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Abstract: The mechanical properties and the fractured surfaces of commercial purity aluminum
modified by zirconium micro-additives were investigated by means of experimental examination.
A commercial purity Al specimen was used as a reference material and seven Al-Zr alloys in
the 0.02–0.14 wt.% Zr composition range (with 0.02 wt.% Zr step) were prepared by microalloying
methods. Optical microscopy was used to examine the microstructures and to calculate the grain sizes
of the prepared specimens. The phase assemblage diagrams were plotted and the relative amounts
of solid phases were calculated at room temperature using FactSage thermochemical software and
databases. Proof stress, strength coefficient and strain hardening exponent were measured from the
stress-strain curves obtained from tensile experiments and Charpy impact energy was calculated
for all specimens. The experiments showed that the grain size of commercial purity Al was reduced
by adding any Zr concentration in the investigated composition range, which could be due to the
nucleation of new grains at Al3Zr particle sites. Accordingly, the microhardness number, tensile
properties and Charpy impact energy were improved, owing to the large grain-boundary areas
resulted from the refining effect of Zr, which can limit the movement of dislocations in the refined
samples. The basic fracture mode in all specimens was ductile, because Al has an FCC structure and
remains ductile even at low temperatures. The ductile fractures took place in a transgranular manner
as could be concluded from the fractured surface features, which include voids, ridges and cavitation.

Keywords: grain refinement; mechanical properties; commercial purity aluminum; zirconium

1. Introduction

Characterizing the mechanical properties of metals and alloys is fundamental for
multiple technological applications. It is essential to depict the responses of structural
components to external mechanical loadings [1,2]. Of particular interest, the investigation
of titanium [3] and aluminum [4] alloys’ behaviors is essential, because they are broadly
used by the aerospace industry. Aluminum and its alloys are among the most in demand
engineering materials for structural applications in many industries, because of their
various positive attributes, such as high strength-to-weight ratio, good corrosion resistance
and excellent thermal and electrical conductivities [5]. Aluminum properties are governed
by the grain size, which is one of the important microstructural features as described by
the Hall–Petch [6,7] relationship. Fine-grained structures usually show high yield strength,
high toughness, good formability, improved machinability and uniform distribution of the
secondary phases [8,9]. One way to modify the Al grain structure is by introducing small
amounts of alloying elements, the so-called grain refiners, such as rare earth elements,
transition metals and binary alloys (Ti+B) [5,10]. The main role of the grain refiners is to
develop fine equiaxed Al solid solution (FCC_Al) grains in the cast structure either by
increasing the number of nucleation sites or by grain multiplications [11]. The addition of
transition metals, such as Zr [12], can modify the cast Al structure effectively by forming
the Al3Zr primary phase particles [13,14]. It has been reported that the grain refinement
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effect on the parent metal is often associated with peritectic systems [14,15]. According
to Murray et al. [16] and Wang et al. [17], FCC_Al solid solution solidifies from the liquid
by L + Al3Zr↔ FCC_Al peritectic reaction at 660.8 ◦C and 0.28 wt.% (0.083 at.%) Zr. The
maximum liquid solubility of Zr in Al was reported as 0.11 wt.% (0.030 at.%) Zr at 661
◦C [18]. The refinement occurs during the cooling of the primary phase crystals, which react
peritectically with the liquid. Upon further cooling, the peritectic reaction progresses and
transforms the primary crystals into secondary phase crystals, which then act as nuclei for
solidification of the remaining melt [15]. The role of the new nucleation sites is to block the
grain boundary or sub-boundary migration, which refine the cast grain structure [19,20].

The effect of Zr on the mechanical properties of commercial purity Al [12] and other
Al alloys [13,20–22] has been investigated. Gao et al. [12] found that addition of Zr with
0.2 wt.% to commercial purity Al refined the cast structure significantly by precipitating
L12 structured Al3Zr primary phase. Furthermore, the hardness and peak stress of Al-0.2Zr
alloy were increased by 20% and 15.6%, respectively, as compared to that of pure Al. By
adding ~0.12 wt.% Zr, Toschi et al. [13] noticed an increase in the tensile strength (TS) and
yield strength (YS) of age hardenable aluminum alloy containing magnesium and copper
(AA2618) at room temperature (by 7% and 22%, respectively) and after aging at 250 ◦C
(by 10% and 12%, respectively). The improved tensile properties were due to the presence
Al3Zr primary phase particles. In an attempt to stabilize the fine-grained structure and
improve the superplasticity behavior, Duan et al. [20] added 0.1 wt.% Zr to Al-Zn-Mg
alloys. Seyed Ebrahimi et al. [21] found that addition of 0.3 wt.% Zr to the new super
high strength Al–12.24Zn–3.25Mg–2.46Cu alloy decreased the average grain size by 20%
and enhanced the tensile strength, yield strength and elongation values by 34%, 25% and
1850%, respectively.

