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Abstract. 
 
The primary crystallisation and intermetallics formation of an amorphous 
Al88-Sm4-Ni8 alloy has been studied. The effect of 1 at% Cu substituting Al 
or Ni is also considered. The initial microstructure of the melt-spun ribbons 
is studied by X-ray diffraction. Differential scanning calorimetry shows that 
the thermal stability of the amorphous alloy is affected by Cu, increasing 
when Cu substitutes Al and decreasing when substituting Ni. Transmission 
electron microscopy shows that Cu reduces the size of the initial 
nanocrystals. After the high-temperature stages of crystallisation, the 
developed structure is analysed in detail by combining X-rays diffraction, 
differential scanning calorimetry and transmission electron microscopy. The 
study includes the effect of Cu on the appearance sequence and 
characteristics of the intermetallics up to 600 C. Cu retards the appearance 
of the stable Al19Sm3Ni5 phase, with an acicular shape being more easily 
developed.  
 
Keywords: amorphous metals; Al-Sm-Ni alloys; nucleation and growth; 
rapid solidification; microstructure; high-temperature crystallization 
 
1. Introduction. 
 
Amorphous aluminium-rich alloys have been intensively studied during the 
last 30 years because of their greater strengths with respect to conventional 
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aluminium alloys and great potential for practical applications [1]. For some 
alloys, the strength can be further increased by partial crystallisation of the 
amorphous phase to form a fine distribution of -Al nanocrystals [2]. In the 
systems Al-RE-Ni (RE = rare earth), ultimate tensile strength values of 1100 
and 1560 MPa [3, 4] have been respectively reported for the amorphous and 
partially crystalline alloys, resulting to be higher than those obtained in 
crystalline aluminium alloys. 
 
The strengthening mechanism promoting these high figures after 
nanocrystallisation can be explained by the increase in the resistance to shear 
slip caused by the homogeneous distribution of primary -Al nanocrystals 
[3]. Also, the higher strength due to solute enrichment of the remaining 
amorphous matrix can explain the attained values [5]. Both factors have also 
been considered to act together [6]. Independently of the cause, the number 
density, size and distribution of nanocrystals, which depend on the alloy 
composition and crystallisation procedure, seem to be a key factor on the 
properties of nanocrystallised materials [6]. In this line, Cu addition has been 
proved to reduce the size of -Al nanocrystals [7], improving mechanical 
properties after primary crystallisation. 
 
Amongst the different possible systems to study, each one with different 
properties, the system Al-Sm-Ni is of interest because of the very wide glass 
forming range of the Al-Sm binary alloys, the widest among Al-RE alloys 
[8]. In this work, the effect of Cu on the primary crystallisation of the alloy 
Al88-Sm4-Ni8 is evaluated. Moreover, a detailed study of the effect of Cu on 
high temperature crystallisation is carried out, a stage of crystallisation still 
nowadays not totally well described. Despite intermetallics formation lowers 
mechanical properties, information on the thermal stability and mechanisms 
of decomposition at high temperatures is of great interest to approach the 
properties obtained after consolidation into bulk materials. Actual processes 
of consolidation for these compositions usually result in the presence of 
some intermetallics [9, 10], thus the interest in these high temperatures 
processes.     
 
2. Experimental procedure. 
 
The Al88-Sm4-Ni8 alloy, and the substitution of Cu for Al or Ni, resulting in 
the compositions Al87-Sm4-Ni8-Cu1 or Al88-Sm4-Ni7-Cu1, have been studied. 
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Metals with high purity (Al 99.9%, Ni 99.95%, Sm 99.9% and Cu 99.9%) 
were vacuum arc melted after Ti-gettering to obtain the master alloys Al90-
Cu10 and Al25-Sm75 with melting temperature of 600 ºC and 740 ºC 
respectively. Master alloys and additional pure metals to balance the desired 
final composition were arc melted a second time. The amorphous alloys 
were obtained in form of ribbons (25 – 30 m thick and 1 –2 mm wide) by 
melt spinning the alloy after heating at 1000 ºC in a 200 mbar He 
atmosphere. The wheel speed was 40 m/s and the distance nozzle-wheel 1.5 
mm. 
 
