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The Al4.5wt%Cu is an aeronautical and automobile alloy with extensive use in industry for 
structural purposes. The aim of this work was to evaluate two different solidification processes of the 
Al4.5wt%Cu alloy, conventional and unidirectional, as well as its recrystallization process. Firstly, 
the Al4.5wt%Cu alloy was deformed by cold rotary forging and then heat treated at temperatures that 
varied from 250 to 450 °C. The samples for analysis were obtained after 54, 76 and 91% of reductions 
in area. Tests of optical microscopy, scanning electron microscopy and Vickers microhardness were 
performed to evaluate the recrystallization process. The results indicated that the recrystallization 
started at 350 ºC, being that the conventional samples presented full recrystallization after 5 minutes, 
while the unidirectional samples presented only partial recrystallization. In general, both solidification 
processes presented similar results for all of the analysis performed.

Keywords: Al4.5wt%Cu alloy; Conventional and Unidirectional Solidification; Rotary Swaging 
Process; Recrystallization Temperature; Recrystallization Kinetics.

1. Introduction
Aluminum alloys (AA) are widely used in aeronautical 

and automobile industries. Some characteristics of these 
alloys incluse low density, good corrosion resistance, high 
strength, good thermal and electric conductivity. They are 
considered the most used metallic materials, after iron and 
steel. According to microstructure and chemical compositions, 
they can be classified as cast (content of alloying elements 
between 10 to 12%) or wrought (content of alloying elements 
between 1 to 2%). Also, these alloys can be divided in two 
types: heat treatable and non-heat treatable. This definition 
is directly related to the response of the alloy to precipitation 
hardening. The heat treatments most commonly applied in 
AA include annealing, quenching, precipitation hardening, 
homogenization and aging at elevated or room temperatures1-5.

The Al-Cu alloys are highly applied among the AA. 
After casting, they acquire heterogeneous microstructures, 
and what differentiates each one is the copper content in its 
chemical composition. The most used Al-Cu alloys are those 
containing between 4 and 10% in weight of Cu. The main 
advantage that the copper provides is related to the mechanical 
properties, such as increase in fatigue strength and hardness. 
The Al4.5wt%Cu belongs to the family of Al-Cu alloys, and 
calls attention due to its great potential to be heat treated. 
A very usual precipitate or intermetallic formed in this family 
is the CuAl2. This phase has the ability to provide a primary 
strengthening to the ductile AA matrix6-10.

In metallurgy, the grain structure of casted materials 
is considered a very important parameter to understand. 
The microstructure that the material will present after 

cooling is directly associated with the solidification method 
applied. Also, subsequent processes like cold working, 
which leads the material to plastic deformations, and the 
application of heat treatments, have the capacity to change 
this microstructure. The combination of all of these factors 
defines the final mechanical properties of the material11,12.

Usually, two microstructures can be obtained after the 
solidification processes of aluminum alloys, which are equiaxed 
or columnar dendrites. Dendritic microstructures are formed 
in casted and welded alloys. Knowing that one determinant 
factor in metal properties is the dendritic growth, its direction 
is considered very important in the microsegregation and 
distribution of secondary phases. In face centered cubic 
alloys, normally trunks of primary dendrite grow along 
typical {100} direction, and the dendrite tips are bounded 
by slowest growing closed-packed {111} planes13,14.

Equiaxed and columnar dendrites are considered very 
common morphologies found in casted metallic materials. 
The growth of equiaxed dendrites happen by the formation 
of small nuclei, inside of a supercooled melt or attached 
to the wall of a mold. The nuclei in free condition develop 
instabilities very quickly at the interface solid/liquid, growing 
then in the form of equiaxed dendrites. Already columnar 
dendrites are formed in directional casting processes. During 
solidification, nucleated seeds with random orientations are 
formed in the surface of the chill casted material. After this, 
these seeds grow along preferred crystalline orientations as 
columnar dendrites. During solidification, the grains with 
{100} crystallographic orientations best aligned with the 
vertical heat flow direction grow preferentially at the expense 
of grains with less favorably orientation. It happens due to *e-mail: ro.alves@ymail.com
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the {100} priority growth of dendrites, componentes of the 
grains. Thus, as the columnar grains grow directionally, their 
density in a transverse section decreases. This mechanism 
of grain selection is currently used in industry to produce 
single-crystal turbine blades. Dendritic growth is one of the 
most difficult solidification patterns to obtain. Also, the most 
prevalent form of crystallization in technology and nature15-19.

