phous phase and the change of crystallization temper- 
ature (Tx). (a) Fe-A1-P  system, (b) Ni-A1-P system. 

of aluminium in the Ni-P  alloys is much smaller 
than in the Fe -P  alloys because os the larger 
difference in atomic size between nickel and 
aluminium than that between iron and aluminium, 
resulting in an ease o f  the precipitation of  the 
crystalline phase. That is,  aluminium atoms are 
able to replace i ron  atoms up to about 18at% 
AI in the F e -P  amorphous structure, but in the 
Ni-P amorphous structure the aluminium con- 
tent is limted to less than about 6at%. This 
assumption is also supported by the fact that 
the binary phase diagram is a typical eutectic 
type for Ni-A1 alloys and a miscibility type for 
Fe-A1 alloys. Additionally, the crystallization 
temperature of the Fe-A1-P alloys is higher 
by about 20 to 70 K than that of the Ni-A1-P 
alloys containing the same amounts of aluminium 
and phosphorus as shown in Figs: la and b, 
suggesting that glass transition temperature is 
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considerably higher for the former alloys than for 
the latter alloys. This may be another reason why 
the Fe-A1-P system exhibited a wider amorphous 
phase-forming range compared with the N i -A l -P  
system. 

3.2. Thermal stability 
Changes in the exothennic peak on the DSC curve 
were examined for F e - A l - P  and Ni-A1-P amor- 
phous alloys. The general features of the DSC 
curves for Fe78A14P18 and Ni78A14Pls alloys are 
shown in Fig. 2. The shape of the DSC curves 
indicates that the exothermic reaction of these 
alloys consists of two peaks even though no 
evident separation of the peaks is seen for the 
Ni78Al4P~8 alloy. A low intensity peak on the 
low temperature side results from the precipi- 
tation 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. Using X-ray 
diffraction study, it has been confirmed [5] that 
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b~gure2 Differential scanning calorimetry curves for 
FevsA14P~8 ~ind NiTsA14P18 amorphous alloys. 

the first low peak was due to the precipitation 
of Fe(AI) crystals with a b c c structure for the 
Fe-A1-P system and Ni(A1) crystals with an 
f cc  structure for the Ni-A1-P system and the 
second high peak due to the precipitation of an 
Fe3P-type compound with an orthorhombic 
structure for the iron-based alloy and Ni3P- 
type compound with an orthorhombic structure 
for the nickel-based alloy. Such a crystallization 
process via two stages (amorphous -* amorphous + 
crystal-I ~ crystal-I + crystal-II) for X-A1-P (X = 
Fe or Ni) amorphous alloys is quite similar to that 
for X -S i -B  [6, 7] and X - A l - B  ( X =  Fe, Co 
or Ni) [1 ] amorphous alloys. 

As shown in Fig. 1, the crystallization temper- 
ature T x rises gradually with increasing aluminium 
and/or phosphorus content, and reaches 721K 
for Fe66Al16Pls and 628K for Ni78Al4P18. This 
indicates that the amorphous phase of the iron- 
based alloys is thermally more stable than that 
of the nickel-based alloys. Also, the most stable 
alloys against crystallization are located on the 
aluminium- and phosphorus-rich side in the 
amorphous phase-forming regions. 

Additionally, the activation energy for crystal- 
lization was determined from the second exo- 
thermic peak corresponding to the precipitation 
of FeaP or Ni3P compound on the DSC curve 
by the Kissinger method [6] because the majority 
of the exothermic heat for crystallization is 
occupied by the second peak. As shown in Fig. 3, 
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Figure3 Kissinger plots of ln(4~/Tl~) against 1/Tp fo r 
Fe78A14P18, Fe74A18P~ and Ni78A14P18 amorphous 
alloys. 
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a linear relationship exists between ln(~/T~) 
and 1/Tp, where r is the heating rate and Tp the 
temperature of the exothermic peak. The acti- 
vation energy for crystallization is estimated to 
be about 315kJ mol -~ for FeTsAI4P1 s, 340kJ 
mo1-1 for Fe74AlaPls and 310kJ tool -1 for 
NiTsA14Pls. The energy is almost the same for 
the iron- and the nickel-based alloys which have 
the same aluminium and phosphorus compo- 
sitions, despite the result that the T x value is 
much higher for the former alloy than for the 
latter one. Judging from the results that the 
activation energy for crystallization is about 
230kJ mo1-1 for Fes2P18 and 210kJ mo1-1 
for Nis2Pls [5], it is concluded that the replace- 
ment of iron or nickel by aluminium results in 
a significant increase in the activation energy 
and hence the Fe-A1-P and Ni-A1-P alloys 
are more stable with respect to heating com- 
pared with the Fe -P  and Ni-P alloys. 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. Therefore, it may be stated that the dis- 
solution of the aluminium atom retards the 
diffusion of atoms in amorphous alloys. 