X-rays diffraction (XRD) and transmission electron microscopy (TEM) were 
used to examine the microstructure of the melt-spun and heat treated 
ribbons. Heat treatments were carried out in a differential scanning 
calorimeter (DSC), also used to examine the thermal stability of the 
materials from room temperature to 600 ºC.  
 
XRD studies were carried out in a Philips PW 1729 using a Cu-K radiation 
for 2 between 20 and 80º, step size of 0.02º and scan speed of 0.02 º/s. For 
TEM studies, a Philips CM20 microscope operating at 200 KV was used. 
Specimens were prepared by electropolishing in a solution of 10 % 
perchloric acid in 90 % ethanol, at -30 C approximately. In some cases, this 
was followed by ion beam milling process after cooling the specimens for 
0.5 hours at -30 C. For DSC studies, a TA Instruments 2010, heating at 20 
C/min under a protective Ar atmosphere, was used. 
 
A detailed examination of the chemical composition was carried out by 
means of scanning transmission electron microscopy (STEM, VG HB501 at 
100 kV) after high temperature crystallisation.   
 
3. Result and discussion. 
 
3.1. Melt-spun ribbons 
 
XRD patterns of the melt-spun ribbons for the three studied compositions 
are shown in Figure 1. A broad and small peak, distinctive of amorphous 
structures, can be observed in the three patterns. Areas of short range local 
order, sometimes found in form of a small shoulder in the broad peak in 
other Al-RE-Ni systems, are not found in the studied materials. The high 
atomic radius difference between Al and Sm results in a high glass forming 
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ability according to the confusion principle [11]. It is therefore possible to 
state that ribbons prepared in this work are amorphous, at least at an XRD 
analysis. 
 

 
Figure 1. XRD patterns of melt-spun ribbons of the studied alloys. 
 
This same behaviour is described several times in the literature [12-15] for 
the same or similar compositions. Nevertheless, a slightly different 
behaviour, with quenched-in nanocrystals in melt-spun ribbons, only visible 
under high resolution TEM, has also been reported [16], or even clearly 
nanocrystalline [17] or crystalline structures [18]. The melt spinning 
parameters must be the reason for these differences. 
 
3.2. Crystallisation process 
 
DSC traces of melt-spun ribbons are shown in Figure 2. Three main stages 
or reactions are observed during the crystallisation process, although a fourth 
small exothermic reaction is also present, more clearly seen for the Cu-free 
alloy. 
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Figure 2. a) DSC traces of melt-spun ribbons of the studied alloys, and 
details of b) the first and c) the second crystallisation reactions.  
 
The observed four reactions in DSC traces are usually found in alloys of 
similar compositions [7, 13, 15, 18-20], although the intensity and precise 
position of the reactions depends on composition [17] and heating rate [19, 
21]. Also, only the first three reactions are sometimes reported [7, 14, 16, 17, 
21, 22], although up to five reactions have been identified [23]. Again, 
composition and heating rate affect these differences. 
 
In general, this is a usual behaviour in Al-RE-Ni alloys with Y, Sm, Ce, Nd, 
La, etc., where the primary crystallisation causes the appearance of -Al 
nanocrystal (or also intermetallics for high solute contents). The high 
temperature reactions are due to the crystallisation of the remaining 
amorphous matrix, inducing the precipitation and transformation of diverse 
intermetallics.  
 
