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Abstract 

In the current research, differential scanning calorimetry (DSC), 
scanning electron microscopy (SEM), and transmission electron 
microscopy (TEM) were employed to determine the structural 
stability of nanostructured Al-5.7wt.%-Ni mechanically alloyed 
(MA) eutectic alloy powders. DSC traces were employed to 
determine the variation in the amount of stored energy and 
dislocation density as a function of milling conditions. SEM 
imaging was employed to investigate the degree of structural 
stability against grain growth as a function of the isothermal 
heating of MA milled powder. TEM was utilized to investigate 
the influence of isothermal heating on the MA nanoscale 
structured powders resistance to coarsening. It was found that the 
increasing the milling energy (RPM, ball-to-powder-ratio and 
time) resulted in increasing the amount of stored energy as well as 
increasing the dislocation density, which increased the 
susceptibility for grain growth. 

Introduction 

The utilization of aluminum alloys in aerospace applications, 
automobile and many other industries is widely carried out as a 
result of their low density and high specific strength and modulus. 
Improvement in hardness, rigidity and other mechanical properties 
as well as enhancement in the relatively low thermal properties of 
aluminum is achieved by utilizing alloying elements [fl]. 
Compared to other Al-base alloys, Al-Ni alloys are known to have 
relatively stronger properties at relatively higher operating 
temperature. When moderate operating temperatures are in 
demand, fabrication of Al-Ni alloys with enhanced strength and 
stiffness at temperatures higher than room temperature could 
substitute for some of the Ni-base alloys. The structural stability 
of the fabricated alloys heavily influences the strength and creep 
resistance of Al-Ni alloys. This is also influenced by the initial 
grain size utilized in addition to the secondary phase 
morphologies and stability against over aging. Several industrial 
applications utilize the Ni-rich, Al-Ni alloys as a result of their 
high strength up to 800°C and their resistance to deformation, 
wear and fatigue. On the other hand, powder consolidation and 
processing via special techniques are required as a result of such 
alloys brittleness, large shrinkage cavities, micro-porosities, this 
adds to the production cost []2]. On the other hand, Al-rich, Al-Ni 
alloys are known for their relatively high strength at room 
temperature, very low porosity and hence higher densification by 
Powder Metallurgy (PM) and lower manufacturing costs. 
However, this is on the expense of their low softening 
temperatures compared to the Ni-rich alloys and their lower 
strength compared to other Al-alloys since they are non 

precipitation hardenable alloys [β], Al-5.7 wt% Ni eutectic alloy 
is made of fibroui eutectic* microconstiuenlf that* i i 86.4%* a-Al 
solid solution, and 13.58% Al3Nif intermetallic*compound.fThef a-
A1 solid solution matrix contains a maximum of 0.05% Ni at room 
temperature |]3]. The Al3Ni intermetallic lamellae or platelets are 
known for their high hardness and strength, which provides the 
alloy with the necessary structural stability at operating 
temperatures higher than room temperature. Morphology of the 
eutectic structure influences significantly the produced 
mechanical properties. 
Mechanical milling processing techniques are capable of changing 
the eutectic platelets into despersoids. The process of mechanical 
alloying (MA) involves repeated cold welding, fracturing, and re-
welding of powder particles in a ball mill. MA allows the 
synthesis of homogeneous materials starting from blended 
elemental powder mixtures. Mechanical alloying is also known 
for its ability of extending the solid solubility beyond that 
produced by conventional solidification in many alloy systems by 
non-equilibriunf processing^ Nif solubility* irf α-AI milled MA 
powders was found to increase up to maximum of 10% compared 
to an equilibrium value of 0.1 % fl]. 
Refinement of the material structure to the nanoscale level has 
proven to enhance the mechanical properties of the bulk material 
due to the increased surface area of boundaries that stops motion 
of dislocations. 
In previous work by the team, nanocrystalline Al-5.7wt% Ni 
eutectic alloy bulk samples were produced via MA with enhanced 
strength/toughness combination of properties |]5]. However, the 
structural stability of such nanostructured eutectic alloy was not 
fully addressed. The aim of this work is to investigate the 
structural stability of the produced nanostructured eutectic alloy 
by determining the variation in the amount of stored energy and 
dislocation density as a function of milling conditions. 