The recrystallization of metals and alloys that were 
previously plastically deformed is very important, due to 
two main reasons: Restore and soften the ductility of the 
material hardened by low temperature deformation, which 
happens below 50% of the melting temperature, and to 
control the grain structure of the final material. In metals, the 
structure of the grain is modified by phase transformation. 
In the case of other metallic alloys, especially those based 
on copper, nickel, and aluminum, the recrystallization 
after deformation is the only method to produce a new 
grain structure. It happens through the modification of its 
shape, size, texture and orientation. The driving force used 
in recrystallization is the stored energy accumulated in the 
microstructure of the material during plastic deformation (PD). 
The greater is the PD, the lower will be the temperature 
needed to recrystallize the material. Also, higher will be the 
presence of new grains, due to more nucleation sites. This 
PD is obtained from cold-working processes20-25.

A widespread method of grain refinement is based 
on PD at room temperature, followed by elevated annealing 
temperature. Other method is the production of new grains 
during hot working, through dynamic recrystallization. 
For both one and the other, the resultant microstructure is 
from the production of recrystallization nuclei and long-range 
migration of the grain boundaries. The processes quoted 
occur in two steps, being then considered discontinuous. 
Another approach for new grains formation happens under 
conditions of severe PD. In this, ultrafine grained structures 
are developed at low temperatures26,27.

Although the Al4.5wt%Cu alloy is one of the most 
used alloys in aeronautical and automotive industries, it 
is usually produced from conventional casting method. 
Thus, this research aimed to investigate the microstructural 
differences between the Al4.5wt%Cu alloy alloy produced 
through conventional solidification, which gives rise to 
equiaxed dendritic grains, and the same alloy produced 
through unidirectional solidification, which originates 
columnar dendritic grains. Also, PD using rotary swaging 
was performed in the two materials, in order to determine 
the best recrystallization temperature for both conditions. 
It is considered very important to find the lowest possible 
energy to be inserted into the process.

2. Experimental
In this work, the Al4.5wt%Cu alloy was submitted 

to two different types of solidification (conventional and 
unidirectional), in order to define the best condition. For the 
conventional solidification process, a bar of Al4.5wt%Cu 
alloy was obtained directly from the traditional casting 
process, being then machined until achieve dimensions of 
15 mm of diameter and 135 mm of length. This machining 
was performed to unify the two bars of each condition to 
the same dimensions. For the unidirectional solidification 

process, 32 grams of Al4.5wt%Cu alloy were casted in a 
Brasimet® electric furnace, at temperature of 750 ºC during 
60 minutes. Air atmosphere was used, once that aluminum 
alloys do not suffer oxidation at high temperatures. After 
casting, the alloy was introduced into a mold of 18 mm of 
diameter and 135 mm of length, being then demolded and 
machined to a diameter of 15 mm.

The longitudinal section of both solidification processes 
was chosen for analysis, once that it shows in more detail 
their microstructures. Figure 1 shows a sample divided in two 
parts, that corresponds to the same macrostructures obtained in 
this research, according to28. After conventional solidification 
(Figure 1a), the grains presented equiaxed dendritic structure. 
Already for the unidirectional solidification, columnar dendritic 
grains were formed. The main difference observed between 
both solidification processes is the morphology of the grains. 
In conventional solidification, the grains presented rounded 
morphology, while for unidirectional solidification, the grains 
presented elongated morphology. In the two morphologies, 
it is possible to observe the dendrites. However, in the 
unidirectional solidification process, it is more evident the 
elongated grains then the dendrites.