3.3. Mechanical properties 
The Vickers hardness (Hv) and tensile fracture 
strength (of) of Fe-A1-P and Ni-A1-P amor- 
phous alloys with a good bend ductility are shown 
in Figs. 4a and b, wherein the values marked 

wi th  an asterisk are the tensile fracture strengths 
expressed in units of MPa. As seen in these figures, 
Hv increases gradually with the amount of 
aluminium or phosphorus present and reaches 
about 640 DPN for Fe66Al16PIs and 545 DPN 
for NiTsAlgPIs. Thus, the higher value o f  
hardness is obtained near the aluminium- or 
phosphorus-rich side of the amorphous phase- 
forming region. Alsol the fracture strengths are 
about 1980MPa for FeTsAlaPls, 2020MPa for 
Fe74A18P18 and 1910MPa for Ni78A14Pls. These 
strength values are rather lower than those for the 
X-A1-B [1] and X-S i -B  [7, 8] (X = Fe, Co or 
Ni) alloys reported previously. Comparison of the 
hardness values (Hv) and fracture strengths (of) 
between the Fe-A1-P and Ni-A1-P alloys 
shows that H,, and of are much larger for the 
iron-based alloy than for the nickel-based alloy, 
as is the crystallization temperature. The ratio 
H,,/af (DPN kg -1 mm z) is almost equal to 3.0 
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Figure 4 Changes in Vickers hardness and tensile fracture 
strength (of) of the amorphous alloys with alloy com- 
position. (a) Fe-A1-P system, (b) Ni-A1-P system. 

as expected for amorphous alloys in which the 
indentation is accompanied with a large com- 
pressive plastic flow with little strain hardening 
[9]. 

3.4. Effect of aluminium on the hardness 
and crystallization temperatu re 

From Figs. 1 and 4, it is clear that the variation 
of hardness and crystallization temperature with 
composition is similar for the two systems 
examined in the present experiment, namely, 
these values increase with increasing aluminium 
or phosphorus content. The increments in these 
values by the addition of 1 at% aluminium or 
phosphorus appear to be much greater for alu- 
minium than for phosphorus. Here, the effective- 
ness of aluminium on the increase of crystallization 
temperature was compared with the data on the 
metalloid effect for iron-based alloys reported by 
Naka and Masumoto [10]. This result is shown 
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b~'gure 5 Effects of metalloid elements and aluminium 
on the crystallization temperature of FessPas amorphous 
alloy. 

in Fig. 5. As seen in the figure, the effect of 
metalloids and aluminium on the increase of 
crystallization temperature decreases in the order 
of silicon > aluminium > boron ~-- germanium > 
carbon>phosphorus. Thus, the effect of alu- 
minium is greater than that of all the metalloids 
except silicon. This result implies that the diffusion 
of atoms for crystallization is retarded by the 
dissolution of aluminium in spite of its lowmelting 
temperature. Such retardation appears to occur 
through the rather strong interaction between iron 
or nickel and aluminium, but the detailed mechan- 
ism remains unknown at present. 

Additionally, the effect of aluminium on the 
crystallization temperature of Fe -P  based amor- 
phous alloys was compared with that of solute 
elements such as titanium, vanadium, niobium, 
chromium, molybdenum, tungsten, manganese, 
cobalt and nickel, as shown in Fig. 6. As seen 
in the figure, aluminium is a considerably effective 
element in raising the crystallization temperature 
despite the fact that aluminium is a soft metal 
with a low melting temperature. The effective- 
ness is almost the same order as that of refractory 
metals such as niobium, tungsten, molybdenum 
and vanadium, being much greater than that of 
titanium, chromium and manganese. On the other 
hand, the replacement of iron by cobalt or nickel 
results in a decrease in crystallization temperature. 