Materials, Processing and Characterization 

Powders material 
The nanocrystalline Al-5.7wt% Ni eutectic alloy powders utilized 
in the current work were synthesized via MA from gas atomized 
pure Al micron-powder (99.7% purity) and pure Ni micron-
powders (99.7 % purity). The as-received Al powder particles 
were characterized by their non uniformity in shape and size, 
which ranged between 5-75 pm with an average of 45 pm. The Al 
micron powder had an average grain size of 3 pm. The as-
received Ni powders had an ultrafine particle size which ranged 
from 0.5 to 6 pm in size with an average of 3pm. The Ni powders 
had an average grain size of 150 nm. The detailed procedure for 
the processing steps was presented in detail in a previous work by 
this research team [|5], 
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Mechanical Alloying 
As mentioned earlier, the nanocrystalline Al-5.7wt% Ni eutectic 
alloy utilized in this research work was synthesized via MA from 
Al and Ni powders. MA of the Al-Ni powder mixture with the 
stoichiometric alloy composition (Al-5.7wt% Ni) was conducted 
in a RETSCH PM 400 high-energy planetary ball mill employing 
various milling conditions as listed in Table 1 [p]. 

Table 1 Milling parameters 
BP wt. ratio Milling Speeds(RPM) 

5:1 200 300 350 
10:1 200 300 350 
15:1 200 300 350 
20:1 200 300 350 

Handling and weighting powders were conducted in a glove box 
under controlled atmosphere of argon gas. Milling continued for 
40 hrs inside stainless steel vials of volume 125 ml with stainless 
steel balls of 10mm diameter. Ethanol was added as a process 
control agent (PCA) with 5%wt of the powder charge, to 
minimize cold welding between powder particles and to prevent 
agglomeration as stated by Suryanarayana pi]. Milling took place 
at interrupted intervals of 15 min to avoid overheating of the 
powders. 
Table 2 shows the starting and completion time of the 
nanocrystalline Al-5.7wt% Ni eutectic alloy formation that was 
carried out in a previous work by this research team [[5], 

Table 2 Experimentally determined MTs for the eutectic alloy 
start and complete formation up to 40hrs [5], 

RPM 

Ball To Powder wt. ratio 

RPM 

5:01 10:01 15:01 20:01 

RPM 

Starting 
time ( hr) 

Completion 
time ( hr) 

Starting 
t ime(h r ) 

Completion 
t ime(h r ) 

Starting time ( 
hr) 

Completion 
t ime(h r ) 

Starting 
t ime(h r ) 

Completion 
t ime(h r ) 

200 U F UF 33 UF 15 UF 11 UF 

300 19 U F 10 UF 5 21 3 16 

350 12 U F 6 29 4 19 2 10 

UF: Eutectic alloy is unformed. 

Characterization 

Thermal analysis 
DSC was employed for determination of the structural stability of 
the milled powders at the various conditions by determining the 
stored energy and the dislocation density induced by the various 
milling parameters. Powder samples with a constant mass of 
35mg were examined. Powders after 40 hrs of MT were tested. 
Four samples from each condition were tested for results 
consistency. Samples were crimped using crimper provided by 
Perkin Elmer. Unvented aluminum sample pans and covers were 
used to encapsulate the powder samples. An average of the results 
produced from four samples per processing condition was 
calculated. The DSC was purged with nitrogen for 1 hour before 
starting each experiment. The tests were done at a rate of 10 
°C/min and with the purge gas continuing during the tests. The 
second-run approach was employed to determine the amount of 
stored energy and consequently the dislocation density as shown 
in Figure 1 [pi]. 
Inf thef firsIT runf thef samplef was["heatedr fromf 5 Of tof 5 5 Of °Cf atf af ratef 
o f l Of °Cf /min.f Alf thef endf of thef firstf runf thef samplef wasf leftf to 