After the obtainment, both bars were cold rotary forged 
by rotary swaging method. In each RA, a sample was 
removed, totalizing 3 samples for each condition. Table 1 
shows the parameters used in the swaging process. The RA 
per pass were limited according to the design of the dies 
inlet cone, as well as the reduction capacity of the rotary 
swaging machine. The tensile strength, hardness and RA of 
each pass are the parameters that affect the material forging. 
Also, the microstructural characteristics influence directly 
the ease of forging29.

After this process, each type of RA was sectioned 
in 5 samples, to be isothermally treated by annealing at 

Figure 1. Example of macrostructures of (a) Equiaxed dendritic 
grains (b) Columnar dendritic grains28.
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temperatures of 250, 300, 350, 400 and 450 ºC during 
1 hour. The temperatures used were stipulated according 
to the literature30. explains that the ideal recrystallization 
temperature to be used in aluminum alloys that were 
previously cold-worked start from 340° up to 400 °C, but 
these temperatures and the rate of heating are specific for 
each alloy, and have to be carefully studied31. also studied 
the recrystallization of an aluminium alloy, the 7075. 
The temperatures of annealing used in their research were 
of 100 - 400 ºC during 1 hour. The time of 1 hour was 
arbitred according to32. They indicate that the annealing 
times for aluminium alloys after cold working vary from 
20 to 60 minutes, depending on the content of the alloy. It is 
known that times above 1 hour might result in grain growth. 
The recrystallization kinetics was evaluated at the times of 
1, 5, 10, 15, 20, 30, 40, 50 and 60 minutes. It had the objective 
to determine the smaller temperature necessary to recrystallize 
the Al 4,5% Cu alloy, and what condition (conventional and 
unidirectional) would recrystallize in smaller temperature. 
The recrystallization kinetics is defined as the variation in 
the fraction of recrystallized volume. It is dependent to the 
annealing time at isothermal conditions33. The heat treatments 
were performed in an EDG® 3P-S furnace.

In order to observe the microstructure of the samples, 
a chemical attack was performed using an etching solution 
(Keller) with times ranging up to 10 seconds. After attack, 
the samples were analyzed in a Carl Zeiss® Jenavert optical 
microscope, at magnifications of 50, 200 and 500 x. Also, 
a scanning electron microscope Carl Zeiss® EVO MA 15 
was used in the backscattered electron detector (BSD) with 
magnification of 200 x, energy dispersive spectroscopy (EDS) 
and mapping modes. The microhardness was performed using 
a Digimess® HV-1000 microdurometer. For each sample, 
20 indentations were applied at each treatment temperature, 
proceeding with the calculation of the mean and standard 
deviation. The technical standard used was the34, which 
indicates the procedure to measure the Vickers hardness 

in metallic materials. A square-based pyramid indenter 
was used, with face angles of 136 º and penetration load of 
0.198 N. This test indicated the influence of microstructural 
changes in the Vickers microhardness of the Al4.5wt%Cu 
alloy solidified through different methods.

3. Results and Discussion

3.1 Original microstructure
Figure 2 shows the optical analysis of the Al4.5wt%Cu 

alloy, in longitudinal section from the crude solidification 
process, without any PD. In Figure 2a, it is possible to see 
the Al4.5wt%Cu alloy with its original microstructure, after 
conventional solidification. It is remarkable the presence 
of equiaxed dendritic grains, with equivalent size and 
dimensions in all directions. In Figure 2b, it is observed after 
unidirectional solidification, columnar dendritic grains that 
grew in the direction of the flow of heat extraction.

3.2 Microstructure versus microhardness after RA
Figure 3 shows the longitudinal microstructure of 

Al4.5wt%Cu alloy after conventional solidification. 
Figures 3a, 3b and 3c refer to the samples after cold rotary 
forging, with 54, 76 and 91% of RA, respectively. It can be 
observed the elongation of the grains along the direction in 
which the material was conformed. As the RA increases, the 
grains become flatter. Also, the CuAl2 precipitates get closer to 
each other, once that they are located at the grain boundaries. 
Other authors such as35 found as well CuAl2 precipitates at 
the grains boundaries of the casted Al4.5wt%Cu alloy. They 
explain that these precipitates are formed during the cooling 
process, after solidification. It happens due to the chemical 
driving force caused by large Cu supersaturation, at or near 
these grain boundaries. Also, it acts like preferred sites for

In Figure 4, the microstructure of Al‐4.5Wt%Cu alloy 
can also be seen in longitudinal section, after unidirectional 

Table 1. Parameters used in the rotary swaging process.