3.3. Primary crystallisation 
 
Primary crystallisation is related to a broad DSC reaction with an onset 
temperature at 160 ºC and a maximum at 188 C for the Cu-free alloy. 
According to the area under the DSC curve, this reaction represent a 35% of 
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the total energy of crystallization for the Cu-free alloy. This primary 
crystallization also shows a pre-reaction from approximately 70 ºC (Figure 
2b). Considering that nucleation should not be observed before the onset 
temperature of the reaction, this pre-reaction can be related to the growth of 
pre-existing nanocrystals in the as-spun state, and/or to structural relaxation 
phenomena of the amorphous phase. 
 
As shown in Figure 3 for ribbons treated to 250 ºC, i.e., once the first 
reaction has finished and far of the next one, XRD demonstrate that this first 
reaction is related to the appearance of -Al nanocrystals. The process takes 
place by nucleation and growth from totally amorphous structures [10, 24, 
25], although could just be a growth process for ribbons with quenched-in 
nanocrystals. Evidence of remaining amorphous phase in diffraction patterns 
is hardly observed after heating to 250 ºC, when the nucleation and growth 
processes of -Al nanocrystals must be almost completed. Just a certain 
curvature in the XRD background can be found near the main Al peak. Note 
that the volume fraction transformed to -Al could be higher than the 
aforementioned 35% for the Cu-free alloy, if Al crystals partially intervene 
in the subsequent crystallization processes.     
  

 
Figure 3. XRD patterns of heat treated ribbons to the end of the first DSC 
crystallisation stage (250 ºC). Observed peaks correspond to -Al 
nanocrystals. 
 
On the other hand, the absence of intermetallic phases during primary 
crystallisation can be explained because refused solute atoms must easily 
diffuse and do not accumulate around Al nanocrystals [26]. 
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Crystallisation is affected by the presence of Cu in the alloys. When 1 at% 
Al is replaced by Cu, the reaction is slightly shifted to higher temperatures 
(Figure 2b), with onset temperature at 165 ºC and maximum at 195 ºC, and 
the reaction representing a 32% of the total energy of crystallization. The 
total amount of solute increases, resulting in a more stable amorphous 
structure. When 1 at% Ni is replaced by Cu, the amount of solute does not 
vary, but the atomic radius difference for Al-Cu is smaller than that of Al-
Ni. The higher similarity among the components could account for the 
stability reduction of this amorphous alloy. The reaction is shifted to a lower 
onset temperature of 140 ºC, with the maximum at 170 ºC, and being a 38% 
of the whole crystallization process energy.  
 
The lattice parameter of the -Al crystals, measured from the peaks position 
in XRD patterns of Figure 3, is 0.4043 ± 0.0004 nm for the Cu-free and 
0.4048 ± 0.0002 nm for both Cu-containing alloys. These values, smaller 
than that of pure Al, 0.4050 nm, indicate the presence of alloying elements 
in the solid solution. In particular, Ni with a radius of 0.1246 nm (vs. 0.1432 
and 0.1802 nm for Al and Sm respectively) must play an important role in 
the solid solution. This is however not always the reported behaviour. E.g., a 
value of 0.4061 nm was measured after primary crystallisation in an Al88-
Sm6-Ni6 alloy [13].  
 
Nanocrystals size measurement was carried out on TEM micrographs. It was 
studied the situation after heating further the first DSC reaction, i.e., at 250 
ºC, the situation also studied in Figure 3, and with a similar volume fraction 
of nanocrystals of 35, 32 and 38 % according to the area under DSC curves 
of the three studied alloys. Results show that Cu reduces nanocrystals size 
by approximately 15 %, from 10.7 nm for the Cu-free alloy to about 9 nm 
for both Cu-containing alloys (Figure 4). Reduced diffusion and increased 
atomic bonding strength due to Cu segregation around Al nuclei could 
contribute to growth limitation, increasing the number of nanocrystals. Also, 
heterogeneous nucleation at Cu clusters or reduction of the nucleation 
barrier for -Al nanocrystals could be considered, in this case directly 
increasing the number of nanocrystals. The actual situation is not clear, the 
reduction of the nucleation barrier has been proposed in other alloys as Al-
Y-Ni-Cu [27] and Al-Ce-Ni-Cu [28], however, Cu has been reported both to 
be uniformly distributed in these alloys [7], and also to provoke 
compositional fluctuations [28, 29]. 
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Figure 4. TEM dark field images and diffraction patterns of ribbons heat 
treated to the maximum temperature of the first DSC reaction of a) Al88-
Sm4-Ni8, b) Al87-Sm4-Ni8-Cu1 and c) Al88-Sm4-Ni7-Cu1 alloys. Nanocrystals 
counts are also shown. 
 
