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Abstract

Project Code : MRG5580181

(svalasanis)

Project Title : Development of Bulk Ultrafine-grained Alloys by Severe Plastic
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High-strength and lightweight alloys have always been the goal for metallurgists and materials
scientists. In recent years, ultrafine-grained (UFG) alloys have been of interest as they provide step-
change in properties and performances, e.g. high strength without deterioration in ductility. However,
the applications of ultrafine-grained alloys are limited due to the difficulty of producing the alloys on a
large scale. To date, many researchers have proposed a variety of processing techniques for
manufacturing ultrafine-grained alloys in bulk, e.g. rapid solidification, powder atomization and
compaction by warm extrusion, and spray forming, etc. Among these techniques, severe plastic
deformation (SPD) is a strongly competitive method, in which the process concerns imposing a large
amount of strain on a specimen. The accumulated strain produces high angle (grain) boundaries and
leads to a very fine-grained structure. This research demonstrates the manufacturing of bulk
ultrafine-grained alloys using a severe plastic deformation process: the equal-channel angular
pressing (ECAP). Two different aluminum alloys, Al-Mg-Si (6061) and Al-Zn-In were subjected to
ECAP. Various material characterization techniques, e.g. electron backscattered diffraction (EBSD)
was applied to the processed alloys to realize the microstructure evolution. The processed alloys will

be subjected to mechanical testing, micro-hardness testing, and tensile testing.
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C. BANJONGPRASERT*#, A. JAK-RA*, C. DOMRONG*, U. PATAKHAM**, W. PONGSAKSAWAD**, T. CHAIRUANGSRI***

CHARACTERIZATION OF AN EQUAL CHANNEL ANGULAR PRESSED Al-Zn-In ALLOY

CHARAKTERYTYKA STOPU Al-Zn-In OTRZYMANEGO METODA PRZECISKANIA W KANALE KATOWYM

Equal channel angular pressing (ECAP) is a technique that creates a high accumulated strain in metals and results in
ultrafine-grained structure. In this study, Al-5Zn-0.02In was processed by ECAP at a room temperature using route Bc through
an ECAP die (press angle of ® = 100° and ¥ = 20°). The samples were subjected to ECAP with 1, 2, 3 and 4 passes.
The processed specimens were characterized using electron backscatter diffraction (EBSD). The results confirmed the grain
refinement of the alloy after ECAP to an average grain size less than 5 um after 4-pass ECAP. The microhardness test shows
that the hardness increased with the number of passes. The hardness of the cross-sectional area of the sample was similar to
that tested along the pressing direction.

Keywords: Aluminum alloys, Equal channel angular pressing, Severe plastic deformation, Electron backscatter diffraction

Metoda przeciskania w kanale katowym (ang. Equal channel angular pressing; ECAP) prowadzi do powstania bardzo
wysokich naprezen, w wyniku czego otrzymuje si¢ ziarna o bardzo drobnej strukturze. W niniejszej pracy, stop Al-5Zn-0,02In
wytwarzano metodg ECAP w temperaturze pokojowej, wykorzystujac Sciezke Bc przez matryce ECAP (katy krzywizny: @ =
100° i ¥ = 20°). Prébki poddano ECAP z 1, 2, 3 i 4 przejSciami. Otrzymane prébki badano metoda dyfrakcji elektronéw
wstecznie rozproszonych (ang. electron back scatter diffraction; EBSD). W stopie otrzymanym metoda ECAP z 4 przejsciami,
$rednia wielko$¢ ziaren wynosita mniej niz 5 um. Badania mikrotwardo$ci wykazaly, ze twardo$¢ zwigkszata si¢ wraz z liczba

przejs¢. Twardo$¢ zmierzona w poprzek probki byla poréwnywalna do tej mierzonej wzdluz osi nacisku.