Sample Point reduction in area (%) Initial Diameter (mm) Final Diameter (mm) Reduction in diameter (%)
1 54 9.525 10.2 16.34
2 76 6.350 7.4 20
3 91 4.369 4.7 18

Figure 2. Original macrostructures of the samples solidified (a) Conventionally (b) Unidirectionally.
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Figure 3. Microstructure of the Al4.5wt%Cu alloy after conventional solidification and RA of (a) 54% (b) 76% (c) 91%.

Figure 4. Microstructure of the Al4.5wt%Cu alloy after unidirectional solidification and RA of (a) 54% (b) 76% (c) 91%.
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solidification. Figures 4a, 4b and 4c evidence, by the same 
way that Figure 3 that, the higher is the RA, smaller is the 
spacing between the grains, that become flatter and more 
elongated. However, differently from the conventional 
solidification, for unidirectional solidification, the grains 
boundaries are more spaced from each other. It is due to 
the shape of these grains, that present a more elongated 
morphology and a higher spacing between each other. Also, 
CuAl2 precipitates can be seen as well within the grains, and 
not only at their boundaries.

As observed in Figures 3 and 4, the morphology of the 
CuAl2 precipitates change according to their location. For 
the conventional solidification, they are located at the grain 
boundaries and present spherical geometry. Already for the 
unidirectional solidification, these precipitates when situated 
at the grain boundaries show elongated morphology, but 
when positioned within the grain, have spherical morphology.

The graph of Figure 5 shows the microhardness of the 
Al4.5wt%Cu alloy conventionally and unidirectionally 
solidified before and after RA. For the conventional crude 
sample, the value of microhardness was of 53.3 HV. After RA of 
54, 76 and 91%, the values increased to 72.7, 72.4 and 77.2 HV. 
For the unidirectional crude sample, a microhardness value 
of 58.7 HV was found. After RA of 54, 76 and 91%, the 
microhardness increased to 84.9, 82 and 93.8 HV, respectively.

For the two solidification processes, the crude samples 
presented the lowest values of microhardness among all. 
From them to 54% of RA, it was noted an average increase 
of 25 – 30% in the microhardness. From 54% to 76% of RA, 
virtually no significant change (0,4 – 3%) was observed. 
Lastly, from 76 to 91% of RA, a small increase of 6 –12% was 
verified. Already from the crude samples to 91% of RA, an 
increase of 31 – 38% was obtained.

The increase in the microhardness values after RA is 
explained due to the strain hardening (or cold working). 
Through forming processes, such as forging, extrusion and 
rolling, the alloy is deformed in order to obtain the final 
desirable shape. This forming induces the material to a PD, 
and it creates a great number of new dislocations in its 
microstrucuture. The increase in the volume of dislocations 
is the mechanism that enhances the mechanical strength of 
metals, because one dislocation gets in the way of another, 

providing then obstacles to their motion. Anything that acts 
as obstacles to the dislocations movement, decreases the ease 
of PD, and consequently, strengthen the material. It explains 
the fact that the higher was the RA in Figure 5, the higher 
were the microhardness values, for both conventional and 
unidirectional solidification. Another parameter observed in 
the case of the Al4.5wt%Cu alloy is the presence of CuAl2 
precipitates. They behave like a barrier to the dislocations 
movement within the grains, as well as the grain boundaries 
do, which enhances the mechanical strength of this alloy 
through hardening36,37.

It was also verified that the Al4.5wt%Cu alloy conventionally 
solidified presented microhardness values subtly lower 
than those found in the Al4.5wt%Cu alloy unidirectionally 
solidified. According to the micrographical analysis of 
Figures 3 and 4, the samples unidirectinally solidified 
presented CuAl2 precipitates not only at the grain boundaries, 
as in the Al4.5wt%Cu alloy conventionally solidified, but 
also within the grains. It provides a higher volume os these 
precipitates to the Al4.5wt%Cu unidirectinally solidified, 
and consequently, higher microhardness values.

