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Introduction 

 
Driven by rising demand from the miniature/micro- 

components for micro-electro-mechanical systems 

(MEMS) at an unprecedented rate, continuous research 

is going on to improve the productivity and the quality 

of micro-products. Microforming is considered as one 

of the most important micro-manufacturing methods 

since it has the distinct advantages of mass production 

capability with controlled quality, repeatability, effective 

material utilisation, and low cost.[1–5]. 

Despite its potential, the knowledge of tool design 

and fabrication methods is not established yet. The 

main reasons for this are the departure of the mature 

theory applicable to macro-scale forming, i.e. conven- 

tional forming, and increasing process scatter, which 

causes difficulties in controlling the quality of micro- 

formed parts. This phenomenon is called the ‘size- 

effect’ which causes some differences in the basic man- 

ufacturing characteristics applied in macro-forming 

when the specimen geometrical dimensions are scaled 

down to micro-scale [6,7]. 

As a result of the ongoing trend of need for minia- 

turisation, the coarse-grained materials (CG) that have 

a size of its grains typically ranging from ten to sev- 

eral hundreds of microns do not turn into a small scale 

as compared by the dimension characteristics of the 

tiny parts. In other words, if the specimen has a few 

grains in the deformation zones then the response of the 

individual grains to the applied forces would cause sub- 

stantial variations in the deformation behaviour that 

make scattering in the mechanical properties [8–10]. 

It follows, therefore, that the size effect is critical and 

must be taken into consideration in the fabrication of 

micro-parts. 

Addressing this issue, Wang et al.[11] demonstrated 

that the material grain size has a decisive effect on 

the microformability of the materials. Rosochowski 

et al. [12] performed micro-extrusion on two differ- ent 

structures of Al alloy, CG and ultrafine-grained (UFG) 

by macro-scale equal channel angular pressing (3D-

ECAP) die. They found that using UFG structure in 

microforming leads to more uniform products with 

improved mechanical properties compared to its CG 

counterpart. 

Xu et al. [8] investigated the deformation behaviour 

via micro-compression deformation on two different 

structures of high-purity aluminium, coarse-grained 

(CG), and UFG. They reported that strain softening in 

the flow stress curves was taken place after exhibiting 

strain hardening with grain refining. 

Durst et al. [13] successfully achieved nano and 

micro-imprinting on the material surface of nanocrys- 

talline and UFG Ni. Kim et al. [14] processed a high- 

quality pyramid pattern and micro-V grooves through 

superplastic deformation of UFG magnesium alloy. 

From the above literature, it can be stated that the 

grain size is a decisive factor that can determine the 

limiting size of the geometrical shapes of the micro- 

parts. In practice, this means that FG structure materi- 

als are attractive for utilising in the fabrication process 

of micro-forming. 
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ABSTRACT 
The micro-injection upsetting (MIU) experiments of commercially pure aluminium 
have been conducted on two groups of specimens with different grain structures. One 
group is of coarse grain (CG, undeformed) and the other group is of fine grain (FG) 
achieved via the 4th pass equal channel angular pressing in micro-meso/scale. The 
two groups were further processed by micro/meso-scale extrusion before conducting 
MIU for fabricating tiny pins. Micro-upsetting test of the tiny pins showed that the 
material has a good isotropic flow forming and is free of unde- sirable defects 
comparing with the CG counterparts, which can be ascribed to the decreasing of grain 
boundary strengthening effect in the case of FG structure. 
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Recently, the researchers revealed the potential for 

utilising FG materials in microforming processes at 

ambient and elevated temperatures [8,15]. However, 

only very limited studies are available on the defor- 

mation behaviour during the processing of micro- parts 

when the grain structure is refined into a very small 

diameter size despite these challenges are attract- ing the 

attention of the materials science researchers [16–18]. 

It is well known that FG materials can be easily 

produced to large bulk specimens via the techniques 

of severe plastic deformation, such as ECAP [19–21], 

cyclic extrusion and compression (CEC) [22,23], and 

high-pressure torsion [24,25]. However, to the best 

of our knowledge, these techniques were applied in 

macro-scale, i.e. die channel diameter > 5 mm. Thus, 

the processed specimens by these traditional tech- 

niques have to be further formed, machined, etched, 

etc., to reach the small  size  needed  to  advance into 

micro-forming techniques to produce net micro- 

products. 