1. Introduction

It has been long known by materials scientists that uni-
formly ultrafine-grained structure leads to higher strength of
metals and alloys [1-2]. Recently, metals and alloys with
ultrafine-grained (UFG) structure have becoming active re-
search areas. Many processing techniques have been pro-
posed to produce alloys containing UFG structure such as ball
milling [3], rapid solidification [4], spray forming [5], and se-
vere plastic deformation [6]. Among those techniques, severe
plastic deformation (SPD) has gained increasingly interests as
it provides many advantages e.g. high potential to produce
UFG alloys in bulk and less complicated process compared to
others. The main principle of SPD process is that the alloy is
subjected to a high shear strain to create distortion of crys-
tals so that high angle boundaries are formed and eventually
lead to many new fine grains [7, 8]. Equal Channel Angular
Pressing (ECAP) is one of the most popular SPD techniques.
The process involves deformation that the sample is pressed
against metallic die with a specific pressing angle and an ex-
isting channel with the same dimension as the entrance. ECAP
has been applied to various engineering alloys especially alu-

minum alloys. Most of previous studies show that ECAP led
to an improvement of mechanical and electrical properties of
aluminum alloys [9, 10]. However, there are arguments on the
effects of severe plastic deformation on corrosion behaviours
of aluminum alloys. For example, Brunner et al [11] report-
ed the effects of ECAP on corrosion behaviours of AA2024
aluminum alloys. It shows that the ultrafine-grained structures
played an important roles on the intergranular corrosion by
changing susceptibility and mode of intergranular corrosion.
Son et al [12] indicated that better pitting corrosion resistance
of an anodized aluminum-copper alloy arrived from a refine-
ment of Al-Cu-Si-Fe-Mn precipitates. This paper investigated
the effects of equal channel angular pressing on an Al-Zn-In
sacrificial anode in refinement of microstructure, texture, and
strain distribution.

2. Experimental procedures

The Al-5Zn-0.02In (in wt%) alloy was used in this study.
The alloy was melted and cast into a graphite mould, machined
into a cylinder with a diameter of 20 mm and 100 mm long,
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and then solutionized at 530°C for 1 hour before pressing in
an ECAP die with a pressing angle of ® = 100° and ¥ = 20°
at a room temperature. The samples were pressed using Route
Be with 1, 2, 3, and 4 passes. The equivalent accumulated
strain was calculated using eq. (1) [13]

ey = % [ZCot(g + %) + Wesce (% + %)] (1)
Where ey is equivalent strain, N is number of ECAP passes,
and @, ¥ are press angles. The as-cast and processed samples
were cross-sectioned and polished using silicon-carbide pa-
pers and final polished using alumina suspension. The samples
were then polished by electropolishing in a solution (83.2%
ethanol, 7.8% perchloric acid, and 9% deionized water) at 50
V for 5 s. The microstructure of as-cast and ECAPed sam-
ples was characterized using Electron Backscatter Diffraction
(EBSD) operating in a Hitachi S-3400N Type II at 20 kV.
Microhardness of the ECAPed samples was measured using
Vickers indentation with 100 g applied load and 15 s dwell
time. The hardness was measured along the cross section and
pressing direction of the samples at 2 mm intervals.

3. Results and Discussion

Fig. 1 shows the surface finish of a sample before and af-
ter ECAP. The samples before ECAP show machining marks.
For the ECAPed samples, there was small flash along the mid-
dle of the sample that was due to a small gap from assembly
of the ECAP die. The sample had a good and shiny surface
finish with some porosity.

Fig. 1. Photos of (a) sample before ECAP and (b) sample after 1-pass
ECAP

TABLE 1 shows the equivalent strain and the average
grain size of the as-cast and ECAPed samples calculated by
eq. (1). It shows that the grain size dropped dramatically with
the number of passes except for 3 and 4 passes where no
significant reduction of grain size observed. As seen in Fig
2 (a), there was a small fraction of high angle boundaries
due to comparatively large grain size of as-cast structure. For
1-pass ECAPed sample, the IPF map (2 (b)) shows that the
microstructure contained large and slightly elongated grains
with contour of colors indicated small degree of distortion of
crystals [14]. The transition of low angle boundaries to high-
er angle boundaries can be seen when subjected to 2 passes
ECAP. Fig. 2 (c) shows a high proportion of low (upto 5°) mis-
orientation angles indicated as white lines and some amount of
5-10° misorientation angles indicated as grey lines. This was
corresponding to misorientation distribution charts as illustrat-
ed in the Fig. 3 (c). The IPF maps of 3 and 4-pass ECAPed
samples in the Fig 2 (d) and (e) show similar results where
a large fraction of high angle boundaries and therefore finer

grains were observed. A small area of contour color indicated
stored distortion and yet to form new grains. However, Fig. 2
(e) shows that within the newly formed grains, they appeared
to have contour color inferring that a higher strain and more
ECAP passes; more than 4 passes are required to create a finer
grain structure.