3.3 Heat treatments

3.3.1 250 to 300 ºC
Figure 6 shows the micrographs of the Al4.5wt%Cu 

alloy conventionally and unidirectionally solidified after 
54, 76 and 91% of RA and heat treatment of 250 and 300 ºC. 
According to Figure 6, new grains where not formed in the 
microstructure of the samples treated at 250 and 300 ºC. 
Microstructurally, only happened the recovery phenomenon. 
The recovery is the first stage of the isothermal annealing, 
in which, there is a reaction between punctiform defects 
leading to a decrease in their quantity and then, annihilation 
of dislocations of opposite signs and shrinking of dislocations 
rings. Thus, these dislocations are rearranged to a lower energy 
configuration, what creates high angle contours. With this, 
the properties of the material are partially restored to the state 
before deformation. The speed of recovery decreases over time, 
as the deformation energy, which is the driving force of the 
process, is consumed. In polycrystalline materials, the density 
of dislocations remains high and they continue to accumulate 
in the grain boundaries. The material still deformed after 
recovery, which means that the material structure remains 
under the effects of PD, but presents less internal stresses due 
to the process of alignment of the dislocations38,39.

3.3.2 350 ºC
Analyzing the micrographs of the samples solidified 

conventionally and unidirectionally and heat treated at 350 ºC 
(Figure 7), it is possible to observe that the conventional 
sample with 54% of RA presented a greater amount of new 
grains, when compared to the sample with the same RA 
but unidirectional solidification. It happened due to the fact 
that the conventional sample has a greater amount of grain 
boundaries. As defined by40, grain boundaries are considered 
defects related to misorientation of crystal lattices, on the 
internal interfaces between single crystals, that compose 
materials with polycrystalline structure. Knowing this41, 
explain that where the number of defects is higher when 

Figure 5. Microhardness of the Al4.5wt%Cu alloy conventionally 
and unidirectionally solidified before and after 54, 76 and 91% of RA.
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compared with other regions of the plastically deformed 
metal, it is created preferentially sites for the occurrence of 
recrystallization nucleation. These regions contain “potential 
nuclei” or “embryos”, formed during PD. Another parameter 
to be considered is the uniformity of the microstucture. 
According to42,43, materials subjected to severe PD acquire 
heterogeneous microstructure. It favors nucleation and 
recrystallization due to the high energy stored in the 
microstructure due to strain hardening.

By observing the condition with 76% of RA, the 
unidirectional sample presented in the CuAl2 precipitates 
line, the appearance of small grains. Also, in the regions 
where there is absence of CuAl2 precipitates, the grains 
have developed with larger dimensions than the grains of 
the conventional solidified sample. Already for 91% of RA, 

both conditions presented new grains and CuAl2 precipitates 
distributted homogeneously along the matrix.

With respect to the recrystallization kinetics, as the 
recrystallization started at a temperature of 350 ºC for both 
conditions, the samples with the greatest RA (91%) were 
treated in times of 1, 5, 10, 15, 20, 30, 40, 50 and 60 minutes, 
in order to understand the kinetics of recrystallization and 
its relation to the microhardness values.

Figure 8 shows the micrographs of the recrystallization 
kinetics for the conventional sample. It was not observed 
the coexistence of new grains nucleation with recrystallized 
grains. This is due to the greater amount of energy stored 
in the microstrucutre of the conventional sample after cold 
work. The greater amount of grain boundaries causes a 
high concentration of dislocations and precipitates at these 

Figure 6. Micrographs of the Al4.5wt%Cu alloy conventionally and unidirectionally solidified after 54, 76 and 91% of RA and heat 
treatment of 250 and 300 ºC.
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Figure 7. Micrographs of the Al4.5wt%Cu alloy conventionally and unidirectionally solidified after 54, 76 and 91% of RA and heat 
treatment of 350 ºC.

