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This study aims to examine the change in microstructural and hardness values
AA7075 aluminum alloy, which is frequently preferred in the aviation industry by
applying the Equal Channel Angular Pressing (ECAP) method. ECAP method, one of
the plastic deformation methods, has been successfully carried out by applying
0.025mm/sec pressing speed and 200°C temperature for a different route (A, Bc, C)
and the different number of passes (2, 4, 8). The characterization of the aluminum
alloy obtained by applying ECAP process was carried out by optical microscope
(OM), X-ray diffraction (XRD), and scanning electron microscope (SEM) analysis.
Hardness tests have been applied to examine the mechanical properties of the
material. The microstructures of the materials obtained as a result of the application
were examined. It was observed that precipitation occurred in the AA7075 alloy
depending on the applied temperature, pressing, and grain breakage. Moreover, it
is seen that the grain size of the materials produced by the ECAP method has been
reduced, and consequently the strength of the material increases. As a result of the
ECAP process, it was seen that the existing phases were a-Al, 1-MgZn2, S-Al2CuMg,
and Al7Cu2Fe. The grain size of 288.4 nm obtained after 8 repeated passes using the
Bc route was the smallest grain size obtained.

ECAP UYGULANAN AA7075 ALASIMININ MiKRO YAPI VE SERTLiK DEGiSIMLERININ

INCELENMESI

Anahtar Kelimeler

Oz

Asiri Plastik Deformasyon,
Es Kanalli Acisal Presleme,
Al-Zn-Mg Alasimi,
Mikroyapi,

Sertlik.

Bu ¢alismada, havacilik endiistrisinde siklikla tercih edilen AA7075 aliiminyum
alasimina EKAP uygulanarak alasimin mikroyapisal ve sertlik degerlerindeki
degisimin incelenmesi amag¢lanmistir. Plastik deformasyon yontemlerinden biri
olan EKAP yontemi, farkli rota (A, Bc, C) ve farkli paso sayilar1 (2, 4, 8) icin
0,025mm/sn  presleme hizinda ve 200°C'de basariyla uygulanarak
gerceklestirilmistir. EKAP islemi uygulanarak elde edilen aliiminyum alasiminin
karakterizasyonu optik mikroskop (OM), X 1s1n1 kirinimi (XRD) ve taramali elektron
mikroskobu (SEM) analizleri ile yapilmistir. Malzemenin mekanik 6zelliklerinin
incelenebilmesi icin sertlik testleri uygulanmistir. Uygulama sonucunda elde edilen
malzemelerin mikroyapilar: incelenmistir. AA7075 alasiminda uygulanan sicaklik,
presleme ve tane kirilmasina bagl olarak ¢cdkelmenin meydana geldigi gorilmiustiir.
Ayrica ECAP yontemi ile iiretilen malzemelerin tane boyutunun kiigiltildigia ve
buna bagh olarak malzemenin mukavemetinin arttig1 gériilmektedir. EKAP islemi
sonucunda mevcut fazlarin a-Al, n-MgZn:;, S-Al2CuMg ve Al;CuzFe oldugu
gorilmistiir. Be rotasi kullanilarak 8 tekrarl gecis sonrasinda elde edilen 288.4 nm
tane boyutu elde edilen en kiigiik tane boyutu olmustur.
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1. Introduction

Aluminum and its alloys are included in the metal and alloy group, which are used extensively in the industrial
field due to their low production costs and light weight. As a result of the technological developments in the
automotive sector, aviation, and food sector, it has become necessary to increase and improve the mechanical
properties of these alloys. The high strength levels aimed at aluminum alloys are mainly achieved by precipitation
hardening. The control of grain size in these alloys forms the basis of thermo-mechanical processes. It is well
known that nanoscale materials produced by thermo-mechanical processes exhibit superior strength, hardness,
electrical resistance, and specific thermal capacity values compared to their coarse-grained counterparts. This is
because it is possible to increase and yield the strength of a material at low temperatures by reducing the grain
size of the material through the standard Hall-Petch relationship.