Thus, in our previous works [26,27], a miniaturised 

version of micro/meso-scale ECAP (MMSECAP), as 

well as micro/meso-scale extrusion (MMSE) dies as 

new techniques for fabricating miniaturised parts, were 

designed and implemented for improving the feasi- 

bility of micro-components manufacturing. Addition- 

ally, the microstructural evolution of the samples sub- 

jected to ECAP as a pre-processing method followed by 

micro/meso-extrusion processing to improve the grain 

structure of AA1070 alloy was investigated. Besides, the 

results of the tensile properties for the processed sam- 

ples via a special tensile test machine were detailed in 

the previous work. 

This work aims to study the micro-upsetted behavi 

our of commercial aluminuim Al 1070 alloy hav- ing 

two different grain structures, i.e. CG and FG in 

which the latter was attained firstly by process- ing 

MMSECAP in order to attain fine-grain structure and 

then followed by cold extrusion. The microstruc- tural 

evolution through the multi-processing stages and 

surface quality after micro-upsetted were stud- ied as 

well as the surface deformation behaviour for both CG 

and FG aluminuim, i.e. friction factors were proposed. 

 
Experimental study 

In this study, pure Al 1070 was selected for its 

widespread use in electrical and electronic applications 

to evaluate the anisotropy of the final deformation using 

injection upsetting on a micro-scale. The alloy was 

received as long rods of 1.5 ϕ mm × 300 mm. The as- 

received rods were subjected to a short heating cycle up 

to 350 °C at a heating rate of 1.5°C s−1, then cooled to 

room temperature to get rid of machining processing 

effects. 

Two sets of specific processing were performed after 

the annealing process to get two different grain struc- 

tures, i.e. CG and UFG. The first processing group was 

extruded from a diameter of 1.5 to 1 mm (CG) and the 

other group is subjected to ECAP before the extrusion 

process (FG). 

The MMSECAP die used in this study has a distinct 

design in which the two separated rectangular halves 

with the same channel diameter of 1.5 mm are assem- 

bled at an angle of 45° as can be seen in Figure 1(a). This 

design can produce a smooth surface specimen with- 

out the formation of any cracks or burrs that can be 

unavoidably formed during processing the specimens 

via traditional ECAP as the two halves of the die are cut- 

ting along the channels. A cover plate is implemented to 

avoid detaching the two parts of the ECAP die. More 

details about MMSECAP die and the typical appear- 

ance of the specimens processed by MMSECAP can be 

found in our previous study [28]. 

Rods were cut for ECAP with original diameters 

of 1.5 mm and lengths of 11 mm. The prepared speci- 

mens were conducted up to the 4th ECAP pass using 

route BC, i.e. the specimens underwent a 90° rotation 

counter-clockwise between consecutive passes around 

their longitudinal direction. This route was selected in 

this investigation because it is reported that route BC is 

an effective route in refining the grain structure in the 

90° die [29]. 

Following MMSECAP, rods were cut into lengths 

of 6 mm for the subsequent extrusion process to fab- 

ricate tiny pins. The extrusion process was conducted 

at room temperature for the annealed specimens (CG) 

and only the specimens subjected to the 4th ECAP pass 

(FG). To avoid deburring for the material dur- ing 

extrusion, the two halves of the die were cut hor- 

izontally as in the MMSECAP die, not as usual in 

cutting vertical, see Figure 1(a). Therefore, an addi- 

tional specimen had to be prepared for completing the 

extrusion process because the punch cannot push till 

the end of the die. For instance, after a first speci- 

men was pushed to half of its initial length (3 mm), 

a second specimen was inserted and pressed also to 

about half of its length, at that time the first spec- 

imen was totally extruded. For the as-received rods 

after annealing, henceforward designated the ‘Unde- 

formed’ condition and for the as-received rods after 

annealing followed by MMSE, henceforward desig- 

nated the ‘Undeformed + Extr.’ condition. Finally, for 

the annealing rods after MMSECAP through four 

passes at room temperature followed by MMSE, hence- 

forth designated the “Undeformed + ECAP + Extr.” 

condition. 