cool without opening the sample cover, then the DSC was kept for 
10 minutes at 25 °Cftof stabilize^followingf thatf thef secondf runf w a i 
started with the same procedure. The DSC curve of the second run 
was used to lit a baseline under the exothermic peak and between 
the initial and the final peak temperatures [f>]. Finally, the Perkin 
Elmer Pyris software was used to measure the area bounded by 
the exothermic and the fitted baseline between the limits set by 
the initial and the final peak temperatures. The DSC that was 
employed to examine the samples was Perkin-Ehner Diamond 
DSC equipped with Intracooler System and Autosampler. 

Run 2 

/ Runl 

End 

Runl-Run 2 

Figure 1 Second Run approach. 

Determination of tire amount of stored energy 
The release of the stored energy can be measured as a function of 
temperahire using DSC ψ]. By employing the second run 
approach, where the test sample undergoes the same procedure of 
heating for two consecutive times to determine the baseline 
against the exothermic peak in the DSC curve, the stored energy 
within a material can be measured. When the test sample 
undergoes an exothermic reaction such as recrystallization, the 
amount of heat release appears as a peak in the DSC curve by 
subtracting thef baselinef "secondf run'T fromf thef first run, having 
the total area under the peak representing the total heat released. 
Owing to the fact that all the energy associated with the 
deformation-induced defects would have been released during the 
first heating run itself, the second run would provide the baseline 
against which the area under the exothermic peak (from the first 
run) can be measured. 

Calculation of dislocation density 
Owing to the fact that the presence of dislocations in a material is 
equivalent to a certain amount of stored internal energy, 
measurement of stored energy can thus be an indirect method for 
determining dislocation density. Counting the number of 
intersections of dislocations with a grid of lines in a transmission 
electron microscope (TEM) image of the material is the 
conventional method of measuring dislocation density in a 
material [181. 

Ρ = 
ν λ ν ί I 
Lx L 2 y 

[ Γ 7 ] 

Where LI and L2 are the total length of grid lines in two mutually 
perpendicular directions, N1 and N2 are the corresponding 
number of intersections with the dislocations and t is the thickness 
oftiieffoilfbemgfexaniined.fThiimetliodfcan'Ifbefappliedrwheiirtlief 
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individual dislocations cannot be resolved (e.g. due to a large 
dislocation density) [f7]. 
When a deformed material is heated to a sufficiently high 
temperature, it releases energy while undergoing recovery 
(dislocation rearrangement) and possibly, recrystallization 
(dislocation annihilation). The amount of stored energy is tlie area 
bounded by the exotherm and the fitted baseline between the 
limits set by tlie initial and tlie final peak temperatares [6]. Based 
on the dislocation theory, tlie dislocation density is related to tlie 
dislocation-stored energy (E) such that [P]: 

Gb 2 f ( v ) ' " Λ 

Ε = ρ I n 
R 

ν R O J [Ρ] 

Where R is tlie inner radius of the dislocation core (taken between 
b and 5b), R is tlie outer radius (taken as tlie inter-dislocation core 
spacing, p1/2), and f(t>) is a function of Poisson's ratio f(t>) =(1-
υ/2)/(1-υ), considering both screw and edge dislocations. 
The previous expression is commonly replaced by an approximate 
expression from which tlie calculation of dislocation density from 
DSC curves can be utilized, using tlie equation [P] : 

E=apGb: Dio] 

Where Ε is the amount of stored energy obtained from tlie DSC 
curvejofiithefdislocationrmteractioif parameter hatrisTofthefordeiT 
of 0.5, G is tlie shear modulus and b is the burgers vector [[10]. 

