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Abstract

In this research, for the first time, forming limit diagrams (FLDs) of ultra-fine grained Al/Al
samples produced by accumulative roll bonding (ARB) process were evaluated. The samples were
successfully prepared through ARB up to the 7" pass. Mechanical properties, tensile fracture
surfaces, and crystallite size of samples were investigated. The level of the FLD and elongation at
first decreased and then increased, continuously. The results of tensile testing revealed that by
increasing the number of ARB passes, the tensile strength increased continuously. Microhardness
of Al strips increased and reached a value of 51 VHN after the seventh pass. Results of X-ray
diffraction demonstrated that crystallite size decreased from 1341 nm for annealed condition and
it reached to 175 nm for ARBed samples after the 7" pass. SEM images showed that the fracture

mode in the ARBed samples was a shear ductile fracture with elongated sophomoric shear dimples.
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1. Introduction

In the last decade, aluminum has attracted the interest of many researchers for various applications
such as industry, automobile manufacturing, and aerospace [1_3]. On the other hand and during
these years, bulk nano and ultrafine-grained (UFG) materials have attracted significant research
interest since they exhibit high strength in addition to good ductility and toughness, desirable
corrosion resistance, and high speed superplastic deformation [4, 5]. Various procedures can be
used to produce nano and UFG materials. Top-down and bottom-up methods are the most
important and main classification of manufacturing nano and UFG materials [6, 7]. The bottom-
up technology includes many fabrication methods. For example, vapor deposition, mechanical
alloying, and rapid solidification are bottom-up procedures. The most important and usable method
from top-down procedures is the severe plastic deformation (SPD) process. So far, different
accepted and successful SPD methods have been introduced, such as equal channel angular
pressing (ECAP) [8, 9], equal channel angular rolling (ECAR) [10, 11], high pressure torsion
(HPT) [12_14], extrusion compression (CEC) [15], multi-axial forging (MAF) [16], constrained
groove pressing (CGP) [17], cyclic, and accumulative roll bonding (ARB) [18]. The common
feature of all SPD methods is that the dimensions of specimens before and after applying the
procedure are the same and constant [6]. Accumulative roll bonding has some better features
among SPD methods, for example ARB does not need expensive equipment with high power
capacity, and it can be applied to different materials [6]. Also, ARB has industrial potential because
of high production rate and continuous production [4, 18]. ARB is a repeatable technology for
preparing, surface treatment, and stacking and rolling sheets with similar dimensions for a various
number of cycles in order to obtain desirable mechanical properties constrained by limitations such
as the growth of edge cracks [19, 20]. ARB was first introduced by Saito et al. in 1998 [18]. This
process can be performed on a wide range of metals. In recent years, ARB has been broadly utilized
for fabrication in the form of sheets and foils, and for various materials such as pure aluminum [5,
19, 20], aluminum alloys [3, 7, 18, 21], Zr [22], Cu [23], Brass [24], Ti [25], Mg [26], and IF steel
sheets [27]. Research has mainly proved that ARB can be used in the manufacturing of
multilayered metals from the same or different materials [28] and composites with metal matrix

[4] with desirable and improved mechanical properties and microstructure. Moreover, some
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studies demonstrated that the mechanical properties, such as tensile strength and microhardness,
can be increased more than two and even more than three times these of primary material before
ARB, but the elongation decreases. Most research on ARB are about the microstructure and
mechanical properties, but there are no works on the forming behavior and formability of metals
in this process. Obviously, due to the reduction in elongation and developments in the production
by ARB, more research is needed in the field of forming and formability. The capability of sheet
metals to be formed into a desired shape without necking or fracture is generally considered as
sheet metal formability. It is clear that an understanding of formability in ARBed samples can be

improved and may develop the potential and practical efficacy for such applications in industry.