All the processes (ECAP and extrusion) were con- 

ducted under a displacement rate of 1 mm min−1. This 

pressing rate in this work is reasonable to ensure there 

is no significant effect from any heating of the specimen 

during processing. 



 

 

 
 

Figure 1. (a) Schematic illustration of the sequence of the applied processes in this investigation with the corresponding typical implemented dies, 

and (b) The employed experimental setup [30]. MMSECAP symbolises micro/meso-scale ECAP, MMSE symbolises micro/meso-scale extrusion, 

and MIU represents micro-injection upsetting. 
 

The two different grain structures, CG (Unde- 

formed + Extr.) and FG (Undeformed + ECAP + 
Extr.), then underwenta final processing step of micro- 

injection upsetting (MIU) (see Figure 1(a)). The injec- 

tion upsetting apparatus consists of three main parts, 

i.e. container (upper die), spacing ring, and flat plate. 

The spacing ring which has a thickness of 1 mm was 

used to make a gap between the upper die and the 

flat plate. The flat plate was coated by TiN with a sur- 

face roughness of Ra = 0.01 μm, measured at Makino 

Laboratory at Nagoya Institute of Technology, Nagoya, 

Japan. The appearance of the actual experimental plat- 

form can be shown by the high magnification of the 

zone highlighted by the yellow circle in Figure 1(b). 

All the initial specimens prepared for the upsetting 

test have a dimension of 1 mm diameter with 8 mm in 

height. The opposite ends of the test specimens were 

polished by grinding paper using a jig to maintain the 

perpendicularity and to facilitate the handling of the 

specimens. Then, both the specimens and the coated 

plate were polished with a buff and 1 μm diamond 

spray followed by a cleaning process using an ultra- 

sonic device (acetone, the cleaning solution). In the 

injection upsetting process, the specimens were pressed 

through the channel of the upper die to inject the gap 

between the upper die and the TiN plate. The injection 

upsetting specimens were pressed up to 2 mm height 

(stroke) from the total specimen height (8 mm) at room 

temperature. 

All the aforementioned processing, i.e. MMSECAP, 

MMSE, and MIU were performed on a servo-press 

machine witha5 kN load cell and a displacement gauge 

as can see in Figure 1(b). 

Microstructural examinations were characterised by 

electron backscatter diffraction (EBSD, JEOl JSM-7001F). 

For EBSD, specimens were cut parallel to the extru- 

sion direction, they were mechanically ground on stan- 

dard silicon carbide papers, then finally polished with 

0.04 μm colloidal alumina (OP-S). EBSD measurements 

were performed at 15 kV, a tilt angle of 70° and a scan 

step of 0.3 μm on a zone of 150 μm × 150 μm. 

Microstructural observations in the longitudinal 

direction were performed also by transmission electron 

microscopy (TEM) on specimens exposed to MMSE- 

CAP deformation to reveal the hard-to-notice grain 

refinement of EBSD. TEM specimens were prepared 

with a focused ion beam technique in which a thickness 

of 200 nm was produced. 

 
 

Results and discussion 

Microstructural evolution during MMSECAP/MMSE 

The broad aspects of microstructure evolution dur- ing 

MMSECAP/MMSE were displayed in our previous 

work of the present authors [26,27]. For suitability, the 

main issues of this process are shortly summarised here. 

Figure 2 shows the EBSD microstructure maps of Al 

1070 alloy before and after MMSECAP passes. In the 

maps, the thin and thick black lines from these maps 

indicate the location of low-angle grain boundaries 

(LAGBs, 2° ≤ θ ≤ 15°) and high-angle grain bound- 

aries (HAGBs, θ ≥ 15°), respectively. It is worth not- 

ing that the LAGBs are subgrain boundaries which are 

composed of an array of dislocations. For simplicity, 

only HAGBs are shown in thick lines. Figure 2(a) shows 

that the microstructure of the undeformed material 

displays equiaxed grain morphology with an average 

grain size of ∼ 20.4 μm and an average misorientation 

angle of 19.57°, i.e. ≥ 15°. After the 1st ECAP pass, it is 



 
 

 

 
 

Figure 2. EBSD orientation maps: (a) undeformed; (b) one ECAP pass; (c) two ECAP passes; (d) three ECAP passes; (e) four ECAP passes; and 
(f ) High-magnification EBSD map for the 4th ECAP pass on an area of 20 μm × 20 μm [26,27]. 