As shown in Figure 4, the observed shape of the nanocrystals is in general 
rounded, as reported in [7, 23], although some dendritic-like shapes seem to 
be appearing, as reported in [24]. Whichever the shape, according to Figure 
3 and TEM diffraction patterns of Figure 4, only -Al nanocrystals were 
measured. 
 
3.4. Second crystallisation stage 
 
The second exothermic reaction in Figure 2 (detailed in Figure 2c), with an 
onset temperature approximately at 320 C, represents the 23, 24 and 20% of 
the total energy of crystallization for the Cu-free and the two Cu-containing 
alloys, respectively. This reaction takes place at a smaller range of 
temperatures than the first one, with the third reaction almost starting before 
the second one has totally finished. A higher separation, desirable for the 
study of this reaction, is attained by heating the ribbons at 20 C/min up to 5 
ºC before the onset of the second reaction, followed by an isothermal heat 
treatment. Figure 5 shows the new DSC traces, where the second reaction 
appears divided into two different ones, more clearly for the Cu-free alloy. 
The third reaction remains as only one, starting after 5-10 min of the second 
one, and apparently being easier for the Cu-free alloy.  
 
A detailed examination of the DSC traces in Figure 2c (heating at 20 
C/min) shows that the second reaction has a tail at the low temperatures 
side, which appears as a different reaction during isothermal heat treatments. 
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In addition, the Cu-free alloy shows a bigger second subreaction, more 
clearly differentiated in the isothermal treatments.   
 

 
Figure 5. DSC traces carried out at 20 ºC/min up to 5 C before the onset of 
the second reaction, continuing with an isothermal heat treatment. The 
vertical line in the graph separates both heating regimes. 
 
TEM micrographs acquired after heating to the end of the second reaction 
(i.e., at 20 ºC/min up to 5 C before the onset of the second reaction 
followed by 10 min of isothermal treatment) reveal a microstructure very 
similar to that observed after the first DSC reaction (Figure 6). In XRD 
patterns, also shown in Figure 6, only -Al nanocrystals can surprisingly be 
identified. This is in agreement with previously reported results [21, 22], 
although the presence of unidentified intermetallics has also been suggested 
[20-22]. The second crystallisation reaction has also been associated with the 
formation of Al3Sm (cubic + hexagonal) and an unknown metastable phase 
[17, 19], or with Al3Ni and Al3Sm [23]. Moreover, the study [13] of the 
onset and peak temperatures of the second DSC reaction in alloys with 
different compositions, and the null effect of varying the Ni content for a 
fixed amount of Sm, suggested the appearance of Al-Sm intermetallics, in 
particular orthorhombic Al11Sm3. Differences in the aforementioned results 
might be due to changes of chemical compositions and thermal treatments in 
the studied alloys.  
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Figure 6. TEM dark field images and diffraction patters of heat treated 
ribbons up to the end of the second DSC reaction of a) Al88-Sm4-Ni8, b) Al87-
Sm4-Ni8-Cu1 and c) Al88-Sm4-Ni7-Cu1 alloys. XRD patterns (both after the 
end of the first and second subreaction, i.e., after 3 and 10 min of isothermal 
heating) are also shown. 
  