Figure 8. Recrystallization kinetics at 350 ºC of the Al4.5wt%Cu sample with 91% of RA conventionally solidified.
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grain boundaries, which provides a more homogeneous 
distribution of energy, and a greater amount of nuclei to be 
formed. In the proportion that these grow up, more nuclei 
are deprived to be formed. In this case, only the migration 
of high angle contours and grain growth occurs, observed 
in the photomicrographs of Figure 8 from 5 to 60 minutes.

For the unidirectional sample, after 1 minute of heat 
treatment (Figure 9), recrystallization can be already observed 

as partial. This is due to the formation and migration of 
high-angle contours from pre-existing embryos. It is noted that 
the emergence of new grains occurs preferably in regions close 
to the grain boundaries. After 5 minutes, the unidirectional 
sample shows a large amount of new grains nucleation, as 
well as grains already recrystallized. The nucleation of new 
grains decreases with the heat treatment time (10, 15, 20, 
30, 40, 50 and 60 minutes). The recrystallized grains use the 
available thermal energy to increase their dimensions. This 
can be seen through the photomicrographs of the samples 
from 5 to 60 minutes.

Figure 10 indicates the microhardness values for the 
samples with 91% of RA conventionally and unidirectionally 
solidified. It can be seen that for both conditions, the time 
of 0 minutes of heat treatment presented the higher values 
of microhardness, because the samples were still in their 
original non-recrystallized state. With 5 minutes, after the 
recrystallization began, the microhardness decreases dramatically. 
From 10 to 15 minuts, the microhardness of both conditions 
remained practically the same, with the unidirectional sample 
presenting a slightly higher value than the conventional 
sample. Finally, from 15 to 60 minutes, the microhardness 
values continued practically the same for both conditions, but 
with the unidirectional samples presenting greater values than 
the conventional sample. It is explained due to the presence 
of CuAl2 precipitates within the grains of the unidirectional 
samples, that act as a reinforcement to the matrix.

Figure 9. Recrystallization kinetics at 350 ºC of the Al4.5wt%Cu sample with 91% of RA unidirectionally solidified.

Figure 10. Microhardness after recrystallization kinetics at 350 ºC 
of the Al4.5wt%Cu sample with 91% of RA conventionally and 
unidirectionally solidified.
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3.3.3 400 ºC
According to Figure 11, for the conventional samples 

with 54, 76 and 91% of RA, the evolution in the grain size 
is decrescent with the increase of the RA. Also, there is no 
expressive amount of small grains close to the precipitates. 
This is due to the fact that the precipitates are delimiting the 
grain boundaries. After cold work, the grains elongated in the 
direction of conformation together with the precipitates in their 
contours, so the amount of energy stored for the nucleation 
of new grains is practically the same in all regions. Also, 
no marked difference in grain size after the heat treatment 
exists, differently from the unidirectional sample.

For the unidirectional samples treated at 400 ºC, it is 
noted that the grain size for 54% of RA is comparatively 
much higher than the grain size of the samples submitted to 
76 and 91% of RA. This variation in the grain size is justified 
by the RA imposed on the material.

Authors such as41,44,45 explain that the greater is the 
deformation of the material, greater will be the nucleation of 
new grains. The cold working of metallic materials increases 
the stored energy on its microstructure, most significantly 
through an increased dislocation density in the crystal 
structures. This stored energy due to deformation in the form 
of crystalline defects is the driving force for recrystallization. 
It is possible to notice the formation of small nuclei close 
to the CuAl2 precipitates in all the unidirectional samples to 
different RA. As previously mentioned, grain and precipitate 
contours are sources of nucleation of new grains due to the 
anchoring of dislocations. In grain contour regions where 
CuAl2 did not precipitate, the nuclei that appeared did not 
encounter resistance and the growth of high-angle grains 
occured. However, the nuclei that were formed between 
the CuAl2 precipitates had limited growth due to the barrier 
created by the precipitates.

3.3.4 450 ºC
Through the analysis of the photomicrographs of 

Figure 12, it can be seen that to the conventional samples 
with 54 and 91% of RA, the second phase of CuAl2 is 
precipitated within the grains, while in Figure 12 to the 
conventional sample with 76% of RA, the precipitates are 
located at the grain boundaries. To the unidirectional samples, 
the microstructure for the three RA after heat treatment at 
450 ºC is completely replaced by new grains. The nucleation 
still occurs at the grain boundaries, but in a smaller fraction. 
Comparing Figure 12 to the unidirectional sample with 
91% of RA, with Figure 11 over the same condition, it is 
noted an increase in the grain size from 400 to 450 ºC.