The most common methods used to reduce grain size are severe plastic deformation methods. Among these
methods, the equal channel angular pressing method is one of the topics that have attracted considerable attention
recently, as it exposes cast materials to high plastic stresses without changing the cross section (Furukawa et al.
2001). The ECAP die is composed of two channels with identical rectangular cross sections connected through the
intersection at a specific angle (Valiev and Langdon 2006). Very high shear stress can be obtained with multiple
passes through a die without any change in billet dimensions. Thus, the formation of ultra-fine homogeneous grain
structure is obtained. As a result, a very strong improvement of the microstructure down to the sub-micrometer
level can be achieved (Valiev et al. 2000).

In the last decade, many metals and alloys including aluminum and its alloys (Li and Langdon 2000; Raab et al.
2004; Mao et al. 2005; Mckenzie et al. 2007; Xu and Langdon 2007; Roven et al. 2008; Hockauf et al. 2008; Meyer
et al. 2008; Sha et al. 2009; Duan et al. 2010; Wang et al. 2011; Murashkin et al. 2013), magnesium and its alloys
(Lapovok et al. 2008; Figueiredo and Langdon 2010; Janecek et al. 2010; Janecek et al. 2012; Silva et al. 2017),
titanium and its alloysex (Semenova et al. 2008; Semenova et al. 2012; Sordi et al. 2012), copper (Zhang et al. 2008;
Zhilyaev et al. 2008; Lugo et al. 2010; Wongsa-Ngam et al. 2013), zinc (Huang and Langdon 2002), nickel (Zhilyaev
et al. 2003; Gubicza et al. 2007), iron (Sus-Ryszkowska et al. 2004), stainless steel (Niendorf et al. 2010; Ueno et
al. 2011), and low carbon steel (Park et al. 2000; Sekban et al. 2017; Sekban 2020), have been successfully
processed for the formation of nanostructured and ultrafine-grained (UFG) material by the ECAP technique.

(a)
(c) (d)
+or° +180°

Figure 1. Rotation angles and directions for possible routes (a) Route A, (b) Route Ba, (c) Route B, (d) Route C (Venkatachalam
etal. 2010)

The most critical parameters in the ECAP process are the process route applied to the material and the number of
passes (Furukawa et al. 1997; Malek et al. 2004). During the ECAP process, the material is rotated at certain angles
to create a constantly changing sliding mechanism within the material with different routes applied. In the ECAP
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process, the deformation direction is obtained by rotating the sample at different angles (0°, 90°, or 180°)
counterclockwise or clockwise (Figure 1). Routes take a separate name for each direction and turn angle.
Depending on the direction of rotation, the properties of the materials change, and the deformation amount can
be distributed homogeneously. A geometric representation of the shear strain applied to the material before each
pass and the directions of the shear sections according to the routes of the sample subjected to is shown in Figure
2.

Among these routes, the Bc route is the most suitable way to achieve superplasticity. It also results in a series of
coaxial grains with high angle grain boundaries (Lee et al. 2003).
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Figure 2. The shearing planes concerning processing rotations (Valiev and Langdon 2006)
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During the ECAP process, the temperature is another important parameter that directly affects the yield stress of
materials. Generally, it is more difficult for the material to undergo plastic deformation atlow temperatures. Rising
the pressing temperature increases the workability and deformation ability of the materials. Activation of
additional shear planes with temperature provides convenience during plastic deformation of the material (Oh-
Ishi et al. 1998). Many studies explain the mechanical properties as well as the effect on microstructure at high
temperatures with the ECAP technique in Al 7000 series alloys (Xu et al. 2003; Shaeri et al. 2016). However, high-
temperature pressing can cause possible grain growth. In age-hardenable alloys such as AA7075, the formation of
new phases, as well as the precipitates formed during the ECAP process, have a negative effect on the mechanical
behavior of the material. Therefore, it is important to optimize the ECAP process at relatively warm temperatures.

