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a b s t r a c t

The effect of Zn addition on the as-cast microstructures, mechanical properties and dry sliding wear
behavior of Al-2wt%Mg-Zn alloys is investigated in this study. Two Al-Zn-Mg ternary alloys, with 5% and
8% Zn contents and 2wt% Mg, were developed: 752 alloy (Al-5wt%Zn - 2wt%Mg) and 782 alloy (Al-8wt%
Zn-2wt%Mg). Unidirectional vertical upward solidification experiments were performed using a metallic
water-cooled mold instrumented by thermocouples. Samples extracted along the length of the resultant
ingots were characterized by optical microscopy (OM), scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), and X-ray diffraction (XRD), and mechanical properties were analyzed by
hardness, microhardness, tensile and dry sliding wear tests. The results showed that the microstructures
for both alloys are composed of an a-Al dendritic matrix and MgZn2 and Al2Mg3Zn3 interdendritic
precipitates. An experimental equation is derived relating the secondary dendrite arm spacing (l2) to the
solidification cooling rate (Ṫ). Experimental relationships show that both Brinell Hardness (HB) and
ultimate tensile strength (UTS) increased with the decrease in l2. The wear resistance is shown to in-
crease with the increase in the alloy Zn content and with the decrease in l2. A correlation between wear,
hardness and ultimate tensile strength was proposed, in which wear decreases with the increase in both
HB and UTS. The observed wear mechanism is shown to be abrasive for all examined alloys and
experimental conditions.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The uses of aluminum alloys in industry is varied and diverse
and based in important intrinsic characteristics such as weight
reduction, physical-chemical properties, ease of manufacture and
application to shapes and components. Such features make
aluminum alloys especially interesting for use in the automotive
and aeronautic industries. In addition to these features, tribological
characteristics are equally important. Despite several applications
of aluminum alloys in engineering, most of these alloys are utilized
in the wrought condition due to their better mechanical and
physical-chemical responses. However, the requirement to reduce
energy consumption in the manufacturing processes has enlarged
the attention concerning the use of components and parts in the as-
cast condition, decreasing manufacturing steps and production
costs.
antos).
Many studies have reported the effect of as-cast structures, such
as grain size, columnar and equiaxed structures, the presence of
intermetallic/precipitate particles, and cellular and dendrite mi-
crostructures, on the mechanical properties, mainly in aluminum-
based alloys [1e6]. The tribological aspects are also investigated,
specialty to establish correlations betweenmicrostructure features,
solidification conditions and wear characteristics. Many researches
are concentrated on anti-friction binary alloy systems, as Al-Pb, Al-
Bi, Al-Sn and Al-Sb, while other are focused on ternary and qua-
ternary systems, as Al-Pb-Cu, Al-Pb-Sn-Cu, Al-Pb-Sn-Si [7e9]. In
the case of pure aluminum, the wear resistance increases with
decrease in grain size and with increase in hardness, following the
Hall-Petch equation [10]. With the absence of second phases, the
main mechanism permitting the mechanical strength to be
enhanced is that associated with the increase in density of grain
boundaries, which act as barriers to the dislocation motion during
plastic deformation. To obtain additional mechanical strength for
pure metals, different microstructural refinement techniques are
being used to produce nanoscale structures, as the production of
thin films by radio frequency magnetron sputtering [11], and the
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Table 1
Chemical composition of the 752 and 782 alloys (wt%).

Alloys Zn Mg Cu Mn Fe Cr Ni Si Al
752 5.03 2.03 0.006 0.010 0.15 0.01 0.0021 0.07 Balance
782 8.17 2.08 0.003 0.007 0.16 0.01 0.0049 0.06 Balance

Fig. 1. Schematic representation of: (a) unidirectional furnace; and (b) metallic mold.
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development of materials by hot isostatic pressing of metallic
powders subjected to severe plastic deformation by high-energy
ball milling process [12,13]. In the case of alloys, the wear
behavior depends on the refinement of the structure and on the
presence of second phases and/or particles in the interdendritic or
interphase regions. When hard particles are present in the inter-
dendritic regions, the refinement of the dendritic arm spacing
improves the wear resistance. In contrast, in the case of soft par-
ticles, as bigger and more concentrated the softer particles in the
interdendritic areas, better is the wear resistance. In these cases,
the wear behavior is associated with the characteristics of the
interdendritic phases distributed throughout the microstructure,
mainly when considering reinforcement and anti-friction phases
[14e17].