In the present work, on the bases of XRD and TEM results, it is not possible 
to identify any other phase than -Al after the second DSC reaction. 
Nevertheless, new phases should be nucleating to an extent. Although it is 
not easy to confirm their existence, a very small asymmetry in the left side 
of the main Al peak suggests they might be present. According to the 
aforementioned studies, probably the nucleation of both Al3Ni and Al-Sm or 
Al-Sm-Ni intermetallics, together with -Al grains growth, could be a 
plausible explanation for this reaction.  
 
The probable nucleation of these new phases around pre-existing -Al 
nanocrystals surely hinders their identification after the nucleation process. 
A simple calculation can be carried out by assuming that the activation 
energy for the formation of intermetallic phases can be a 25% higher than 
that of -Al nanocrystals [26], and also that, for instance for the Cu-free 
alloy, the crystallization energies from the DSC curves represent the 
aforementioned values of 35 and 23% for the first and second reaction. 
Moreover, considering that -Al nuclei about 10.7 nm in diameter (640 nm3) 
have formed in the first DSC reaction, and assuming a similar number 
density of intermetallics, particles of 8.45 nm in diameter should be formed 
in case of homogeneous nucleation and growth of the new intermetallics. 
However, a layer of 1.5 nm should be growing around existing -Al 
nanocrystals. Despite the uncertainties in the previous reasoning, isolated 
particles should be easier to detect by XRD than very thin layers around 
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nanocrystals, therefore the heterogeneous nucleation around existing -Al 
nanocrystals being more probable. Nevertheless, the appearance of these 
intermetallics needs to be corroborated with the study of the subsequent 
reactions.   
 
3.5. Third/Fourth crystallisation stage 
 
After heat treatments at temperatures beyond the second DSC reaction, 
intermetallics can be clearly identified, as shown by XRD after heating at 20 
ºC/min to selected temperatures (Figure 7). These heat treatments, chosen to 
show the intermetallics evolution, were carried out to the maximum of the 
third DSC reaction at about 365 ºC, to the end of the third DSC reaction at 
375 C plus 30 min at this temperature (375 C + 30’), to 450 C and to 600 
C.  
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Figure 7. XRD patterns of a) Al88-Sm4-Ni8, b) Al87-Sm4-Ni8-Cu1 and c) Al88-
Sm4-Ni7-Cu1 heat treated ribbons at 20 ºC/min to the temperature of the 
maximum of the third DSC reaction, to 375 ºC + 30’, to 450 C and to 600 
C. 
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A detailed examination of the peaks positions and intensities needs to be 
carried out to identify the phases present in Figure 7. After heating to the 
maximum of the third DSC reaction at about 365 ºC, Al and very probably a 
small amount of Al3Ni are present for the three compositions studied. 
Moreover, an unidentified metastable phase appears (note for instance the 
double peak at about 36-37º), much more clearly seen if Cu is added to the 
alloy, whereas an additional small amount of a stable phase (note for 
instance the three peaks between 35 and 38º) seem to be present in the Cu-
free alloy. The prevalence of the metastable phase is therefore favoured by 
the addition of Cu.  
 
Results after heating to 375 ºC + 30’ show that Al and Al3Ni are still present. 
Moreover, in the Cu-free alloy the stable phase is now fully developed. The 
nearness of the fourth DSC reaction in the Cu-free alloy, indeed starting 
before the third one finishes, makes it to easily take place during the 
isothermal treating, being the cause for the transformation of the metastable 
phase.  
 