The forming limit diagram (FLD) is the most popular criterion utilized to forecast the formability
of sheet metals and the possibility of success and failure of sheet metal forming processes. FLD
demonstrates the limiting surface strains that a sheet metal can withstand before the start of
localized necking under a wide range of deformation modes in tensile tensile and
tensile_compressive loading paths. This plot represents the combinations of major and minor
surface strains that lead to failure of the metal [29]. The right and left side of this diagram are
determined by the positive and negative minor strains, respectively. Also, there are many strain
paths to biaxial and uniaxial tension from plane strain [30]. The FLDs could be obtained
theoretically and experimentally. The most well-known test in order to obtain FLDs
experimentally is an out-of-plane test (e.g., Nakazima test) in which a sheet metal specimen is
fixed between circular die rings and stretched by a hemispherical punch [31]. The laboratory test
results demonstrated that the FLDs are influenced by many factors, including strain rate [32, 33],
strain hardening index, anisotropy coefficients [34, 35], heat treatment [36, 37], grain size and
microstructure [38, 39], strain path changes [40, 41], and sheet thickness [42]. However, work has
not been done so far to evaluate the FLDs of samples produced by ARB; FLD has been used to
evaluate the formability of fine grained and ultra-fine grained sheet metals produced by other SPD
methods, such as ECAR [43] and ECAP [44].

In this research, in order to investigate forming limits, FLDs of ultra-fine grained Al samples
produced by ARB were evaluated. For this purpose, the ARB process was applied at ambient

temperature without using lubricant in seven passes. Mechanical properties, micro-hardness, and
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fracture mode were investigated for the annealed sample and after the first, third, fifth, and seventh
cycle after the ARB process. Finally, the FLDs were determined experimentally using the

Nakazima test.

2. Experimental procedure

2.1. Research material

Table 1 details the material used in this study: commercially pure aluminum 1050 alloy (99.44 Al,
0. 406 Fe, 0.121 Si, 0.033) sheet with initial dimensions of 120 mm in length, 75 mm in width,
and 1 mm in thickness. Before the ARB process, to achieve the well-structure, the samples were
annealed. Annealing and cooling were done in the furnace at 380 °C for 60 min and in air at

ambient temperature, respectively.

2.2. Accumulative roll bonding process

In order to evaluate the tensile fracture surfaces, mechanical properties and forming limit diagrams
of multilayered Al produced through the ARB process, sheets were prepared into 120 mm x 75
mm x 1 mm in length, width and thickness, respectively. Figure 1 illustrates the principle of the
ARB process utilized to manufacture the multilayer Al. The surface preparation was performed in
steps: degreasing by acetone, drying in air, and roughening by circular stainless steel wire brush
with dimensions of 8 mm and 0.3 mm in diameter and wire thickness, respectively. After surface
preparation, the two aluminum sheets were stacked on each other; to avoid sliding, the stack was
fastened by steel wires at four corner points for the ARB process. Finally, the roll-bonded sheets
with a 50 % reduction in thickness value were created after clamping. The ARB process was
repeated for seven cycles. The process was performed using a laboratory rolling mill with 107 mm
in roller diameters at room temperature, in which no lubricant was used. Also, to diminish
reformation of oxide layers on the surface, the time between surface preparations and rolling was

reduced.

2.3. Structural evaluation

In order to evaluate qualitatively and quantitatively different ARB cycles, X-ray diffraction (XRD)
measurements were carried out on the RD-TD plane of the ARB processed sheets. The XRD
experiments were performed in an X-ray diffractometer (Bruker Avance D8) using Cu-k, radiation
(A= 0.1542 nm), operated at 40 kV, 0.5 step size and 40 mA, and the data were collected at room
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temperature with a 26 range between 30° and 80°. The Williamson—Hall formula and X Pert High
Score software were used to analyze the XRD data. Also, the crystallite sizes were calculated for
each peak, separately, and then the average of crystallite size for each peak at different ARB passes

reported.

2.4. Mechanical properties

Mechanical properties of Al multi-layered fabricated by the ARB process were studied through
uniaxial tensile tests and microhardness measurements. The uniaxial tensile test samples were
prepared for the annealed and ARBed samples oriented along the rolling direction according to the
ASTM: E8 standard. The gauge length and width of the tensile test specimens were 25 and 6 mm,
respectively. The uniaxial tensile tests were performed at a nominal initial strain rate of 1.67 x
10~* st at room temperature using a SANTAM tensile testing machine. Vickers microhardness
tests were coducted on initial and ARBed samples using JENUS apparatus under a load of 200 g
applied for 10 s. Microhardness tests were implemented to the intial and ARBed samples at 10
different points randomly on the cross-sections perpendicular to the rolling direction. Then, for
each sample, the minimum and maximum hardness values were disregarded. Also, to determine
the fracture mode for annealed and ARB processed samples at different ARB passes, the fracture

surfaces of the uniaxial tensile test specimens were evaluated using a VEGA TESCAN SEM.