TABLE 1
Equivalent strain and average grain size of different samples
Equivalent strain | Average grain size (um)

As-Cast N/A 143.5
1-pass 0.71 89.2
2-pass 1.43 25.9
3-pass 2.14 4.8

4-pass 2.85 4.6

Fig. 2. A representative EBSD orientation map of (a) as-cast (b)
1-pass ECAP (c) 2-pass ECAP (d) 3-pass ECAP and (d) 4-pass ECAP
with a misorientation angle of > 15° shown as a black line



Fig. 3. Misorientation distribution of a-Al grains

Fig. 4 (a) to (e) show (001) and (111) pole figures
of as-cast and ECAPed samples. The as-cast grain structure
in Fig. 4 (a) contained comparatively random textures. The
stronger textures derived from an increase in number of ECAP
passes.

Fig. 4. (001) and (111) pole figures of (a) as-cast, (b) 1-pass ECAP,
(c) 2-pass ECAP, (d) 3-pass ECAP, and (e) 4-pass ECAP

The microhardness of the as-solutionized and ECAP sam-
ples is shown in the TABLE 2 while Fig. 5 and 6 shows mi-
crohardness measured perpendicular to and along the pressing
direction. The results show slightly inhomogeneous hardness
along the ECAPed samples which can be normally seen in
ECAPed aluminum alloys. It was also shown that the hardness
sharply increased after 1-pass ECAP with small increment of
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hardness after 2-4 pass ECAP similar to that reported by Prell
et al [15]. This may infer that the residual strain inside the
a-Al matrix had strong contribution to the strengthening of
the sample.

TABLE 2
Hardness (cross-sectional and along pressing direction)
Average cross-sectional | Average hardness along
hardness (Hv) pressing direction (Hv)
As-cast and 29.52 29.52
solutionized
1-pass 57.47 55.85
2-pass 63.08 62.68
3-pass 63.41 65.56
4-pass 63.54 64.68

Fig. 5. Hardness measurement of cross-sectional area of the 1-4 pass
ECAPed samples

Fig. 6. Hardness measurement of the 1-4 pass ECAPed samples along
the pressing direction

4. Conclusions

This research investigated the equal channel angular
pressing of an Al-Zn-In alloy. It shows that good surface finish
can be produced after several ECAP passes. The average grain
size of the alloy reduced dramatically during the ECAP due
to an increase of number of passes from ~144 to ~ 5 um.
The EBSD IPF map revealed the formation of low angle and
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high angle boundaries. Increasing number of passes resulted in
reducing fraction of low angle misorientation and increasing
high angle misorientation. The pole figures maps clearly show
that preferred misorienatation/textures were developed during
ECAP. The hardness of ECAPed samples increased sharply
after 1-pass ECAP but slowly increased for the next passes.
This referred that more passes can be applied to increase the
hardness.
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Abstract. Equal channel angular pressing (ECAP) is one of severe plastic deformation (SPD)
techniques that gives a high level of strain and eventually results in ultrafine-grained structure. This
research aims to study the effects of passes on equal channel angular pressing of 6061 aluminium
alloy. The samples were subjected to ECAP using route Bc with 1, 2, 3, and 4 passes. The
processed samples were characterized using a variety of techniques: Optical Microscopy (OM);
Scanning Electron Microscopy (SEM) equipped with Energy Dispersive X-ray (EDX); and Electron
Back Scatter Diffraction (EBSD). The results showed that ECAP had a large influence on
misorientation and size of grains but little effects on precipitates. The 4-pass ECAP led to a high
fraction of low-angle boundaries and led to a nearly 97% increase of hardness.

Introduction

Due to the increasing of crude oil price and environmental concern, there have been a great demand
of materials that exhibits high strength with low density because this leads to less materials used
and eventually high efficiency of energy consumption and less pollution. Many researchers and
technologists have attempted to improve strength per weight ration of structural alloys such as a
development of high strength low alloyed steels (HSLA) and dual-phase steels (DP). Another
approach is to produce ultrafine-grained alloys as it has been long known from Hall-Petch relation
[1, 2] by metallurgist that smaller grain size gives higher strength. Recently, this approach has been
adopted and resulted in an invention of severe plastic deformation (SPD) [3]. Severe plastic
deformation is a process in which the alloys are subjected to a high accumulated shear strain
without a change in the size of samples. A high level of misorientation occurs and finally sub-grain
boundaries and high-angle grain boundaries can be formed that gives rise to ultrafine grains. There
are a varieties of techniques to give severe plastic deformation conditions: equal channel angular
pressing (ECAP); high pressure torsion (HPT); accumulated roll bonding (ARB) [4]. In this study,
6061 aluminium alloy was ECAPed using route Bc with different number of passes.