The aim of this study to find the optimum ECAP parameters that meet the highest microhardness value and lowest
grain size value at a relatively warm temperature. Characterization studies of the samples obtained by ECAP
process applied at 200°C temperature and a pressing speed of 0.025 mm/sec for different process routes (4, Bc,
C) and the different number of passes (2, 4, 8) were carried out. Hardness tests were applied to examine the
mechanical properties of the material.

2. Material and Method
2.1. Material

A conventionally extruded Al-Zn-Mg alloy with a chemical composition of wt.% of 89.7 Al, 6.8 Zn, 2.1 Mg, 1.2 Cu,
and 0.2 Cr was cut to the rods with a diameter of 19.8 mm and length of 40 mm. All samples were annealed for 1
hour at 420°C before the ECAP process. Thus, residual stress and intermetallic compounds caused by production
in the sample were eliminated.

2.2. ECAP Procedure

The die used for ECAP processes and hydraulic compression press is shown in Figure 3. The processes were
conducted at 200°C for different deformation routes (A, B¢, C) up to 8 passes. Before the ECAP process, the die was
kept at 200°C for 2 hours and the samples were kept for 15 minutes before each pass. Billets were lubricated with
MoS: to reduce friction between the die and sample during the process and then pressed using an ECAP solid die
that has a channel angle of $= 1202 and corner curvature angle of yw= 602 The pressing speed applied for the whole
ECAP process was 0.025 mm/s.

2.3. Microstructure Characterization
The microstructures of samples obtained by the ECAP process were characterized by using an X-ray diffractometer

(XRD), optic microscope (OM), scanning electron microscopy (SEM), and grain size analyses. XRD measurements
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were performed to as-received and ECAPed samples to characterize and identify the alloy phases present by using
Rigaku-2200 D/Max X-ray powder diffractometer with Cu Ko radiation. The generator set was 45 kV, 40 mA. The
average grain size was calculated by using the Debye - Scherrer formula.

D= k.2
B p.cos@

(1)

where D is the grain size (nm), A is the wavelength of Cu-Ka radiation, {3 is the full width at half maximum, 6 is the
Bragg’s angle, and k is crystallite-shape constant. Calculations were carried on by accepting the value of Cu-Ka
radiation wavelength (1) as 1.54 and the crystallite-shape constant (k) as 0.9. The full width at half maximum
(FWHM) was measured from strong intensity X-ray diffraction profiles by using PANalytical XPert-High Score Plus
software. Also, PANalytical XPert-High Score Plus software was used to identify the phases.

To take images from the side of the samples, they were cut by Struers Accutom-5 Linear Precision Saw at a feed
rate of 0.05 mm/s. The surface of the specimens was mechanically ground up to 2000 grit SiC paper, then polished
using 1 um diamond paste with 0.05 um silica colloidal and then etched using an aqueous solution of Keller’s
reagent (2.5 ml HNO3 + 1.5 ml HCI + 1.0 ml HF + 95 ml distilled water). After the metallographic processes, an
optical microscope (LEICA DM 4000M: Metal Microscope) and SEM analysis were performed for microstructure
examinations. Scanning electron microscope (SEM) studies were carried out using a JEOL JSM-6060 instrument
equipped.

Electric-
Furnace

ROUTE C

(a) (b) (c)
Figure 3. Schematic ECAP mechanism (a) ECAP experimental setup, (b) ECAP system, (c) Schema ECAP of route A, Bc, and C
2.4. Mechanical Testing

Followed by the ECAP process, mechanical tests were performed using Wolpert Wilson-400 micro-hardness
testing equipment comprising of a Vickers indenter. The load applied on the specimens was about 0.01 kgf. Each
microhardness value reported in this study is obtained by taking the mean of at least five individual readings.