The abovementioned literature data showed that Zr has significantly improved the
microstructural features and mechanical behaviors of commercial purity Al and its alloys
due to the formation of Al3Zr primary phase. However, the wt.% Zr was varying from one
study to another. This work aims at investigating the effects of minor Zr additives in the
0.02–0.14 wt.% Zr range (with 0.02 wt.% Zr step) on the microstructure, microhardness, ten-
sile properties, and Charpy impact energy of commercial purity aluminum. Microalloying
technique was used to control the chemical composition of different Al-Zr alloys.

2. Materials and Methods

Commercial purity aluminum of about 99.8 wt.% was used as a reference material
and as a major component in the master alloys and microalloys. Seven microalloys with
different Zr concentrations (0.02, 0.04, 0.06, 0.08, 0.10, 0.12 and 0.14 wt.%) were prepared by
diluting the binary Al-5.73Zr wt.% master alloy in a commercial purity aluminum. The
chemical compositions of the commercial purity Al is listed in Table 1.

Table 1. Chemical compositions of commercial purity Al (wt.%).

Fe Si Mg Ti B V Zn Others 1 Al

Commercial
purity Al 0.11 0.05 0.004 0.004 0.0005 0.008 0.005 0.015 Bal.

1 Cu, Na and Mn.

The Al-5.73Zr wt.% master alloy was prepared by melting the predetermined quantity
of Al in a graphite crucible at 850 ◦C for 15 min with a cryolite flux on the melt top to
prevent oxidation. The furnace temperature was raised up to 1000 ◦C and a capsule of a
pure zirconium powder wrapped in an Al foil was added to the melt. The melt was stirred
for 30 s using a graphite rod and kept inside the furnace for another 5 min. The melt was
then poured in a brass die with a cylindrical cavity.

The microalloys were prepared similarly by adding the predetermined quantities of
Al and master alloy in a graphite crucible and melted at 800 ◦C for 15 min with the cryolite
flux. The melt was stirred for 30 s to enhance mixing the master alloy with the parent metal
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and solidified inside brass dies of two forms. The first form was a 10 mm diameter and
100 mm long cylinder for making the tensile test specimens according to ASTM 557-15 [23]
standard shown in Figure 1a. The other form was to prepare the 10 mm × 10 mm × 100
mm impact test specimens according to ASTM E23-18 [24] standard shown in Figure 1b.
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Figure 1. Standard test specimens (in mm) for (a) tensile and (b) impact experiments.

Slices from the prepared microalloys were taken using a slow cutting machine in order
to minimize heat generated during cutting process and to prevent any microstructural
changes. The slices were mounted in cold epoxy blocks, ground gradually from 240 up
to 1200 grit using SiC sand papers and polished using 1 µm diamond paste. The polished
specimens were chemically etched using a solution of 1.5% HF + 2% HNO3 + 1.5% HCl
+ 95% distilled water for 90 s and cleaned under running water to perform metallurgi-
cal examination. A Quanta 200 scanning electron microscope (SEM, FEI, Hillsboro, OR,
USA) equipped with an energy dispersive X-ray spectrometer (EDS) was used to deter-
mine the chemical composition of the master alloy and to examine the features of the
fractured surfaces.

Microhardness tests were carried out using a HWDM-3 Vickers hardness tester (TTS
Unlimited Inc., Kita-Ku, Osaka, Japan) equipped with a pyramid head indenter of 136◦

angle between each face and 100 g force. Seven different values were taken at different
locations on each specimen, from which the average HV number for each alloy was
determined. The grain sizes were measured according to the standard test methods for
determining average grain size using the intercept method (ASTM E112-13) [25]. Five
lines at different directions were used and the average grain size was determined for
each specimen.