Scanning Electron Microscopy 
Powders morphology and structural evolution were investigated 
by Scanning Electron Microscopy (SEM) imaging of the as-milled 
powders before and after isothermal heating (IH). A 200KV Leo 
Zeiss field emission scanning electron microscope with resolution 
of 1 .Onm was employed in tlie current research. SEM micrographs 
for nanocrystalline Al-5.7wt% Ni eutectic alloy powders 
synthesized under 20:1 BPR and 300 RPM at alloy completion 
time (16hrs) and after 40hrs of MT were taken before and after 
IH. 

Transmission Electron Microscopy 
Hie Transmission Electron Microscopy (TEM) images were 
employed for the investigation of tlie internal nanostructare of tlie 
milled Al-Ni eutectic powders before and after IH. In addition, 
TEM images were used to evaluate the eutectic structare 
morphology evolution at tlie alloy fonnation time and after 40hrs 
of MT. Hie analysis was completed using a JEOL 2010 TEM 
operated at 200kV with a spatial resolution of 1.9 Angstrom. 
TEM images for nanocrystalline Al-5.7wt% Ni eutectic alloy 
powders synthesized under 20:1 BPR and 300 RPM at alloy 
completion time (16hrs) and after 40hrs of MT were taken before 
and after IH. 

Results and Discussions 

Hiennal Analysis 

Variation of Stored Energy with milling parameters 
Figure 2 illustrates tlie variation of stored energies measured with 
tlie various milling parameters. It can be seen that combined 
increase in BPR, RPM (high milling energy) resulted in increasing 
tlie amount of stored energy. At 10:1 BPR, tlie utilization of 300 
RPM resulted in a stored energy of 7.22 .Toules/g. On tlie other 
hand, the utilization of 350 RPM lead to a stored energy of 9.15 
.Toules/g. Increasing the BPR to 15:1 lead to an increase of the 

stored energy for both RPM employed. At a combination of 15:1 
BBR and 300 RPM, tlie stored energy was 12.65 .Toules/g. While 
upon utilizing 15:1 BBR and 350 RPM, tlie stored energy was 
14.82 .Toules/g. The combination of 20:1 BPR and 300 RPM 
resulted in a stored energy of 16.19 .Toules/g. Increasing the RPM 
to 350 with tlie same BPR (20:1) yielded a stored energy of 18.03 
.Toules/g. 

Figure 2 Variation of stored energy with milling parameters 
at 40 hrs MT 

Variation of dislocation density with milling parameters 
Figure 3 shows tlie variation of the dislocation density for tlie 
various combination of BBR and RPM. Similar behavior for the 
stored energy can be seen for dislocation density. 
Hie combined increase in BPR and RPM (high milling energy) 

resulted in increasing the amount of dislocation density. At 10:1 
BPR, tlie utilization of 300 RPM resulted in a dislocation density 
of 2.86X1016 disl/nr. On the other hand, the utilization of 350 
RPM led to a dislocation density of 3.74X1010 disl./nr. Increasing 
the BPR to 15:1 lead to an increase of tlie dislocation density for 
both RPM employed. At a combination of 15:1 BBR and 300 
RPM, dislocation density was 5.01X101" disl./nr. While upon 
utilizing 15:1 BBR and 350 RPM, tlie dislocation density was 
5.87X1016 disl./nr. The combination of 20:1 BPR and 300 RPM 
resulted in a dislocation density of 6.42 X1010 disl./nr. Increasing 
the RPM to 350 with the same BPR (20:1 ) yielded a stored energy 
of7.25X1016 disl./nr. 

Figure 3 Variation of dislocation density with milling 
parameters at 40 hrs MT 

Although, tlie dislocation densities calculated for a number of tlie 
conditions examined in this research were in the order of 1016 for 
the higher BPR and RPM (high milling energy), yet this agrees 
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with Révész et al., who reported similar results as a result of 
longed milling durations|JTL 1]. In addition, Godfrey et al., reported 
that the stored energies calculated from DSC curves are always 
exaggerated from that obtained based on the micro structural 
investigations |]I]. 