To reduce manufacturing steps, additive manufacturing tech-
niques by selective laser sintering or melting (SLS/SLM) of metal
Fig. 2. Schematic representation of the directionally solidified ingot and sa
powders have attracted the interest of researchers and manufac-
turers in recent years [18]. These processes permit near-net-shape
3D parts with complex geometry to be obtained with lower costs,
higher flexibility, with the desired features located along different
regions of the components. However, aspects related to the
microstructure formation and the resulting mechanical properties
due to the layer-by-layer method are still in progress, mainly when
considering the conditions of solidification during the metal
printing process. The most common alloys processed by SLM are
pure iron, stainless steel, tool steels, and non-ferrous alloys such as
titanium, nickel, cobalt and aluminum base alloys [19]. Despite the
problems related to processing aluminum alloys by SLM, such as
high reflectivity, high surface oxide film formation and high ten-
dency to crack formation, researches have shown promising results
with Al-Si and Al-Si-composites alloys [20e22], correlating the
microstructure with mechanical properties, wear and corrosion
mples/specimens extracted for metallography and mechanical testing.



Fig. 3. (a) Experimental cooling curves, and (b) Al-2wt%Mg-Zn partial pseudo-binary diagram calculated by a computational thermodynamics software.
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resistances. The refined structure obtained with these alloys using
the SLM process has improved the aforementioned aspects,
strengthening the importance of understanding the relationship
between solidification conditions, microstructure formation and
final properties. Nowadays, the challenge is to spread on this pro-
cess to other aluminum-based alloys, in special for Al-Zn-Mg alloys,
due to their high strength, age-hardening ability and engineering
applications [23e25].

Although there are studies on wear characteristics of Al-based
alloys, the lack of information regarding as-cast Al-Zn-Mg alloys
with different Zn contents, and the possibility of replacing wrought
alloys containing copper by as-cast alloys without copper, permit-
ting cost reduction and enhanced mechanical properties, have
motivated the present study. The present work aims to evaluate the
effects of Zn additions to an Al-2wt%Mg alloy on the as-cast mi-
crostructures, mechanical properties (hardness, tensile strength)
and dry sliding wear behavior. Relationships between microstruc-
ture features, mechanical properties and wear characteristics are
envisaged.

2. Experimental procedure

The Al-Mg-Zn alloys were prepared using commercially pure
aluminum (>99.5% purity), pure zinc (>99.7% purity) and pure
magnesium (>99.9% purity), which were melted into a silicon
carbide crucible covered with a boron nitrite coating and using an
electric resistance furnace (melt temperature about 740 �C). After
melting, samples were extracted to confirm the alloys chemical
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compositions by optical emission spectrometry (OES). The average
values of six measurements in each alloy, labeled as 752 and 782,
are shown in Table 1. Thermal analyses by CCA (Cooling Curve
Analyzes) were carried out to determining the Liquidus (TL) and
Solidus (TS) transformation temperatures of each alloy.

An electric resistance vertical furnace having two heating zones
independently controlled (Fig. 1a), was used for the unidirectional
solidification experiments. A SAE 1020 steel mold, containing the
Fig. 4. (a, b) Cooling curves of the 752 and 782 alloys, (c) tip growth rate - VL, (d) liquid ther
the directionally solidified ingots.
molten alloy, was cooled at the bottom by awater flow rate of about
15± 0.1 L/min (Fig. 1b), thus permitting upward directionally so-
lidified castings to be obtained. Type K thermocouples (1.6mm
diameter) located at different positions in the casting with respect
to the bottom of the mold (Fig. 1b) were used to monitor the
thermal responses during solidification by a data acquisition sys-
tem. For each alloy, two identical solidified ingots (height: 75mme

diameter: 110mm, weight: 1.9 kg) were obtained: one for thermal
mal gradient e GL, and (e) tip cooling rate - Ṫ as a function position along the length of



Fig. 5. Macrostructures and chemical compositions along the length of the: (a) 752, and (b) 782 alloys ingots.
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and metallographic analyzes, and one for mechanical testing. For
both alloys, the cooling systemwas started when the melt achieved
a temperature at about 720 �C.