Tensile properties were acquired using a 250 KN capacity universal testing machine
(Shimadzu, Kyoto, Japan) at a cross head speed of 10 mm/min. The tensile test was
performed on circular samples, shown in Figure 1a, with a gradual axial loading until
failure. The load-extension data were recorded by a data acquisition system in order to
evaluate true stress-strain data. The impact toughness was determined with a Charpy
impact test, also known as the CVN test [26]. The Charpy test allows an estimation
of the total impact work needed for crack initiation and the work necessary for crack
propagation from a V-notched specimen shown in Figure 1b. The energy absorbed versus
Zr concentration relationship was plotted.

3. Results and Discussion
3.1. Microstructure and Grain Size Analyses

The optical micrographs of the commercial purity Al and modified alloys with dif-
ferent Zr concentrations are shown in Figure 2. It can be seen that the microstructure of
reference material was dramatically changes by adding different Zr wt.% concentrations.
In Figure 2a, commercial purity Al shows a mixture of grain structures dominated by large
columnar grains. The columnar structure in Al was altered after adding Zr element and
other grain and sub-grain structures were formed. Figure 2b,c illustrate the microstructure
of Al-0.02Zr and Al-0.04Zr microalloys, respectively, which contain grains with determined
boundaries and internal sub-grains colonized by the main grain boundaries. The grain
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boundaries in Figure 2b are well defined and the sub-grain boundaries are small. On the
other hand, the main grain boundaries are less defined in Figure 2c due to the growth of
sub-grains. In case of Al-0.06Zr microalloy, it seems that the sub-grains grew more than
that in Al-0.04Zr microalloy and thus the Al columnar microstructure turned into large
equiaxed grains, shown in Figure 2d, due to the merge grains along boundaries. Figure 2e
shows a unique microstructure, differs than others, where the sub grains clustered within
the equiaxed primary grain structure after adding 0.08 wt.% Zr. The increased Zr concen-
tration leads to precipitate more of Al3Zr second phase upon cooling, which breaks the
coarse structure, seen in Al-0.06Zr microalloy, into smaller grains by nucleating several
sub-grains. Evidence of the refining effect of high Zr concentrations (up to 0.14 wt.%)
could be seen in Figure 2f–h. The grains are becoming more resistant to coarsening if the
diffusivity and solubility of the added metal are small [27]. Among the transition metals,
Zr has the smallest diffusion flux [28] and low solubility in Al.
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Figure 2. Micrographs of experimental aluminum alloys: (a) commercial purity Al, (b) Al-0.02Zr, (c) Al-0.04Zr, (d) Al-0.06Zr,
(e) Al-0.08Zr, (f) Al-0.10Zr, (g) Al-0.12Zr and (h) Al-0.14Zr.

The Al-rich side of the Al-Zr binary phase diagram in Figure 3 was calculated using the
FactSage thermochemical software and database [25] to better understand the relationship
between the alloy composition and the microstructure. The dashed lines represent the
composition of Al-Zr microalloys prepared in this study. It can be noted that Al3Zr forms in
0.10, 0.12 and 0.14 wt.% Zr microalloys during cooling when the solidification path crosses
the L + Al3Zr two-phase field. The amount of Al3Zr precipitates increase by increasing the
Zr concentration and thus more nucleation sites in the melt are expected. The remaining
liquid solidifies upon cooling, in the 550–661 ◦C temperature range, to form FCC_Al solid
solution according to L + Al3Zr↔ FCC_Al peritectic reaction. At room temperature, Al3Zr
solute particles precipitate from the super saturated FCC_Al solid solution and disperse in
FCC_Al matrix. This explains the formation of a uniform fine structures in 0.10–0.14 wt.%
Zr microalloys.
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The corresponding average grain size versus Zr wt.% concentration in commercial
purity Al relationship is plotted in Figure 4. The grain size of pure aluminum specimen
was measured by taking the equivalent diameter of equiaxed grains to be 160.3µm. It is
noted that the average grain size of commercial purity aluminum has been reduced after
0.02–0.14 wt.% Zr addition. The average grain size has dropped from 160.3 µm to 88.8 µm
after 0.02 wt.% Zr addition and then gradually increased up to 148.4 µm when 0.06 wt.%
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Zr was added. Another drop in the average grain size, down to 66.1 µm, was observed
after adding 0.08 wt.% Zr, which later gradually reduced down to 31.4 µm when 0.14 wt.%
Zr was added. Gao et al. [12] observed the grain refinement effect of Zr on Al when the
large Al dendrites were altered to fine equiaxed grains after adding 0.2 wt.% Zr.