Structural stability of milled powders 

SEM micrographs 
To investigate tlie degree of structural stability against grain 
growth, IH of tlie Al-5.7%wt Ni MA eutectic alloy powders at 
alloy! completion! and! 40! hrsT of MIT atf 500°C[ (sintering!" 
temperature) were investigated over a duration of 1 lir. IH was 
conducted for tlie eutectic alloy powders that formalized from the 
milling of Al and Ni powders with tlie utilization of 300 RPM and 
20:1 BPR at 16 (representing tlie alloy completion time for this 
condition) and 40 hrs of MT, based on our previous work [p]. 
Figure 4 shows tlie internal structare of powders milled at 16 hrs. 

a 

Figure 4 SEM micrograph for 20:1 BPR, 300 RPM at 16hrs 
MT (a) Before IH (b) After IH 
Hie SEM images revealed tlie fonnation of grains with 20nm in 
average size, as illustrated in Figure 4(a). IH resulted in slight 
coarsening of the milled powder structare up to 25nm as shown in 
Figure 4(b). 
Figure 5(a) shows tlie internal structure of the eutectic alloy 
powders milled at 40 hrs MT. Hie SEM images revealed the 
fonnation of grains with 14nm in average size. IH resulted in 

slight coarsening of the milled powder structare up to 20nm as 
shown in Figure 5(b). 
It is clear that the % grain coarsening induced by IH of tlie 
eutectic alloy powders milled at 16 hrs MT was 25 % compared to 
53 % for tlie 40 hrs MT, which indicates higher tliennal stability 
for tlie powders exposed to lower milling energy. It is suggested 
that the liigheif stored! energyT induced! byT millingf (high! pf of 
dislocation and finer structure) increased the tendency of the 
powders for grain growth. 

a 

Figure 5 SEM micrograph for 20:1 BPR, 300 RPM at 40 hrs 
MT (a) Before IH (b) After IH 

TEM images 
The internal structure of the eutectic alloy powders milled at 20:1 
BPR, 300 RPM for 16 hrs before and after IH is shown in Figure 
6 (a) and (b) respectively. The images revealed finer structare for 
the as milled powders compared to that obtained after IH. An 
average grain size of 18.5 and 27.3 mil were measured for the 
eutectic alloy powders milled for 16 hrs MT before and after IH, 
respectively. While for the eutectic alloy powders milled for 40 
hrs illustrated in Figure 7 (a) and (b), average grain sizes of 15.2 
and 25nm were measured before and after IH, respectively. 
It is clear that tlie % grain coarsening induced by IH of tlie alloy 
powders milled at 16 hrs MT was 47.17 % compared to 64.4 % 
for the 40 hrs MT, which indicates higher tliennal stability for the 
powders exposed to lower milling energy. As explained earlier in 
the SEM results, it is suggested that tlie higher stored energy 
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inducedf by[ millingT (highf pT olf dislocationf andf fmeif structure J 
increased the tendency of the powders for grain growth. 

b 

i f i f l P 

9 H B 

H 1 

Figure 6 TEM images for eutectic alloy powders at 20:1 BPR, 
300 RPM (a)Before IH and (b)After IH at 16 hrs MT. 

40hrs 40hrs + HT 
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a 
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12. 

Conclusions 

Increasing either the milling BPR or RPM increases the 
amount of stored energy via strain hardening of the eutectic 
alloy milled powders at the same MT. 
Stability of milled powders internal nanostracture is retained 
even after isothermal heating. 
The eutectic alloy MA powders at the 16 hrs of milling 
displays the highest structural stability against grain growth 
compared to the 40 hrs milled compacts powders. 
The higher the stored energy via high energy ball milling the 
higher the tendency for gram growth and hence the eventual 
loss of the nano structure. 
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