According to previous studies, the exact nature of the phases appearing after 
the third DSC reaction is uncertain. Thus, unknown phases are reported even 
after the end of the whole crystallisation process [16], or together to Al11Sm3 
in Al88-Sm8-Ni4 [17, 19]. Also, only binary phases such as Al3Sm and Al3Ni 
in Al88-Sm4-Ni8 [18] (together to Al4Sm and Al11Sm3 in Al89-Sm5-Ni6 [23]), 
or a mixture of binary and ternary phases such as Al11Sm3 and Al7SmNi2 in 
Al87-Sm6-Ni7 [14, 21, 22] are reported. This latter ternary phase is proposed 
because of its similarity with the XRD pattern in an Al-Nd-Ni alloy [30]. A 
newer and detailed study on high temperature crystallisation of Al-Sm-Ni 
systems [13] suggests the continuity of orthorhombic Al11Sm3 (with similar 
XRD peaks position as the metastable phase of this work) after the third 
DSC reaction, and the appearance of two new intermetallics, spherical 
tetragonal Al11Sm3 and elongated Al23Sm4Ni6 (the latter a phase referred in 
the in the Al-Sm-Ni phase diagram [31], with similar XRD peaks position as 
the stable phase of this work). The fourth DSC reaction is related in [13] to 
the transformation of orthorhombic Al11Sm3 to orthorhombic Al4Sm, and 
also in [32] to the reaction of the ternary and Al3Ni phases, leading to the 
crystallisation of Al9YNi3 in Al-Y-Ni systems, or even to morphological 
changes in the phases. There are not enough evidences in this work to 
corroborate any of these particular transformations.  
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According to the XRD peak positions of this work, the metastable phase 
cannot be identified, and the stable phase could be highly probable identified 
as Al19Sm3Ni5. To our knowledge, Al19Sm3Ni5 has not been reported before 
in Al-Sm-Ni systems, but the similarity with Al19Y3Ni5 in XRD peak 
positions and intensities, as reported in [32], ratify this possibility. 
According to the similitude between the lattice parameters of other known 
phases of these systems such as Al23Sm4Ni6 and Al23Y4Ni6 (1.5939, 0.40967, 
1.8320 nm and 113.09º for the Sm compound [31], and 1.5836, 0.4068, 
1.8311 nm and 112.97º for the Y compound [33]), this seems an acceptable 
hypothesis.  
 
On the other hand, Cu-containing alloys do not change the previously 
observed pattern after treating the ribbons to 375 ºC + 30’. Only after 
heating to 450 C, peaks of Al19Sm3Ni5 appear together with those of the 
metastable phase, and the total transformation to Al19Sm3Ni5 is detected 
after heating to 600 C. According to DSC traces shown in Figure 2, the 
transformation to the stable phase takes place in a wider range of 
temperatures from about 450 ºC. 
 
Figure 8 shows experimental and simulated (with PowderCell software [34]) 
patterns of Cu-containing alloys after being heat treated to 600 ºC, 
considering a mixture of Al, Al19Sm3Ni5 and Al3Ni. Despite the proportions 
considered for each phase are rough figures and only a qualitative 
comparison can be carried out, the low presence of Al3Ni does not affect the 
simulation, and it could therefore intervene in the formation of the 
Al19Sm3Ni5 phase. The crystalline structure and atomic positions for the 
Al19Sm3Ni5 have been taken from the Al19Y3Ni5 phase (space group Cmcm, 
Pearson symbol oC108 and lattice parameters 0.403, 1.598 and 2.689 nm 
[35]), and only a small change of the lattice parameters to 0.410, 1.598 and 
2.689 nm has been necessary for a better simulation coincident with the 
experimental pattern.  
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Figure 8. Experimental and simulated XRD patterns of Al87-Sm4-Ni8-Cu1 
alloy heat treated to 600 ºC. The simulation considers of Al, Al19Sm3Ni5, and 
Al3Ni in proportions 58/40/2. 
 
In summary, Al and Al3Ni are present after the high temperature heat 
treatments, with Al appearing in the first and Al3Ni during the second DSC 
reaction. The second reaction also causes the formation of the first Al-Sm-Ni 
intermetallic, as an unidentified metastable phase. Furthermore, this ternary 
phase grows during the third DSC reaction, and there is a subsequent 
evolution from the metastable phase to the stable Al19Sm3Ni5. A detailed 
examination of particular intermetallic grains could help confirming this 
microstructural evolution. 
 