As explained by46, the grain growth happens when a 
sorce of heat is applied in the material during a period of 
time. However, the extent of this grain growth depends of 
the microstructure nature. In pure metals and solid-solution 
alloys, the grains grow rapidly at elevated temperatures due 
to the absence of precipitates within the crystalline lattice, 
which restricts the movement of the grain boundaries. 
In the other hand, submicrometer grains may be retained 
to relatively high temperatures in materials containing a 
distribution of fine precipitates, such as Al–3%Mg–0.2%Sc 
alloy containing Al3Sc precipitates and Al-7034 Al–Zn– Mg 
alloy containing MgZn2 and Al3Zr precipitates.

3.3.5 Recrystallization curves
Figure 13 shows the microhardness of the Al4.5wt%Cu 

alloy solidified conventionally (Figure 13a) and unidirectionally 
(Figure 13b) after 54, 76 and 91% of RA. As observed 
in Figure 7, the recrystallization of the conventional and 
unidirectional samples began at the temperature of 350 ºC. 
However, while the conventional sample with 54% of RA 
presented total recrystallization, the unidirectional sample 

Figure 11. Micrographs of the Al4.5wt%Cu alloy conventionally and unidirectionally solidified after 54, 76 and 91% of RA and heat 
treatment of 400 ºC.
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with the same condition obtained only partial recrystallization. 
This happened because in the conventional sample, there 
is a homogeneity in the size of the grains, which are 
delimited by precipitates in their contours. Thus, in the 
sample with 54% of RA there was enough energy to occur 
the recrystallization.

From 350 ºC the microhardness starts to rise again for the 
three RA. However, observing the condition of 76% of RA, a 
value below of 54 and 91% of RA was obtained. This is due 
to the presence of CuAl2 precipitates within the grains of the 
samples with 54 and 91% of RA, as observed in Figure 12, 
while in the sample with 76% of RA, the presence of these 
precipitates within the grains was not noticed. This makes 
the microhardness values to be smaller.

Analyzing the Figure 13b, for the unidirectional samples, 
it can be observed at temperatures of 250 and 300 ºC that all 
of the samples decreased the microhardness value regardless 
of the percentage of RA. However, the temperatures of heat 
treatment were not sufficient to start the recrystallization. 
Since this decrease in the microhardness values is small, 
and in the micrographs of Figure 6 at 300 ºC there was 
no presence of new grains, it can be can concluded that at 
this temperature range, only the phenomenon of recovery 
occurred. At 350 ºC, the sample with 54% of RA presented 
partial recrystallization. However, the samples conformed 
at 76 and 91% of RA, there was recrystallization, being 
capable to obtain microhardness values of 42 and 46 HV, 
respectively.

3.3.6 CuAl2 precipitate density
Table 2 shows the density of precipitates at temperatures 

of 350 and 450 ºC. For a better understanding concerning to 
the increase of the microhardness values at the recrystallization 
temperatures of 350 to 450 ºC, image analysis was used to 
assess the density of CuAl2 precipitates. It was taken as a 
reference the center and the edge of each sample (Figure 14). 
According to Table 2, with the increase of the temperature, 
the density of precipitates also increases. This implies in 

Figure 13. Microhardness of the Al4.5wt%Cu alloy after 54, 76 and 
91% of RA solidified (a) Conventionally (b) Unidirectionally.

Figure 12. Micrographs of the Al4.5wt%Cu alloy conventionally and unidirectionally solidified after 54, 76 and 91% of RA and heat 
treatment of 450 ºC.

Table 2. Density of CuAl2 precipitates in the Al4.5wt%Cu alloy.

Solidification
CuAl2 precipitate density (%)

Edge Center
350 ºC 450 ºC 350 ºC 450 ºC

Conventional 6.27 7.23 6.14 6.85
Unidirectional 6.01 7.97 6.49 7.76
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Figure 14. Density of precipitates at 350 and 450 ºC for the Al4.5wt%Cu alloy conventionally and unidirectionally solidified.

a direct increment in the microhardness values, with the 
increase of the temperature of recrystallization.