 

found that a heterogeneous microstructure mostly con- 

sists of elongated grains towards the shearing direction 

(see Figure 2(b)). Moreover, the microstructure consists 

mainly of a large fraction of LAGBs as already shown in 

Figure 2(b), qualitatively. 

As the MMSECAP deformation proceeds to the 

fourth pass, more refined grains, Figure 2(e), as 

compared to the preceding microstructures, i.e. sec- 

ond and third pass. Therefore, notwithstanding rel- 

atively rapid grain refinement through early stages of 

MMSECAP (Figure 2), the microstructure still has a 

slightly heterogeneous distribution where some 

relatively large grains of size ∼ 9 μm are demon- strated 

in the high magnification microstructure of 4th ECAP 

pass (Figure 2(f)). Thus, a significant number of 

MMSECAP passes are necessary to obtain a reasonably 

uniform grain structure. 

Grain refinement during MMSECAP isa direct con- 

sequence of the formation and subsequent evolution of 

deformation stress-induced boundaries. Figure 3(a,b) 

show the statistical variations of grain size and the 

boundary misorientation angle distribution attained 

from the EBSD analysis after ECAP passes, respectively. 

It is shown that the average size of the coarse grains in 



 

 

 
 

Figure 3. (a) Line grain size distribution and (b) boundary misorientation distribution of Al 1070 aluminium subjected to micro/meso-

scale ECAP processing on a plane aligned to the extrusion direction. 
 

 

Figure 4. TEM micrographs of (a) 1st pass and (b) 4th pass of the specimens processed by MMSECAP. 

 

the undeformed alloy decreased with an increase in the 

number of ECAP passes, likely as a consequence of the 

gradual transformation of LAGBs to HAGBs. The aver- 

age grain size is about 16.1 μm, 7.2 μm, 3.8 μm, and ∼ 2 

μm after 1, 2, 3, and 4 passes, consistently. Correspond- 

ingly, the average misorientation angle increases from 

10.39°, 16.07°, 17.47° to 20.92°. 

Compared with the structure of the undeformed 

specimen, the degree of grain refinement remarkably 

increased after the 4th ECAP pass, i.e. about ∼ 80% 

of grains fall in the range 1–3 μm (see Figure 3(a)). 

This is due to the grain subdivision during MMSECAP 

straining. 

The mechanism of grain subdivision [31–34] is 

mainly ascribed to the dislocation boundaries (dense 

dislocation walls) [35–37] that rise due to trapping 

of the dislocations which in turn form subgrains or 

cell blocks with LAGBs within the interior of grains 

[37,38]. These boundaries strengthen and eventually 

evolve into low-angle boundaries (LAGBs, < 15°). With 

more straining, dislocation activities in the par- ent 

grains become difficult due to the inhibition of 

intergranular strains [39]. Therefore, the plastic strain 

could be accommodated by rotation of these bound- 

aries and increasing the misorientations leading to the 

formation of higher-angle boundaries (HAGBs, 

> 15°) and subsequently, new finer grains are gen- 

erated within the initial grains. This is in line with 

[40] in which the HAGBs are formed by grain sub- 

division in severely deformed aluminium (Al 1050) 

processed by ECAP were investigated. Similarly, stud- 

ies demonstrate that as the number of ECAP passes 

increases, the fraction of HAGBs increases [41–43]. 

This results in simultaneously increasing the strength 

of the material, as well as improving the homogeneity 

of the microstructure [41]. Delannay et al. [44] studied 

the grain subdivision on the same previous material via 

cold rolling to a reduction of 40% by using Orientation 

Imaging Microscopy (OIM). 