3.6. Microstructural identification 
 
Phases identification, and size and shape evolution, have been carried out by 
TEM microdiffraction on specific particles. For the alloys and heat 
treatments studied, Al and Al3Ni identified particles always had an equiaxial 
shape. During the next discussion these two phases will not be considered. 
 
Figure 9 shows the microstructure of the three studied alloys after heating to 
375 C + 30’. Apart from equiaxial phases, elongated particles with a 
maximum of approximately 500 nm are observed.  
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Figure 9. TEM bright field images of ribbons heat treated to 375 ºC + 30’ of 
a) Al88-Sm4-Ni8, b) Al87-Sm4-Ni8-Cu1 and c) Al88-Sm4-Ni7-Cu1 alloys. 
 
In the Cu-free alloy, in which the Al19Sm3Ni5 phase has already appeared 
from the metastable phase, the intermetallics tend to appear with rod shape, 
although relatively equiaxial shapes cannot be discarded for this phase. On 
the contrary, intermetallics seem to appear with acicular shapes in Cu-
containing alloys, in which the metastable phase is still the only phase 
present at 375 ºC + 30’. 
 
The microstructure of these alloys after heating to 450 C is shown in Figure 
10, being similar to that obtained at 600 ºC. The main visible change with 
respect to 375 C + 30’ is the size of the different phases, mainly in the 
acicular phase of Cu-containing alloys, in general now above 500 nm long. 
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Figure 10. TEM bright field images of ribbons heat treated to 450 ºC of a) 
Al88-Sm4-Ni8, b) Al87-Sm4-Ni8-Cu1 and c) Al88-Sm4-Ni7-Cu1 alloys. 
 
Comparing particles shape for different temperatures, and considering at the 
same time the XRD results, it can be confirmed that, for the Cu-free alloy, 
the quick transformation to Al19Sm3Ni5 makes this phase to maintain the rod 
shapes that the metastable phase had only reached, although equiaxial shapes 
could also be present. On the other hand, for Cu-containing alloys, the 
metastable phase had time enough to reach much more elongated shapes, 
and when part (after 450 ºC) or the total (at 600 ºC) of the metastable phase 
disappears, leading to Al19Sm3Ni5, the acicular shape that the metastable 
phase had developed seems to be the shape found in the microstructure. It is 
possible therefore to suggest that the transformation from the metastable 
phase to Al19Sm3Ni5 takes place without change in particles shape. 
Accordingly, both phases probably have a very similar crystalline structure 
and chemical composition, not needing a new nucleation process. 
 
The study of these particles with TEM microdiffraction (Figure 11) shows 
that at 450 ºC, in the Cu-free alloy, the phase Al19Sm3Ni5 is effectively 
found with both rounded and rod shapes, although the occurrence of the rod 
shape is much more observed. As expected, for the Cu-containing alloys at 
450 C, Al19Sm3Ni5 is only identified with acicular shape. 
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Figure 11. TEM bright field micrographs and selected particles 
microdiffraction patterns of heat treated ribbons up to 450 ºC. Reciprocal 
lattice parameters are indicated in the DP. 
 
As previously made for XRD, the identification of the Al19Sm3Ni5 phase in 
the DP has been carried out by considering slightly changed lattice 
parameters (0.410, 1.598 and 2.689 nm) to those known for the 
orthorhombic Al19Y3Ni5. 
 
Finally, Figure 12 shows the TEM microdiffraction study of an intermetallic 
particle of the Al87-Sm4-Ni8-Cu1 alloy after heat treating the ribbon to 375 ºC 
+ 30’, where only the metastable phase is present.  
 