Analyzing Figure 14, it is possible to note that the 
density of precipitates for the conventional sample at 450 ºC 
was higher at both edge and center, when compared to the 
samples treated at 350 ºC. The same behavior was observed 
for the unidirectional samples. This reinforces that the 

increase in the microhardness values of the conventional and 
unidirectional samples at temperatures above 350 ºC is due 
to the formation of a greater amount of CuAl2 precipitates. 
Also, according to the micrographs, the precipitates in the 
conventional samples are better distributed and refined than 
the unidirectional samples, that are presented more grouped 
and close to each other.
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3.3.7 Grain size analysis
To evaluate the grain size of the samples recrystallized at 

450 ºC, optical microscopy test was performed in the conventional 
and unidirectional samples with 54, 76 and 91% of RA. 
Figure 15 shows the results obtained. It can be seen that the 

conventional samples presented a small variability in the grain 
size with the various RA. However, in the unidirectional 
samples, there is greater variability in the grain size, due to 
the solidification process. In general, there is a decrease in the 
grain size values as the RA increases, for both conventional 
and unidirectional samples. It occurs due to the greater RA 
imposed in the cold working process, that creates a greater 
number of nuclei, which limits the grain growth.

3.3.8 Semi quantitative analysis of aluminum and 
copper in the matrix and precipitate

To evaluate the quantity by weight of the aluminum 
and copper elements, semi-quantitative x-ray analysis were 
used in the scanning electron microscope. The analysis were 
performed in the matrix and precipitate of both conventional 
and unidirectional samples. The values found are shown in 
Table 3. It can be seen that the matrix and the precipitates 
present values close to each other, with no significant 
diferences due to the solidification process.

3.3.9 Mapping of the unidirectional sample with 91% 
RA heat treated at 450 ºC

To assess the distribution of the chemical elements 
aluminum and copper in the Al4.5wt%Cu alloy matrix, a 
sample with 91% of RA unidirectionally solidified at 450 ºC 
was studied by mapping (Figure 16). Figure 16a shows the 
region of analysis. As it can be observed in Figure 16b, 
the copper is concentrated in the precipitates, due to the 
formation of the CuAl2 phase. Also, it is dispersed in the 
Al matrix (Figure 16c), as small precipitates or as a solid 
solution.

Figure 15. Grain size of the Al4.5wt%Cu alloy conventionally 
and unidirectionally solidified with 91% of RA and heat treatment 
of 450 ºC.

Table 3. Quantity by weight of aluminum and copper in the 
Al4.5wt%Cu alloy.

Solidification
Matrix (% wt) Precipitate (% wt)
Al Cu Al Cu

Conventional 96.1 3.9 64.5 36.5
Unidirectional 97.3 2.7 56.6 43.4

Figure 16. Al4.5wt%Cu alloy unidirectionally solidified with 91% of RA after heat treatment at 450 ºC and mapping analysis.
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4. Conclusions
The recrystallization study of the Al4.5wt%Cu alloy 

conventionally and unidirectionally solidified, deformed and 
heat treated have been studied. The results indicated that:

• The conventional and unidirectional samples 
cold-worked with 54, 76 and 91% of RA, recrystallized 
at temperature of 350 ºC. However, the unidirectional 
sample with 54% of RA obtained only partial 
recrystallization.

• In the study of the recrystallization kinetics, the 
conventional and unidirectional samples presented 
full recrystallization after 5 minutes of heat treatment 
at 350 ºC.

• For both conditions, there was an increase in the 
microhardness values after heat treatment from 
350 ºC to 450 ºC.

• The samples solidified conventionally and 
unidirectionally had close microhardness values   
after heat treatment of 450 ºC.

• There was a great variability in the final grain size 
for the unidirectionally solidified samples, which 
was not observed in the conventionally solidified 
samples.

• The CuAl2 precipitates were found well dispersed 
in the Al matrix for both solidification processes.
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