Experimental procedures

Commercial 6061-T651 aluminium alloy with chemical composition shown as Table 1 was used in
this study. The alloy was machined into cylindrical samples with a diameter of 20mm and 100mm
long. The samples were then solution heat treated at 560 °C for 2 hours then quenched by water to
room temperature. ECAP was performed using route Bc with a die with ® = 100° and ¥ = 20°. The
microstructure of ECAPed samples were characterized using optical microscope; scanning electron
microscopy equipped with energy dispersive X-ray on a JEOL JSM-5910LV and electron back
scatter diffraction on a JEOL JSM-5410 using a step size of 700nm.

Table 1 Chemical composition of 6061 aluminium alloy (indicated in weight %)

Si Fe Cu Mn Mg Cr Zn Ti other Al

0.672 0.557 0.252 0.087 0.976 0.215 0.042 0.026 | 0.0174 | remained
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Results and Discussion

Figure 1 shows the sample (a) before and (b) after ECAPed. The sample was subjected to an
equivalent strain of 0.89 (calculated from Eq. 1 [5]) for 1 pass and increasing with number of passes
i.e. 1.43, 2.14, and 2.85 for 2, 3, and 4 passes respectively.

£, :%[Zcot(g+%)+Wcosec(§+%ﬂ (1)

NIRRT AR

LR
2z 1

Figure 1 (a) Solutionized sample (b) After ECAPed for 4 passes

The ECAPed sample had no large defects with some remarks on the surface due to the machining
profiles before ECAP. Optical microscope revealed more details as illustrated in Figure 2. The
microstructure of 4-pass ECAPed retained some small defects especially at the surface of the
sample. This was due to the high degree of shear stress applied to the sample without any heating.

Figure 2 (a) As-recieved sample (b) After ECAPed for 4 passes

Back scatter electron images show that there was little change in precipitates after ECAPed. The
microstructure contained mainly o-FCC Al matrix with bright and dark precipitates. EDX
spectrums of bright precipitates showed peaks of Al, Fe, and Si which was corresponding to AlFeSi,
commonly found in 6xxx alloys [6] while dark precipitates were Mg;Si confirmed by EDX
spectrums of Al and Mg.
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10 microns AT 8| 10 microns

Figure 3 (a) As-recieved sample (b) After ECAPed for 4 passes

The Vickers hardness was measured to evaluate the improvement of mechanical properties. The
hardness increased with an increase of passes from 40 Hv for as-solutionized sample to 79 Hv for 4-
pass sample as shown in Figure 4. This was due to a high degree of accumulated strain that induced
textures and high degree of misorientation leading to sub-grain and high —angle grain boundaries as
shown in orientation map in Figure 5. The different color showed distinctive grains with a (high)
misorientation angle (>15°) was indicated as black lines. The distribution of different grain sizes in
the 4-pass sample was demonstrated in Figure 6 and that the average grain size was at 2.23 pm and
this was in fine-grain regime. Moreover, the different contour inside the grains indicated
accumulated misorientation owing to accumulate strain and gave rise to a high volume fraction of
about 13% of low angle boundaries (2-5%) and was similar to previous works. However, the amount
of high angle boundaries was relatively high compared to others [6]. It was presumably due to the
finishing surface of EBSD sample.

Hardness (Hv)
S

80
70
60
50
30
20
10
0 solutionized pass pass pass

Number of passes

Figure 4 Hardness of as-solutionized and | Figure 5 Orientation map of 4-pass ECAPed
ECAPed samples sample characterization by electron back scatter
diffraction
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Figure 6 Area fraction of different grain size

Figure 7 Area fraction of misorientation angles

characterization by electron back scatter | characterization by electron back scatter
diffraction diffraction
Summary

Equal channel angular pressing (ECAP) of 6061 aluminium alloy with different number of passes
was studied. Generally the severe plastic deformation condition showed little effects on precipitates.
The 4-pass ECAPed sample showed a high level of misorientation due to a higher accumulated
strain. This led to a high fraction of low-angle boundaries and led to a nearly 97% increase of
hardness; hence a high potential for high-strength alloy processed by equal channel angular

pressing.
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