For more clarification about the structure, Figure 4 

shows the TEM micrograph of the 1st and the 4th passes 

of MMSECAP processed specimens. After the 1st pass 

of MMSECAP, it is demonstrated that the structure 

shows the presence of dislocations inside the deformed 
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Figure 5. (a,b) Boundary map on the longitudinal direction of the Undeformed Extr., and Undeformed ECAP Extr., respec- 

tively. (c) Line grain size distribution and (d) misorientation angle distribution of the Al specimens processed by MMSE. 

 

grains, see, for instance, there are three types of zones 

in Figure 4(a). (I) Zones that have almost no disloca- 

tions, designated by green rows, (II) zones comprising 

dislocation tangles and sub-boundaries, showed by yel- 

low rows, and (III) zones consisting of a high density of 

dislocations which are distributed randomly, indicated 

by red rows. These dislocations are not presented in the 

lowest-energy dislocation structure [45,46] which is 

likely exploited in the formation of the unstable or 

non-equilibrium grain boundary (Figure 4(a)) and may 

realign to form equilibrium boundaries. Hence- 

forward, with further deformation, it is likely that these 

boundaries will be evolved into HAGBs [47,48] and 

consequently, UFG is obtained. After the 4th 

MMSECAP pass, the structure exhibits both elongated 

grains and equiaxed grains. A relatively equiaxed grain 

structure (grain size of ∼ 160 nm) can be detected, 

(Figure 4(b)). 

Figure 5 depicts the EBSD grain boundaries map 

along a section parallel to the extrusion direction and 

the statistical variations of both the grain size and 

the boundary misorientation angle distribution for both 

the ‘Undeformed + Extr.’ which represents the CG 

structure and ‘Undeformed + ECAP + Extr.’ which 

represents the FG structure. It can be shown that the 

grain structure of the ‘Undeformed + Extr.’ consists of 

a majority of the grains which are displayed along the 

extrusion direction with an average grain size of ∼ 24.6 

μm. Moreover, the microstructure consists mainly of 

LAGBs (84%) with an average misorientation angle of 

10.29°, i.e. < 15°, see Figure 5(a,d). 

Whereas, the grain structure of the ‘Undeformed + 

ECAP + Extr.’ exhibits elongated grain arrangements 

along with equiaxed ultrafine grains (see Figure 5(b)). 

The relatively large elongated grains are observed as 

distributed intermittently measuring about 13 μm (see 

Figure 5(c)). Additionally, Figure 5(c) shows that the 

mean grain size for ‘Undeformed + ECAP + Extr.’ is 

about 2.5 μm, and 30% of the scanned area exhibited 

grains less than 1.5 μm. Additionally, it is observed that 

the microstructure of the ‘Undeformed + ECAP + 
Extr.’ specimen mainly consists of HAGBs (65%) indi- 

cating that some LAGBs have been transformed into 

HAGBs after MMSECAP by the extrusion process as 

shown in Figure 5(d). 

 

Deformation characteristics of MIU process 

Figure 6 shows the load–stroke curves of the two differ- 

ent structures, i.e. CG and FG after the upsetting test. 

It is worth noting that each curve was drawn from the 

average of 20 points from the data obtained to give one 

point. It is found that the deformation load of the Unde- 

formed + ECAP + Extr. has a higher value than that of 

Undeformed + Extr. This can be ascribed to two fac- 

tors, i.e. grain boundary strengthening and the change 



 

 
 

 
 

Figure 6. Load–stroke curves of Al 1070 alloy processed during 
injection upsetting test. 

 
 

of surface grain fraction. The former can be described 

by Hall–Petch relation in which the material flow stress 

increases with the inverse of the square root of the grain 

size follow [49,50]. Whereas, the latter can be explained 

by the sense that the grains existing on the surface have 

less constraint, and thus, their flow stress is lower than 

that of the interior grains [51]. 

The microstructure of the Al 1070 specimens 

obtained by electron backscattered diffraction map- 

ping at the centre region of the upsetted surface for 

the Undeformed + Extr., and Undeformed + ECAP + 
Extr., can be observed in Figure 7(a,b). Figure 7(c,d) 

depicts the corresponding grain size distribution. The 

results display that the average grain sizes of the upset- 

ted specimens were 13.29 and 2.02 μm for FG and 

CG structure, respectively. It is depicted that 85% of 

the scanned zone of the Undeformed + Extr. had 

grains more than 4 μm in diameter, Figure 7(c). 