3. Experimental Results

Changes in microstructure and hardness values of AA7075 alloy produced with ECAP in the determined
parameters were examined. During the ECAP process, deformations occurred in the samples, especially at the
inner corner point where friction is intense. Studies have shown that as the number of passes increases, the grain
size of the sample decreases, and thus its hardness increases. This situation causes the samples to be strained and
break in the next pass.

Moreover, in the ECAP die, which is made of high-work tool steel with high wear resistance and high toughness,
tears have occurred due to high friction and stresses between the material and the mold. The deformations and
1329



SENOZ and OZTURK 10.21923/jesd.913992

surface cracks that were seen on the sample have been removed by surface grinding in order not to cause any
problems in the next pass. As the number of passes increased, the sample size was shortened due to the decrease
in the grain size of the sample, the increase in density, and the deformations (Figure 4).

In the first examinations made on the samples, it was observed that different routes and a different number of
passes caused different effects on the sample structure, and the loss of material due to fracture and cracking was
especially high in the Bc route. These effects are thought to be caused by heterogeneous strains, different
orientations, and dislocations caused by severe plastic deformation in the sample. In addition to dislocations,
sample internal structure defects also trigger this situation (Saray et al. 2013).

A-2 Bc-2
A-4 Bc-4
A-8 Bc-8 | f C-8

Figure 4. Samples produced by applying the ECAP process.
3.1. XRD Analyses

The enlarged XRD patterns of ECAPed specimens under various conditions were illustrated in Figure 5. As it is
seen in Figure 4, the microstructure consists of a-Al, 1 phase (MgZn2), and S phase (Al2CuMg and Al7Cu2Fe). a-
Al phase shows five highest intensity peaks, namely, (111), (200), (220), (311), and (222). It was observed that
the GP regions formed with the precipitation hardening consisted of the n phase. These precipitates form an
intermetallic compound, showing GP regions (GPZs) with a broad peak noticed at 2theta = 20°. Other weak peaks
also observed at 2theta between 40° and 45° may be present due to the transition hexagonal ' phase. This might
be because of the peak positions which are at slightly lower angles than those of the hexagonal n phase. Besides,
their lattice parameters are also a little different from those of the n phase. The formation of such phases was
thought to be due to the high temperature produced during the processes (Zhao et al. 2004; Cardoso et al. 2014).
Itis well known that these phases formed in the structure improve the mechanical properties of the structure (Van
Horn 1968; Baker 1990; Williams and Starke 2003). After obtaining data from XRD analysis, the crystallite size of
the ECAPed samples has been calculated by using Debye-Scherrer Equation. Sharp and strong diffractions in the
range of 20 = 35-45° were determined by the software and FWHM (full width at half maximum), full width at half
height) values were calculated for each peak.
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Figure 5. XRD pattern of ECAPed samples
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The grain size of each sample was determined by taking the average of the calculated grain sizes of the phases
determined for that sample. Grain size values calculated using the Debye-Scherrer equation are shown in Table 1.

In general, a decrease in the grain size of the ECAP applied samples is observed.

Table 1. Average Grain Sizes of ECAPed Samples

ECAP Process (G;?:;N SIZE
Non- ECAPed 660
Route A - 2 Passes 328
Route A - 4 Passes | 383.2
Route A - 8 Passes | 407.6
Route Bc - 2 Passes | 398.8
Route Bc - 4 Passes | 368.2
Route Bc - 8 Passes | 288.4
Route C - 2 Passes 396.2
Route C - 4 Passes 324.6
Route C - 8 Passes | 342.6

The changes in average grain size after the ECAP process are given in Figure 6. It has been observed that the grain
size measured in each pass changes in the A, Bc, and C routes as the number of passes increases. The decrease in
the grain size of the samples applied in the Bc route was evidently seen as the number of passes increased, but the
grain size of the samples applied in the A route increased as the number of passes increased. The increase observed
in the grain size of the samples applied the A route is thought to be due to the recrystallization of the grains and
the high-angle grain boundaries not increasing sufficiently due to the absence of deformation in the z plane (Valiev
and Langdon 2006). It is thought that the reason for the decrease in the grain size of the samples, on which route
C was applied, up to 4 passes and the increase observed at the end of 8 passes, is because the sliding continues in
the same plane in each pass through the mold. In Route C, there is no deformation in the z plane (Valiev and