The solidified ingots were cut into longitudinal and transversal
sections to extract samples for chemical and microstructural
characterization by optical microscopy (OM), scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), X-
Fig. 6. SEM images and EDS analyses of: (a) 752 and (b) 782 alloys microstructure
ray diffraction (XRD) and appropriate specimens to undergo me-
chanical tests such as hardness, microhardness, tensile and wear
testing, as recommended by ASTM E 10, ASTM E 384, ASTM E 8, and
ASTM G 99 Standard Test Methods [26e29].

For macrostructural analyzes, the modified Keller's reagent (10%
HF, 60% HCl, 20% HNO3 and remaining distilled water) was used for
etching, whereas the fluoride acid (5% HF in distilled water) was
s of longitudinal section of samples at 6mm from the bottom of the casting.



Fig. 8. Evolution of the secondary dendrite arm spacing (l2) as a function of cooling
rate along the length of the 752 and 782 alloys ingots. R2 is the coefficient of
determination.

B.P. Reis et al. / Journal of Alloys and Compounds 764 (2018) 267e278272
used for revealing the microstructure using standard metallo-
graphic techniques [30,31]. Fig. 2 shows a schematic representation
of the directionally solidified ingot with indications of samples for
metallography, and specimens extracted for mechanical testing.

For hardness and wear tests, 20mm thick discs were cut from
transverse sections of the directionally solidified ingots. Brinell
hardness measurements were made on both faces of the discs (five
measurements for each face), and Vickersmicrohardness tests were
performed on both the matrix and the phases of the alloys. After
that, the pin-on-disc method, as suggested by the ASTM G99
Standard [29], was used to simulate wear tests under dry sliding
contact. Alumina ceramic balls (>96% Al2O3 e 1500 HV) with a
diameter of 10-mmwere used, because there was no metallurgical
compatibility between the pin and the discs [32]. The applied load
was 14.7 N at 1.8m/s sliding speed and 1000m of total sliding
distance for all tests carried out. Before wear tests, the discs were
machined to a 112mm diameter and ground on both faces with
#100, #220, #320, #400, #600, and #1200 sandpapers, resulting in
a superficial roughness <0.8mm. Both faces were dedicated to
tests. Before each test, the discs were cleaned in an ultrasonic bath
for 10min using ethanol, and then dried using a hand-held hot-air
device. The wear track width (mm) and volume loss (mm3) were
analyzed for each 100m of sliding distance, at 8 locations posi-
tioned 45� from each other. All wear-track widths were examined
using an optical microscope with a 0.01mm resolution measure-
ment system. The disc volume loss (Vdisc) and the wear coefficient
(k) were determined using Equation (1) [29] and the Archard
Equation (2) [33,34], as given by:

Vdisc ¼ 2$p$R
�
r2$sen�1

� w
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�
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where R is thewear-track radius (mm), r is the pin end radius (mm),
w is the wear-track width (mm), H is the disc Brinell hardness, L is
the normal applied load (kgf) and S is the sliding distance (mm). For
tensile testing, four specimens were extracted from each selected
transverse section, as shown in Fig. 2.
Fig. 7. XRD patterns of the 752 and 782 alloys.
3. Results and discussion

3.1. Solidification and structures

Thermal analyzes were performed with each examined alloy to
obtain cooling curves near to equilibrium conditions with a view to
permitting the Liquidus and Solidus temperatures of each alloy to be
determined. The alloys were poured into a special rectangular sand
mold (25mm� 25mm� 75mm), which permits low cooling rates
(<15

�
C/min) to be attained during solidification. The temperatures

corresponding to the solidification range of the alloys are shown in
Fig. 3a. For the 752 alloy, the Liquidus temperature (TL) was deter-
mined at 637 �C (e) and the Solidus temperature (TS) at 598 �C,
while the 782 alloy had the experimental value of TL at 629 �C and
that of TS at 582 �C. These values agree with those observed in the
study reported by Acer et al. [35] with an Al-5.5wt%Zn-2.5wt%Mg
alloy. Simulations were also performed using a computational
thermodynamics software to determine the Al-2wt%Mg-Zn
pseudo-binary phase diagram, as shown in Fig. 3b. The results of
TL and TS for the 5wt%Zn and 8wt%Zn in Fig. 3b are quite close to
those experimentally determined, and the slight differencesmay be
attributed to the trace elements in the composition of both alloys,
as shown in Table 1.