Mahmoud et al. [29] added 0.1 to 0.3 wt.% Zr (with 0.05 wt.% Zr step) to pure Al
and found that the grain structure has been refined in the experimental range. However,
further Zr addition (>0.3 wt.%) slightly increased the average grain size, whereas excess Zr
addition did not show any considerable effect on the Al structure [29].
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Figure 4. Average grain size (µm) vs. Zr concentration plot.

It was reported by Rohrer [30] that precipitation of a second phase is one mechanism
that can occur to partition excess solute in the microstructure. The more solute on the grain
boundary increases the grain boundaries and thus finer grain structures may result. It is
mentioned earlier in this work that the maximum solid solubility of Zr in Al at 660.8 ◦C
was reported as 0.28 wt.%. However, the amount of Zr solute in Al reduces when the alloy
cools down to room temperature. Under such condition, the alloy becomes supersaturated
with Zr solute and Al3Zr primary phase precipitates peritectically [27]. The higher the Zr
concentration in the alloy contains the more Al3Zr phase particle precipitates.

Table 2 summarizes the relative amounts of solid phases (in gram) for each microalloy
composition at room temperature. The primary Al3Zr phase serves as an effective het-
erogeneous nuclei for Al and refine the grains, because of the lattice parameter mismatch
between L12 structured Al3Zr and FCC_Al matrix [31].

Table 2. Relative amounts of the solid phases in the studied alloys at room temperature (wt.%).

Microalloy FCC_Al Al3Zr

Al-0.02Zr 99.962 0.037 (7)
Al-0.04Zr 99.925 0.075 (4)
Al-0.06Zr 99.887 0.113 (2)
Al-0.08Zr 99.849 0.150 (9)
Al-0.10Zr 99.811 0.188 (7)
Al-0.12Zr 99.774 0.226 (4)
Al-0.14Zr 99.736 0.264 (2)

The FactSage thermochemical software and database [32] was also used to calculate
the relative amounts of solid phases (in gram) through plotting the phase assemblage
diagram for each microalloy composition as illustrated in Figure 5.

It is important to mention that the phase assemblage diagrams are also used to
determine the phase formation and/or decomposition temperatures. For instance, FCC_Al
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decomposes at 410, 470, 500, 530, 550, 570 and 580 ◦C to form Al3Zr solid phase in Al-0.02Zr,
Al-0.04Zr, Al-0.06Zr, Al-0.08Zr, Al-0.10Zr, Al-0.12Zr and Al-0.14Zr microalloys, respectively.
The jumps in Al3Zr amounts appeared in Figure 5a, at 650–700 ◦C temperature range,
correspond to Al-0.12Zr and Al-0.14Zr microalloys and represent the precipitation of Al3Zr
phase from liquid in the Liquid + Al3Zr two-phase field. The amount dropped down to
zero again, because both Al3Zr and the remaining liquid were consumed to form FCC_Al
solid solution by the Liquid+Al3Zr↔ FCC_Al peritectic reaction. The uniform dispersion
of Al3Zr solid particles in the liquid explains the occurrence of fine equiaxed grains shown
in Figure 2g,h.
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3.2. Microhardness Analysis

Figure 6 shows the average microhardness number for commercial purity Al and
Al-Zr microalloys. The values varied from one composition to another, which clearly show
an increasing trend with increased Zr concentration. It is remarkable that the microhard-
ness numbers are inversely proportional to the grain size results, illustrated in Figure 4,
where the hardness increases with decreasing the grain size. The average microhardness
number obtained for pure Al was about 26.1 HV and increased up to 30.7 HV for Al-0.14Zr
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microalloy. In the work of Souza et al. [33], the microhardness number of both cast 0.22
and 0.32 wt.% Zr alloys was about 25.5 HV and increased up to 30 and 40 HV, respectively,
after aging for 10 h. The alloys in the current work were slowly cooled in a brass die and
thus aging was highly probable to occur.
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The improved microhardness of Al-Zr microalloys stems from the formation of ther-
mally stable second phase on the grain boundaries such as Al3Zr [34]. The chemical driving
force for Al3Zr precipitation becomes higher for alloys with high Zr concentrations, because
they have high solute contents as discussed in Section 3.1. The microhardness number may
also increase due to the increased grain boundary areas in Al-Zr microalloys, which can
limit the movement of dislocations in the refined samples [11,21].