Langdon 2006)
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Figure 6. Comparison of grain sizes in different routes and passes
3.2. Optical Microscope

The optical microscope images of the ECAPed samples were given in Figure 7. When the optical microscope images
are examined, it has been observed that the grains tend towards the deformation direction with the effect of the
applied deformation. As a result of the ECAP process repeated in each route and the different number of passes, it
is explicitly seen that the increase in grain reduction occurs gradually as the number of passes increases. The
presence of irregularities in the structure can be explained by the presence of different grain sizes and the inability
to achieve full homogenization within the structure. When examining the samples whose grain size was calculated
theoretically with XRD graphics, a reduction in the grain size of the sample was observed as a result of the ECAP
process by applying the A route. It is thought that as the number of passes increases in route A, the increase in
grain size is due to the dynamic recrystallization of the applied temperature during the ECAP process. As a result
of the ECAP operations performed on the Bc route, it was observed that the sample, which was applied for 8 passes,
gave the smallest grain size value. Since the grain size is the lowest among all samples, the direction of extrusion
was almost not visible. As a result of the ECAP operations performed on the C route, it was observed that the
orientation frequency due to deformation was the most significant in the sample applied 4 passes.

3.3. SEM/EDS (Scanning Electron Microscopy) Analysis

Itis known that the grain size decreases after plastic deformation and the precipitates that occur as a result of heat
treatment cause changes in the strength of the material. It was previously determined in XRD analysis that the
precipitates formed as a result of the ECAP process in Al-Mg-Zn alloys are MgZnz, Al.CuMg, and Al;CuzFe. When
the SEM / EDS analysis for each sample is examined, it is seen that the Al7Cu2Fe precipitate, whose brightness can
be unambivalently observed, shows an irregular shape, while the Al.CuMg and MgZn: phases have a spherical
shape.

1332



SENOZ and OZTURK 10.21923/jesd.913992

¥

Figure 7. Optical microscope imag A/2,b: Route A/4, c: Route A/8, d: Route Bc/2,
e: Route Bc/4, f: Route Bc/8, g: Route C/2, h: Route C/4, i: Route C/8)

SEM images of samples that have been applied ECAP in different passes are given in Figures 8, 9, and 10. When the
EDS analysis results are examined, it is seen that the elements obtained following the assumption of the
precipitates formed are Al, Mg, Zn, and Cu.
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Figure 8. SEM /EDS images of ECAPed samples at Route A (a:2 passes, b:4 passes, c:8 passes)
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Figure 9. SEM /EDS images of ECAPed samples at Route Bc (a:2 passes, b:4 passes, c:8 passes)

It is known that the temperature and severe plastic deformation during the ECAP process can form intermetallic
compounds in the structure. The dense and regular microstructure of the sub-grains formed by the effect of severe
plastic deformation may be affected by temperature, route, and number of passes and leave their place to coarse-
grained structures. When the SEM/EDS images of the samples applied with the Bc route are examined, it is seen
that the coarse grains, as well as the fine grains in the AA7075 alloy, are formed homogeneously in the structure
during the process. When the SEM/EDS images of the samples applied A and C routes are examined, it is seen that
this distribution is not homogeneous.
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Figure 10. SEM images of ECAPed samples at Route C (a: 2 passes, b: 4 passes, c: 8 passes)
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In elongated grains of ECAP-treated material, the dislocation density increases during processing. This is due to
plastic deformation by the sliding mechanism that occurs during the ECAP process (Zheng et al. 2002). It is stated
in the previous studies that the structure is not homogeneous, anisotropic and its properties change mostly due to
deformation-related reasons after the transitions in the ECAP process. After repeated ECAP processes, aluminum
materials show homogeneous particle size distribution. The number of passes repeating up to achieve a
homogeneous microstructure. But the microstructure is still anisotropic (Liu et al. 2003; Saravanan et al. 2006).
In the ECAP process, changes occur in the material characteristics depending on the rotational directions of the
material. Bc route is the optimum route in which microstructural evolution occurs mostly (Furukawa et al. 1997;
Langdon 2013).