According to the calculated Al-2wt%Mg-Zn pseudo-binary phase
diagram, the solidification path of the 752 Alloy is: L / (a-Al þ L)
/ (a-Al) / (a-Al þ h0-Al3Mg2.5Zn3.5) / (a-Al þ h0-
Al3Mg2.5Zn3.5 þ t-Al2Mg3Zn3) / (a-Al þ t-Al2Mg3Zn3 þ C14-
LAVES: MgZn2), while the 782 Alloys presents the following solid-
ification path: L/ (a-Al þ L)/ (a-Al)/ (a-Al þ t-Al2Mg3Zn3)/
(a-Al þ h0-Al3Mg2.5Zn3.5)/ (a-Al þ h0-Al3Mg2.5Zn3.5 þ C14-LAVES:
MgZn2) / (a-Al þ C14-LAVES: MgZn2).

The cooling curves acquired during upward unidirectional so-
lidification of the 752 and 782 alloys ingots are shown in Fig. 4a and
b. They represent the thermal evolution at six specific positions
along the length of the ingot where the thermocouples (TC) were
strategically located at different positions (P) from the cooled
bottom (TC1 - 6mm, TC2 - 12mm, TC3 - 18mm, TC4 - 24mm, TC5 -
30mm, TC6 - 50mm). Using the cooling profiles, solidification
thermal parameters as solidification velocity or tip growth rate (VL),
liquid temperature gradient (GL) and tip cooling rate (Ṫ) were
determined. VL was calculated by the dP/dt derivative of a P¼ f(t)
function, which is determined by considering the time (t) associ-
ated with the passage of the Liquidus isotherm by each thermo-
couple position (P), GL by the relation between the tip growth rate



Fig. 9. (a) Brinell hardness, (b) ultimate tensile strength, and (c) elongation as a
function of secondary dendrite arm spacing (l2) along the length of the of the 752 and
782 alloys ingots. R2 is the coefficient of determination.
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and cooling rate (GL¼ Ṫ/VL), and Ṫ by the time-derivative of the
cooling curve (dT/dt) immediately ahead the Liquidus temperature.
Experimental expressions were obtained for VL¼ f(P), GL¼ f(P) and
Ṫ¼ f(P), as shown in Fig. 4c, d and e.

As can be observed in Fig. 4, the solidification conditions for the
752 alloy indicated higher tip growth rates and slightly lower tip
cooling rates profiles as compared to the corresponding values of
the 782 alloy. This demonstrates that the increase in the alloy Zn
content does not induce significant differences in the cooling rate
profiles, which are very close for both alloys. For transient solidi-
fication conditions the cooling rate synthesizes the thermal
gradient (GL) and the growth rate (VL), which are interdependent
and vary freely in time, that is Ṫ ¼ (GLVL). If the growth rate profile
is lower for the 782 alloy, due to lower Liquidus temperature and
differences in thermophysical properties, then the GL profile of such
alloy has to be higher than that of the 752 alloy, thus making the
cooling rates profiles of both alloys to be quite close, as shown in
Fig. 4e.

The solidification macrostructures of the ingots are presented in
Fig. 5, and it can be observed they are predominantly columnar in
the regions where the thermocouples were positioned, with the
grains aligned along the heat flow path. The chemical composition
using OES analyzes performed on each position along the ingots
have demonstrated that Zn and Mg content variation is insignifi-
cant (<2%). For the 752 alloy (Fig. 5a), a columnar to equiaxed
transition is noted at approximately 70mm from the metal/mold
interface. An aligned columnar structure is also observed for the
782 alloy (Fig. 5b), and the columnar to equiaxed transition
occurred about 65mm from the bottom of the ingot. Finer grains
are observed as compared to those of the 752 alloy. This seems to
occur due to the higher Zn content of the 758 alloy, which favors
structure refining and columnar-to-equiaxed transition [36e39].

Scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDS) were used to identify the phases and pre-
cipitates on both alloys. Fig. 6a presents the results obtained for the
752 alloy, where it is possible to identify the a-aluminum matrix
(grey areas), and two precipitates (white areas). According to Lim
et al. [40] and Raghavan [41], these precipitates in the as-cast mi-
crostructures are the intermetallics C14-LAVES (MgZn2) and t
(Al2Mg3Zn3). Vickers microhardnesses of matrix and precipitates
are also indicated in Fig. 6. The equilibrium phase diagram of Fig. 3b
indicates the presence of the a-Al þ t phase þ C14-LAVES phase at
25 �C. However, similar analyzes for the 782 alloy (Fig. 6b) have
permitted to identify the same precipitates, although the equilib-
rium phase diagram does not indicate the presence of the t phase at
25 �C, and this seems to be caused by the non-equilibrium solidi-
fication conditions of the experiments of the present study. In both
alloys, an interdendritic mixture composed of a-Al þMgZn2 can be
observed (bottom right-side images), which is in agreement with
the results reported by Acer et al. [35]. A visual comparison shows
that the size and distribution of MgZn2 and Al2Mg3Zn3 precipitates
increased with the increase in the Zinc content, as well as with the
distance from the heat-extracting surface of the castings (bottom of
the casting). As seen in Fig. 6, the shape of the t precipitate is
predominantly irregular and faceted, while the a-Al þ MgZn2
microconstituent consists in an intermixed network.

Fig. 7 shows the XRD patterns of the 752 and 782 alloys. The
results confirm that the microstructures of both alloys consist of an
a-aluminum matrix (face-centered cubic crystal structure) with
MgZn2 (hexagonal crystal structure) and Al2Mg3Zn3 (cubic crystal
structure) precipitates. As the alloy Zn content increases, the vol-
ume fraction of the MgZn2 phase increases, while the Al2Mg3Zn3
phase increases with the increase in the Mg content. These results
agree with those reported in the literature for Al-Zn-Mg alloys with
different Zn and Mg contents [42e45].



Fig. 10. Wear-track width as a function of sliding distance of: (a) 752, and (b) 782 alloys samples.

Fig. 11. Comparison of the wear coefficient as a function of sliding distance at 12mm
and 50mm distance from metal/mold interface for both examined alloys ingots.

Fig. 12. (a) Wear coefficients as a function of: (a) Brinell hardness (HB) and ult
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An a-Al matrix having a predominant dendritic morphology can
be observed along the length of both alloys ingots. The secondary
dendrite arm spacings (l2) weremeasured using a specific software
coupled with an optical microscope (20 measurements for each
position), and the results as a function of the tip cooling rate (Ṫ) are
presented in Fig. 8. The microstructures corresponding to the
thermocouple positions (TC1 e 6mm and TC6 e 50mm) are also
shown inside the graph. The experimental results are represented
by the points, and the best fitted curve to the experimental points
has been obtained by regression analysis and is represented by the
dashed line. As can be observed, l2 increases with the decrease in Ṫ
for both alloys, and the experimental trend of both alloys can be
expressed by a single equation.
3.2. Mechanical properties

The results of tensile and hardness tests are presented in Fig. 9.
Fig. 9a shows Brinell hardness (HB) variation as a function of the
secondary dendrite arm spacing (l2) along the length of the 752
and 782 alloys ingots. It can be seen that HB decreases from the
cooled bottom toward the top of the directionally solidified ingots,
that is the lower l2 the higher HB. Similar behavior is associated
imate tensile strength (UTS); and (b) secondary dendrite arm spacing (l2).
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with the ultimate tensile strength (Fig. 9b). The alloys ductility,
represented by the elongation to fracture, have also a similar trend,
with the elongation increasing with the decrease in l2 (Fig. 9c).
However, the 752 and 782 alloys showed different tendencies, with
the former exhibiting higher ductility for a given value of l2, that is,
the increase in the alloy Zn content is shown to be detrimental to
ductility. This seems to be associated with the increase in the vol-
ume fraction of theMgZn2 phase, which increases with the increase
in the alloy Zn content. In general, the increase in hardness and
strength values is caused by the refinement of the dendritic array
and is strongly linked to the more homogeneous distribution of
second phases and other obstacles in the interdendritic regions to
the displacement of dislocations during the slip process of the
dendritic matrix, mainly in the as-cast non-ferrous alloys [46e56].
The ultimate tensile strength and hardness values obtained for both
alloys are quite superior to those reported in the study by Acer and
collaborators [57] with an Al-5.5Zn-2.5Mg alloy in the as-cast
condition, mainly when considering higher Zn content that in-
creases the volume fraction of the MgZn2 phase and induces an
interdendritic refinement, as discussed in section 3.1. In compari-
son with alloys containing Cu, the results are moderately smaller
than those reported by Isadare et al. [58] for a 7075 alloy in the as-
cast condition. However, when considered the 782 alloy, the results
obtained in the present work are similar to those in the annealing
condition. This indicates that the 782 alloy can be used to replace
alloys with Cu addition in some applications, in special when the
solidification conditions can be programmed with a view to
permitting refined microstructures to be obtained. The equations
presented in Figs. 8 and 9 can be applied to estimate these me-
chanical properties as a function of the secondary dendrite arm
spacing and cooling rates, following the formalism presented by the
Hall-Petch equation.