3.3. Tensile Characteristics

The mechanical behaviors of commercial purity aluminum and Al-Zr microalloys are
presented by the calculated true stress-true strain curves in Figure 7. Accordingly, the proof
stress at 0.2% strain and mechanical behavior parameters, i.e., strength coefficient (k) and
strain hardening exponent (n), were derived from the tensile experiments for all examined
specimens and summarized in Table 3. The error percentages in the tensile properties could
be due to the structural defects in commercial purity Al or due to the inhomogeneous
distribution of the fine particles in Al-Zr microalloys.

The proof stress of all Al-Zr microalloys increased from 19.67 to 48.18 MPa as com-
pared to 16.87 MPa for commercial purity aluminum. The increased proof stress value is
attributed to the presence of Zr in all microalloys. With reference to the phase assemblage
diagrams (Figure 5), the amount of Al3Zr phase increases directly with the increase of Zr
concentration in the microalloys, which has a notable effect on the mechanical properties.
The formation of nanosized Al3Zr particles within the FCC_Al matrix plays a significant
role in blocking the dislocations’ movement under mechanical loading [12]. Hence, the
strength of Al-Zr microalloys increases with increased Zr concentration. Although Zr-
0.06Zr microalloy showed higher proof stress value of 19.67 MPa as compared to 16.87 MPa
for commercial purity aluminum, its value still lower than that of Al-0.02Zr and Al-0.04Zr
microalloys, which is about 29.32 and 28.27 MPa, respectively. The improved mechanical
performance of Al-0.02Zr and Al-0.04Zr microalloys could be attributed to the smaller
average grain sizes of about 88.8 and 112.6 µm, respectively, as compared to 148.4 µm for
Al-0.06Zr microalloy.
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The contribution of grain size to the improved mechanical properties can be expressed
by Hall-Petch relationship [6,7]:

σy = σo +
(

ky × d−0.5
)

, (1)

where, σy is the yield stress, σo is the material constant for the dislocation movement
at the starting stress, ky is the material strengthening coefficient and d is the average
grain diameter. In accordance to Hall-Petch relationship, the addition of Zr improved the
mechanical properties of commercial purity Al as shown in Figure 7.

Table 3. Mechanical behavior parameters as extracted from the tensile experiments for all exam-
ined specimens.

Material Proof Stress (σ0.2)
MPa

Strain Hardening
Exponent (n)

Strength Coefficient (k)
MPa

Pure Al 16.87 ± 9.6% 0.318 75.60
Al-0.02Zr 29.32 ± 5.1% 0.251 99.04
Al-0.04Zr 28.27 ± 7.0% 0.260 97.79
Al-0.06Zr 19.67 ± 6.1% 0.304 81.26
Al-0.08Zr 32.63 ± 8.4% 0.232 102.42
Al-0.10Zr 36.14 ± 7.3% 0.256 128.08
Al-0.12Zr 48.18 ± 4.6% 0.211 135.08
Al-0.14Zr 47.74 ± 3.3% 0.267 169.94

The strain hardening exponent (n) and strength coefficient (k) were calculated from ln
σ vs. ln ε curves for all examined specimens. It is important to mention that ln σ vs. ln ε
curves for all specimens were plotted in the plastic deformation region to fulfill Hollomon’s
equation, which is a power law relating the true strain to the true stress [11] as follows:

σT = kεn
T , (2)

where, σT is the true stress, k is the strength coefficient, εT is the true strain and n is the
strain hardening exponent. It can be noticed from Table 3 that both n and k numbers are in
compatible trends to the yield strength values. The increased strain hardening exponent
values for all microalloys could be attributed to the decreased average grain size, which
dramatically influenced the mechanical behavior of the Al-Zr microalloys. The value of n
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indicates the capability to uniformly distribute the deformation. In other words, n evaluates
the strain- hardening capability of the material [35].