Similar results were obtained in this study. With the microhardness analysis, it is observed that the hardness
values of the samples showing heterogeneous structure (A and C route applied) are lower than the hardness values
of the samples showing homogeneous structure (Bc route applied). These results give information about the
homogenization in the structure and prove the accuracy of the results.

3.4. Mechanical Testing

The hardness measurement results of non-ECAPed and ECAPed samples are given in Table 2. By severe plastic
deformation, an increase in the density of dislocation occurs due to the stresses in the internal structure of the
material. The precipitations detected in XRD and SEM/EDS analyzes are harder than the main matrix phase and
cause the hardness of the material to increase by preventing the dislocation movement during the severe plastic
deformation process. When the microhardness values were examined, it was seen that the highest hardness value
was obtained in the Bc course and with 8 passes. The hardness decrease occurring in the A route can be explained
by the recrystallization of the grains in the material and the increase of the grain size accordingly. In the C route,
the highest hardness value was obtained with 4 passes, and when the number of passes was increased, a decrease
in the hardness value was observed in 8 passes as a result of the recrystallization of the grains and the increase in
grain size. The grain boundaries observed in multi-grain materials restrict the movement of dislocations and cause
the material to become stronger. Conversely, all kinds of factors that will facilitate dislocation movements will
make plastic deformation easier.

Table 2. Micro-hardness (HV) values of non-ECAPed and ECAPed samples

Microhardness
ECAP Process (HV)
Non- ECAPed 95

Route A - 2 Passes 149
Route A - 4 Passes 137
Route A - 8 Passes 127
Route Bc - 2 Passes | 129
Route Bc - 4 Passes | 142
Route Bc - 8 Passes | 184
Route C - 2 Passes 134
Route C - 4 Passes 152
Route C - 8 Passes | 146

The grain boundary in the material can be controlled by thermo-mechanical treatments, heat treatments, or micro-
alloy. As the grains get smaller with thermo-mechanical processes, the strength of the material increases as the
amount of grain boundary per unit volume increases.

With the deformation that occurs during the ECAP process, dislocations moving on the same slip plane accumulate
near the grain boundary and form a dislocation pile-up. As new ones are added to this dislocation density, the
trailing ones apply force to the dislocation stacks in the front, allowing the leading dislocations to move onto the
other grain and continue to slide. Thus, together with the definite improvement in the deformation ability of the
material, it causes an increase in the strength values of the material. Comparison of grain sizes in different routes
and passes are given in Figure 11.
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Figure 11. Comparison of hardness in different route and pass
4. Result and Discussion

The XRD graphs of the samples that were applied ECAP process in different routes and passes were examined and
it was determined that the phases presentin AA7075 alloy were a-Al, n-MgZnz, S-Al.CuMg, and Al7CuzFe. The grain
size of 288.4 nm obtained after 8 repeated passes using the Bc route was the smallest grain size obtained. SEM/EDS
analyzes were examined for each sample and it was observed that the Al7CuzFe precipitate, whose brightness was
visible, showed an irregular shape, and the Al2CuMg and MgZn: phases had a spherical shape. According to the
hardness measurement results of non-ECAPed and ECAPed samples, it was seen that the highest hardness value
was obtained in the Bc course and with 8 passes. This increase in hardness is thought to be the result of the
precipitates (GPZ, phase, and S phase) formed in the material after the ECAP process and these precipitates
prevent the dislocation movement.
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