Fig. 10 shows wear-track width for both alloys until 1000m
sliding distance. The maximum Hertzian contact pressure calcu-
lated considering the elastic modulus and Poisson's ratio of the
alloys (E¼ 70GPa and n¼ 0.32) is 780MPa, which is higher than
the yield strength of the materials in the as-cast condition. Despite
themuch higher hardness of the alumina pin as compared to that of
the examined alloys discs, material transfer from the pin to the
discs has not been observed in all tests. The wear-track width in-
dicates better wear resistance for positions near to metal/mold
interface where the as-cast microstructure is more refined, and
Fig. 13. (a) Wear volume loss as a function of sliding distance, (b) Wear rate as a func
consequently harder and stronger. When both alloys are compared,
the 752 alloy presented higher values than those of the 782 alloy.

The wear coefficients (k) are presented in Fig. 11. For the first
200m sliding distance, an initial transient wear regime has been
noted for the 782 alloy, and after that a steady-state was achieved,
while the 752 alloy showed the transient/steady-state behavior
transition after 600m sliding distance. According to Rao et al.
[24,25], at an initial stage, wear is essentially caused by fragmen-
tation of surface asperities and removal of material from the softer
matrix by abrasion. As the sliding distance increases, the surface
deformation also increases, and consequently, the subsurface strain
hardening protects the material and promotes decrease in the wear
rate. As shown in Fig. 11, the wear coefficients for the 752 alloy
indicated poorer wear behavior as compared to that of the 782
alloy, for samples of all examined positions. Thewear coefficient for
the 752 alloy varied from 6.3� 10�3 to 11.2� 10�3 mm3/Nm, while
the 782 alloy presented values in the 4.4� 10�3 to 8.9� 10�3 mm3/
Nm range.

3.3. Relations between wear, mechanical properties and
microstructures

With the wear-coefficient (k) as a function of sliding distance, it
was possible to establish relationships of k with hardness, ultimate
tensile strength and secondary dendrite arm spacing, as shown in
Fig. 12. In this study, it was found a direct correlation betweenwear
and hardness and ultimate tensile strength, where wear decreases
with the increase in both HB and UTS. A -1.33 power law coefficient
characterized the wear coefficients as a function of hardness and
ultimate tensile strength for both alloys, and a 0.71 power law
when related to the secondary dendrite arm spacing.

When comparing the 782 alloy to the 752 alloy, it can be
observed smaller wear for the samples of a position closer to the
cooled bottom of the ingots (TC2-12mm), which is associated with
smaller dendritic spacings, and as consequence with higher hard-
ness and ultimate tensile strength. This indicates that the micro-
structure has a strong influence on the wear behavior and is due to
higher Zn content and the higher amount of MgZn2 precipitate that
is harder (~170HV) than a-aluminum matrix (~130 HV), and helps
to protect the surface of the material.

Fig. 13a presents the variation of wear volume loss as a function
of sliding distance for both alloys in the analyzed positions. It can be
tion of the reciprocal square root of the secondary dendrite arm spacing (l2�0.5).