 
Figure 12. Study of an intermetallic particle of the Al87-Sm4-Ni8-Cu1 alloy 
heated to 375 ºC + 30’. Diffraction patterns are identified according to the 
angles between the four patterns and approximated diffraction spots 
distances. 
 
Measurements of spot distances on the four DP of Figure 12 allow refining 
the reciprocal lattice of the metastable intermetallic. Once transformed to 
real lattice parameters, result in values of about 0.406, 1.864 and 2.805 nm, 
indeed quite similar to those previously considered for the Al19Sm3Ni5 phase 
(0.410, 1.598 and 2.689 nm). It is therefore confirmed the probable 
similarity between the metastable and the stable Al19Sm3Ni5 phases.  
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The previous lattice parameter values are a simple approximation based on 
direct measurements on TEM images, and depending, among other factors, 
on the precise calibration of the TEM camera length. However, considering 
the same atomic distribution that in the Al19Sm3Ni5 or Al19Y3Ni5 phase, the 
XRD pattern of the Al87-Sm4-Ni8-Cu1 alloy after heat treating the ribbon to 
375 ºC + 30’ has been simulated and presented in Figure 13. The 
experimental pattern is also shown. As observed, the simulated pattern is 
very similar to the experimental one. 
 

  
Figure 13. Experimental and simulated XRD patterns of the Al87-Sm4-Ni8-
Cu1 alloy after heat treating the ribbon to 375 ºC + 30’. The simulated 
pattern considers the presence of Al, Al3Ni, and the metastable phase in 
proportions 40/40/20. 
 
Despite the description of microstructural evolution and phases 
identification, there is still an important detail to clarify, the precise effect of 
Cu. STEM studies were carried out to clarify the distribution of Cu in the 
microstructure of the Al87-Sm4-Ni8-Cu1 alloy after heat treating the ribbon to 
375 ºC + 30’ (Figure 14). 
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Figure 14. STEM EDX maps from different areas of an Al88-Sm4-Ni7-Cu1 
alloy heated to 375 ºC + 30’. 
 
As can be seen, an Al background is found in the different areas studied. 
Also rounded shapes of Al3Ni appear free of Sm. Elongated intermetallics, 
as expected, contain Al, Sm and Ni, with Cu found to be preferentially in 
this metastable Al-Sm-Ni phase.  
 
 
Nevertheless, even with the STEM and the simulation results in mind, 
further work is necessary to precisely define the nature and crystalline 
structure both of the possible Al19Sm3Ni5 phase, and mainly of the 
metastable phase.  
 
4. Conclusions. 
  
Adding 1 at.% Cu to the Al88-Sm4-Ni8 alloy changes the thermal stability of 
the obtained amorphous melt-spun material. If Cu substitutes Al, the 
stability of the amorphous structure increases, whereas substituting Ni 
decreases the stability. In both cases, the presence of Cu results on the size 
reduction of the primary -Al nanocrystals. 
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Differences because of the presence of Cu again appear at higher 
temperatures, during crystallisation of Al, Al3Ni, and ternary Al-Sm-Ni 
intermetallics. The ternary phase appears with a metastable structure. The 
presence of Cu increases the prevalence of the metastable phase. Al19Sm3Ni5 

phase is proposed as the probable stable ternary phase because of its 
similitude with Al-Y-Ni alloys. 
 
The metastable phase tends to develop an elongated acicular shape. In the 
Cu-free alloy, in which the Al19Sm3Ni5 quickly appears, the elongated shape 
is restricted and rod shapes predominate. Once the metastable phase 
transforms to Al19Sm3Ni5 at higher temperatures, without new nucleation 
process, the stable phase appears with the previous shape of the metastable 
phase, i.e., acicular shape for Cu-containing alloys. 
 
Therefore, Cu addition affects the primary crystallisation of -Al, with 
smaller nanocrystals being formed. However, after the later stages of 
crystallisation, the appearance of elongated intermetallics in Cu-containing 
alloys will surely affect mechanical behaviour.  
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