Whereas 85% of the scanned zone of the Unde- formed 

+ ECAP + Extr. had grains less than 4 μm and the 

microstructure shows a homogenous distribution for 

the deformed grains (Figure 7(d)). 

Figure 8 shows SEM images for Al 1070 alloy on 

the edge surface after the micro-upsetting test. The 

micro-upsetted edge for the Undeformed + Extr. has 

severe cracks that formed and propagated along the 

surface. Nevertheless, the surface quality of the micro-

upsetted progressively improved from CG to FG 

structure. Since the micro-upsetting of the Unde- 

formed + ECAP + Extr. structure has a  good form- 

accuracy and is free of undesirable defects such as edge 

cracking. 

Such differences in the grain size affect the anisotr 

opy during the upsetting test for the deformed shape. 

Figure 9 demonstrates the surface topographies of the 

end surface of the upsetted specimens for both the two 

different grain structures. The inspection shows that the 

geometries of the upsetted specimen have more irreg- 

ularities around the perimeter and the surface profile is 

not circular for the Undeformed + Extr. as demon- 

strated in Figure 9 (a1, a2). This could be attributed to 

the anisotropy properties of individual grains, i.e. the 

shape of the grains at the surface. Whereas, the outer 

shape of the Undeformed + ECAP + Extr. is appeared 

very smooth exhibiting regular sidewall around the 

perimeter (see Figure 9 (b1, b2)). Besides, the end sur- 

face has more circularity when the deformed specimen 

contains several grains, and this affects the deformation 

shape that was significantly improved with decreasing 

the grain size. 

From these observations, it is concluded that the 

grain size affects the material deformation behaviour 

on the micro-scale. This is in an agreement with the 

results reported by Chan et al. [43] since they observed 

inhomogeneous deformation taken place with 

increasing the grain size and decreasing the speci- men 

size by employing micro-compression for Al-6061 alloy. 

In the high magnification of the end surface, Figure 9 

(a2, b2), it is observed that there is an outer rim at the 

end surface of the upsetted specimens in dark areas 

called the real contact area (RCAs). 

Figure 10(a) shows clearly the end-surface repre- 

sentation of the upsetted specimen in the case of CG 

specimen by using a laser microscope. The light areas 

in Figure 10(a) are actually the RCAs, while the dark 

areas are the closed pocket (CPs). It is found that the 

RCAs are located at the outer rim of the end surface, 

whereas the CPs are more concentrated at the inner 

region of the specimen. In the upsetting test, materi- als 

flow outwards when it is compressed and the end 

surface expands radially. It is known that the material 

has some asperities that contain valleys and peaks on 

its surface. When the specimen is pressed against the 

TiN plate, some of the asperities that have the high- 

est peaks deform and become flat, thus resulting in 

an increase in the RCAs and interfacial friction [52]. 

Meanwhile, the asperity valleys led to the formation of 

a close pocket (CPs). Eventually, the small CPs coalesce 

to form a large CP at the inner area of the end surface. 

This can be clarified by the characteristics of the mate- 

rial surface in the metal forming process, i.e. interfacial 

friction. 

Hence, it is interesting to estimate the friction fac- 

tor for both CG and FG upsetted specimens. When 

a cylindrical specimen is axially compressed between 

a top and a bottom plate, the specimen material in 

contact with their surfaces experiences heterogeneous 

deformation resulting in the occurrence of the bar- 

relled side profile, this being shown in Figure 10(b). 

This is due to the interfacial friction at the faces of 

contact that slows down the flow of metal on the sur- 

face and in its vicinity during deformation, whereas the 

rest of the specimen exhibiting high strains and bulges 

out. Thus, it is essential to evaluate a friction factor 

for bulging. The friction factor (m) was measured by 

using Ebrahimi and Najafizadeh analysis [53], proceed- 

ing from the upper bound theorem and the geometry of 
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Figure 7. Microstructures of the specimens processed by injection upsetting: (a) Undeformed + Extr.,(b) Unde- formed + ECAP + Extr., 
and (c,d) are the corresponding statistical variation of grain size. 