Fig. 14. Wear-track surfaces of the: (a) 752 alloy, (b) 782 alloy, and (c) the alumina-pin surface.
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observed that the wear volume loss increases at an almost constant
rate, and the volume loss of the 752 alloy is significantly higher
than that of the 782 alloy. With these values, and based on the
approach proposed by Prasada Rao [10] and Farhat [11] using the
Archard's wear model [33], the equation presented in Fig. 12a can
be rearranged to express thewear rate (W) as a function of thewear
coefficient (k) and secondary arm dendrite spacing (l2) in the
format of a Hall-Petch equation, as follows:

W ¼ Wo þ k

(
L�

46þ 453*
�
l2�0:5

�	
) �

mm3
.
mm

�
(3)

From Equation (3), it can be seen that the wear rate is inversely
proportional to hardness and directly proportional to k and l2. It
can be seen that with the refinement of the secondary arm dendrite
spacing (l2), the wear rate decreases. A comparison between
experimental and calculated values is shown in Fig. 13b. The
horizontal error bars represent the variation in l2, and the dashed
and dotted lines represent the experimental evolutions of wear
rates of the 752 and 782 alloys, respectively, while the solid line
represents the evolution of wear rate given by Eq. (3). The results
suggest that the wear rate of the examined alloys can be described
by this equation considering the experimental wear conditions of
the present study.

Fig. 14 shows the wear-track surfaces analyzed by SEM for the
752 and 782 alloys, as well as the alumina-pin surface. The 752
alloy presented more areas in which material was removed from
the surface (large craters) as compared to the 782 alloy. Delami-
nation, scratches, and debris were also observed to be more severe
for the 752 alloy samples (a1-c4). The 782 alloy demonstrated the
presence of small craters, mild grooves, and micro cuts (b1-b4).
Analyzing the wear-track surfaces and correlating with the wear-
track widths, wear coefficients and wear rates, the 752 alloy
exhibited more severe wear than that of the 782 alloy. This was
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probably due to its microstructure, which was composed of higher
secondary dendrite arm spacing and higher ductility, facilitating
the removal of material. Aluminum alloys typically display the
formation of an oxide layer on the surface, which influences the
wear behavior [59,60]. The superficial and sub-superficial plastic
deformation contributes to the strain hardening of the material,
and when a critical level is achieved, fragmentation and debris
formation occurs, as shown in Fig.14 a4, mainly in the oxide layer.
The addition of Zn to the Al-2wt%Mg alloy has induced a tendency
to increase the wear resistance due to both increase in solid solu-
tion strengthening of the matrix and hard particles precipitation.
These hard particles, when uniformly distributed and associated
with a hard matrix, help to protect the material surface against
wear. However, an opposite behavior can be observed if the matrix
has lower hardness, and the particles can plow the material of the
matrix. As there is not metallurgical compatibility between the pin
and the disc, adhesive wear was not observed in all examined
conditions, and abrasive wear was the predominant wear mecha-
nism. This can be confirmed by a strong presence of delamination,
grooves and scuffing.
4. Conclusions

Based on the results obtained, the following major conclusions
can be drawn from the present experimental study:

- An experimental equation was derived relating the secondary
dendrite arm spacing (l2) to the solidification cooling rate (Ṫ), in
which l2 decreases with the increase in Ṫ. The experimental
trend of both alloys was shown to be expressed by a single
equation.

- The Brinell hardness (HB) and the ultimate tensile strength
(UTS) were related to l2 by experimental relationships that were
developed from the experimental scatter. It was observed that
both HB and UTS increased with the decrease in l2 for all con-
ditions experimentally examined, and that single equations are
able to represent the evolution of HB vs. l2 and UTS vs. l2 for
both examined alloys. However, the 752 and 782 alloys showed
different tendencies with regard to the evolution of the elon-
gation to fracture versus l2, with the former exhibiting higher
ductility for a given value of l2, that is, the increase in the alloy
Zn content is shown to be detrimental to ductility. This seems to
be associated with the corresponding increase in the volume
fraction of the MgZn2 phase for the 782 alloy.

- The 752 alloy was shown to have a poorer wear behavior in
terms of wear-track width and wear coefficient as compared to
the 782 alloy, probably due its higher ductility and coarser
microstructure.

- The wear-track surfaces indicated that the 752 alloy had more
severe wear as compared to that of the 782 alloy.

- A correlation between wear, hardness and ultimate tensile
strength was proposed, in which the wear decreases with the
increase in these mechanical properties.

- Abrasive wear was observed for both alloys and at all conditions
experimentally examined.
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