The effects of solute elements (M = Ti, V, Nb, 
Cr, Mo, Co, Ni, AI, C or Si) on the activity 

M coefficients "),p of phosphorus in the molten 
iron saturated with phosphorus is shown in Fig. 7, 
where the slope of the strai~Cht lines corresponds 
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t~gure 6 Effect of solute elements on the crystallization 
temperature of Fe82P~8 amorphous alloy. 

to an interaction mother coefficient [11]. If the 
coefficient is negative, an attractive interaction 
acts between the phosphorus element and the 
solute element, while in the case of a positive 
coefficient a repulsive interaction acts between 
these elements. As seen in Fig. 7, since the 
titanium, vanadium, niobium, chromium or molyb- 
denum element possesses a negative coefficient, 
an attractive interaction occurs between these 
elements and phosphorus. Consequently, it is 
considered that the rise in Tx by the replacement 
of iron with titanium, vanadium, niobium, 
chromium or molybdenum is due to a local short 
range ordering between the solute elements and 
the phosphorus element. On the other hand, a 
repulsive interaction generates between aluminium, 
silicon or carbon and phosphorus because of their 
positive coefficient. Nevertheless, the addition 
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Figure 7 Effect of solute elements on the activity coef- 
ficient of phosphorus in molten iron. 
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of  aluminium results in a significant increase in 
Tx as shown in Fig. 1. This result suggests that 
the increase in Tx is due to an attractive inter- 
action between aluminium and iron, instead of  
an interaction between aluminium and phosphorus. 
Thus, the reason for the rise in Tx differs com- 
pletely for the refractory metals and aluminium. 

Additionally, the effect of  solute elements 
on the hardness of  F e - P  based amorphous alloys 
was compared with that of  aluminium in Fig. 8. 
The effectiveness of  aluminium is much lower 
than that of refractory metals such as tungsten, 
niobium, vanadium and molybdenum, in contrast 
to its great effectiveness in raising the crystallization 
temperature. This result implies that the replace- 
ment of  iron by aluminium is very effective 
in retarding diffusion of  atoms in amorphous 
alloys, but is less effective in increasing the bond- 
ing force among the constituent atoms. That is, 
it may be stated that the bonding of  i r o n -  
aluminium and/or aluminium-phosphorus is 
weaker than that of  i ron-M and/or M-phosphorus 
for the case o f  M = titanium, vanadium, niobium, 
chromium, molybdenum or tungsten. Although 
such a contrast between crystallization tem- 
perature and hardness is observed in some amor- 
phous alloys, the reason is still unknown at present. 
The detailed investigation on the atomic con- 
figuration in aluminium-containing amorphous 
alloys will shed some light on this problem. 

4. Summary and conclusion 
Ductile amorphous single phases containing 
aluminium have been found in the alloy systems 
of  F e - A l - P  and N i - A 1 - P  by a melt-spinning 

technique. The aluminium content in these amor- 
phous alloys is in the ranges 0 t o l 8 a t %  for the 
F e - A 1 - P  system and 0 to 6 at % for the N i - A 1 - P  
system. The crystallization temperature and 
hardness of  these alloys increase with increasing 
aluminium and[or phosphorus content and the 
highest values attained are about 721K and 
640 DPN. The similar composition dependence 
of  the activation energy for crystallization is also 
recognized. Also, their fracture strengths are of  
the order of  2000MPa. The effectiveness of  
aluminium on the increment in crystallization 
temperature and hardness was compared with 
the previous data for other metals and metalloids. 
The addition o f  aluminium is very effective 
in raising the crystallization temperature, but is 
less effective in increasing hardness. The previous 
data on the effect of  solute elements on the 
activity coefficient of  phosphorus in molten 
iron indicate that a repulsive interaction acts 
between aluminium and phosphorus. It is there- 
fore inferred that the increase in crystallization 
temperature and hardness by the dissolution of  
aluminium is due to the attractive interaction 
between iron or nickel and aluminium. 
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