3.4. Fractography Analysis of Tensile Specimens

The fractured surfaces of tensile specimens and their features were observed using
SEM as shown in Figure 8. The basic fracture mode in all specimens is ductile, because Al
has an FCC structure and remains ductile even at low temperatures. The ductile fracture
took place in transgranular manner, which can be recognized by the flat surfaces of the
specimen halves after fracture. This type of fracture occurs by void coalescence of a
polycrystalline material during tension experiment [36]. The presence of ridges (stepped
structure) are evident of crack propagation under progressive tensile loading and indicates
the material resistance to failure upon loading. The hollow points (voids) are usually form
at the locations of the second phase particles, i.e., Al3Zr, in Al-Zr microalloys specifically.
The crack-like voids are formed by the grain-boundary cavitation, by which a full grain is
detached from the observed surface along its boundaries during the tensile test.
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3.5. Impact Fracture Analysis

The fracture toughness of a material is generally represented by its Charpy impact
energy, which is a high strain-rate test (1× 10−3—1× 10−4 s−1) that determines the amount
of energy absorbed by a material during fracture [26]. The bar chart in Figure 9 is the Charpy
impact energy plotted for commercial purity Al and Al-Zr microalloys. The measured
impact energy increased steadily from 36.6 J for commercial purity Al to 41.2, 47.09, 43.19,
46.11, 49.05, 51.99 and 47.07 J for Al-Zr microalloys containing Zr concentrations from
0.02 wt.% to 0.14 wt.% (with 0.02 wt.% Zr step), respectively. The increase in the impact
energy was not significant and this could be due to alloying of commercial purity Al with
minute Zr additions. It is highly recommended that the improvement in the fracture energy
was due to the formation of Al3Zr particles in Al-Zr microalloys, which also played a
significant role in initiating new nucleation sites to refine the coarse Al grains.

Miyahara et al. [37] reported that the validated impact energy was independent of
the grain size in alumina, whereas, Tarpani and Spinelli [38] plotted a direct relationship
between Charpy impact energy and equivalent grain size, by which the fracture energy
increases with increasing grain size. The relationship [38] was extracted indirectly from the
effect of annealing temperature on the equivalent grain size, which in turn improved the
fracture toughness of the material. In the current work, the purpose of grain refinement of
commercial purity Al was to improve its mechanical properties and thus the specimens
were not heat treated. The grains of commercial purity Al were refined by adding Zr inclu-
sions, as discussed earlier in this work. Figure 10 shows an inverse relationship between
the Charpy impact energy and average grain size for the examined specimens. In this
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case, the impact energy is inversely proportional to the grain boundary area that provide
prominent resistance to impact fracture due to the increased number of dislocations.

In fact, the fracture energy is lowered if yield strength heightens for the same mate-
rial [39]. However, in the current experiments, the chemical composition of the reference
material is different than that of the microalloys. Thus, the Al-Zr microalloys lead to both
high yield strength and high fracture energy as could be concluded from Figure 10.
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Figure 9. Charpy impact energy for commercial purity Al and Al-Zr microalloys.
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Figure 10. Charpy impact energy and proof stress for commercial purity Al and Al-Zr microalloys as
functions of grain size.

4. Conclusions

In this work, the mechanical properties of commercial purity aluminum modified
by Zr micro-additives have been investigated. The experiments showed that addition
of Zr in the 0.02–0.14 wt.% composition range has reduced the grain size of commercial
purity aluminum from 160.3 µm down to 31.4 µm for Al-0.14Zr microalloy, due to the
formation of Al3Zr particles which served as nucleation sites for the growth of new grains.
The relative amount of Al3Zr was calculated at room temperature as 0.0377–0.2647 wt.%
for Al-Zr microalloys using FactSage thermochemical software and databases. As a result
of this reduction, the microhardness number was improved due to the improved solute
content with increased concentrations of Zr. The inverse relationship between the average
grain size and Charpy impact energy indicated that the resistance to fracture was due
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to the increased grain boundary areas in the microalloys. Both Charpy impact energy
and proof stress were improved as a result of increased number of dislocations in the
fine-structured specimens. The presence of voids, fracture ridges and cavitation on the
fractured surfaces were evidences that failure mode was ductile fracture in all examined
specimens. Furthermore, the ductile fracture took place in a transgranular manner as could
be noticed from the flat nature of the fractured surfaces.
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