 

Figure 8. SEM images of the micro-upsetting for Al1070 alloy: (a) CG and, (b) FG material. Defects such as edge-cracks are clearly visible on the 

edge surface in the case of CG structure. 

 

the testing specimen. The friction factor is given by the 

following equation: 

equations: 

R = R0

, 
H0

 

 

 

(2) 

(R/H)b m = √ √    H (1) 

 
4/ 3
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2b/3  3

 
 b = 4 

∆R      H  
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where R and H are the average radius and height of the 

upsetted specimen, and b is the barrelling param- eter. 

R and b can be determined by the following 

where R0 and H0 are the initial radius and the speci- 

men height, respectively. The difference between mid- 

height radius (RM) and bottom radius (Rb) is defined 
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Figure 9. Low (a1, b1) and high (a2, b2) magnification SEM images showing the surface topographies of the upsetted specimens  where ‘a’ represent 

the CG and ‘b’ represents the FG. The end surfaces of (b, FG) have a better surface quality compared with the CG counterpart. 
 

 

Figure 10. (a) End-surface topography of the upsetted specimen in the case of the annealed state, (b) typical appearance of the specimen after MIU 

process, and (c) geometrical representation of upsetting specimen. 

 

 
as ∆R. Practically, the precise measurement of the bot- 

tom radius of the cylinder after deformation is difficult. 

Hence, an approximation of the shape of the barrelled 

specimens with an arc of a circle, Rb can be estimated 

by the following equation: 

Rb  = 

,

3 
H0 

R0
2 − 2RM

2 (4) 

The calculated value of the friction factor from the 

aforementioned equations for CG and FG structure is 

shown in Figure 11. It is observed that the friction 

factor is higher in the case of the FG structure. This 

 
is in a line with the prior studies [52,54] in which 

the friction factor increases with decreasing the grain 

size and this can be ascribed to the change of mate- rial 

properties. Since the material flow stress during 

deformation is decreased with the increasing grain size. 

This is because the volume fraction of grain boundaries 

decreases with increasing grain size [55]. Further, the 

flow stress for surface grains which have less constraint 

to flow becomes substantial to the overall deforma- 

tion behaviour [56]. Thus, the material can flow out- 

wards easily and lead to an increase in the end surface 

area. 
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Figure 11. The variation of friction factor with two different grain 

structures, i.e. CG and FG. 

 
 

Conclusion 

In this research, Al 1070 alloy was processed by the 

MMSE on two different grain structures, coarse grain 

(CG) and fine grain (FG) obtained by the 4th pass of 

MMSECAP using route Bc. Then the extruded tiny pins 

were tested for their formability and plastic flow via the 

injection upsetting. The key conclusions are drawn as 

follows: 

 

(1) After the 4th pass of MMSECAP, the average grain 

size was refined from ∼ 20 μm to ∼ 2 μm, and also 

the microstructure exhibited UFG of 160 nm. The 

higher degree of grain refinement of the processed 

aluminuim alloy by the MMSECAP is ascribed to 

the mechanism of grain subdivision. 

(2) Extrusion of the 4th ECAP processed specimen 

induced a non-uniform microstructure with elon- 

gated grain arrangements and further introduced 

a high fraction of misorientation angle boundaries 

of about ∼ 65%. 

(3) The micro-upsetting of the FG structure has a good 

form-accuracy and is free of undesirable defects 

such as edge cracking. Nevertheless, for the CG 

structure, the quality of micro-upsetted specimens 

is significantly poorer and has severe cracks that 

have formed and propagated transversely along the 

surface. 

(4) In the case of the FG structure, the friction factor 

represented a higher value relative to the CG. This 

is for the reason that the small grain size triggered 

a higher volume fraction of grain boundaries that 

lead to increasing the flow stress for surface grains. 

(5) Finally, this study suggests that the FG structure 

materials for microforming processing to fabricate 

micro-components which can, in turn, be applied 

in MEMS. 
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