2.5. Forming limit diagrams

The Nakazima test was used to determine the FLD. The Nakazima test uses the biaxial stretch-
forming tests to obtain FLDs [45]. Specimens with different geometries were used to obtain the
forming limit curve (FLC) [46]. Rectangular samples of different widths were cut by wire cut
machine from the sheet metals 50 mm in length, corresponding to one fourth of 1ISO 12004
standard dimensions and perpendicular to the rolling direction. Also, to mark the circular grid with
2.5 (0.1 inch) mm diameter and a depth of 1 micrometer over the surface of the initial and ARBed
specimens, on electro-chemical procedure was used. For stretching sheet samples, a SANTAM
S2050_ton constant speed hydraulic press machine equipped with a displacement-force curve and
2 mmmin! speed was employed. An abrupt change in the load—displacement diagram was utilized
as the stopping criterion in the test. The experimental equipment and different steps for

determination of FLD, such as the Nakazima test, specifying necking and fracture points, reading
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the large and small diameters of deformed elliptic shapes by travelling microcopy, calculating the
major and minor strain, and drawing FLD are illustrated in Fig. 2. Typical deformed samples after
Nakazima test are shown in Fig. 3. The circular grids were deformed to elliptical shapes by the
tests. After conducting the out-of-plane stretching test for each sample, the limited strains were
determined from the major and minor axes of the ellipse, located nearest to the localized necking
region, using a traveling microscope with an accuracy of 1 um. The major and minor engineering
strains were calculated via Egs. (1) and (2), respectively, and were then transformed into the true

strains:

d
x 100 (1)

€major (%) —

d
x 100 2)

€minor (%) —

“a”, “b”, and “d” introduce the ellipse’s major and minor diameters and the initial circle diameter,

respectively.

3. Results and discussion

3.1. Structural evaluation

Figure 4a depicts the typical XRD patterns of pure Al and Al with the index plane after different
ARB passes. The crystallite size, as one of the important structural parameters of nano-materials,
can be obtained XRD, as the crystallite size is related to the diffraction peak broadening.
Significant peak broadening is observed especially for the smallest crystallite size values. It can
be seen that by increasing the applied strain, not much change is seen in peak location, and also by
increasing the number of ARB cycles, the peak broad increased.

Figure 4b illustrates the variation in crystallite size after various ARB passes and unprocessed
aluminum. The crystallite size decreased from 1341 nm for pure Al to about 175 nm at the seventh
pass. In general, the microstructure variation is based on the separation of grains. Regarding the
ultra-fine grained ARBed samples, in the ARB process due to high applied strain with increasing

number of ARB passes, the boundaries of different geometries are arranged in parallel bundles,

and according to the axis of the deformation [47]. By increasing the stress and strain, the number
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of minor borders and the boundaries of different geometries increase, and the distance between

them decreases, and finally the mechanism leads to grain refinement [47].

3.2. Fractography

Tensile fracture surfaces after uniaxial tensile testing were viewed using the SEM for evaluation
of the fracture mode. Tensile fracture surfaces of primary strips and the multilayer Al as a function
of the ARB passes are presented in Figs 5 and 6, respectively. According to Fig. 5 for the initial
strips, the common ductile fracture mechanism was seen accompanied by deep equiaxed or
hemispheroidal dimples in the rupture surfaces of the initial annealed sheet. This type of rupture
happens through micro-void formation, coalescence, crack growth, and shear fracture at an angle
relative to the tensile direction [48, 49].

According to Fig. 6, by increasing the number of ARB passes, lamellar structure diminished after
the last pass (the seventh pass). Also, by increasing the number of ARB passes, the dimples got
smaller and shallower compared to the annealed sample. The appearance of these dimples in the
rupture surfaces of the ARBed samples (Fig. 6) suggests the occurrence of the common shear
ductile fracture mechanism similar to the initial sample, but the dimples get smaller and shallower,
causing increased tensile strength and decreased elongation compared to the initial sample [48,
50]. The failure surfaces of the initial (Fig. 5) and ARBed samples (Fig. 6) show some
hemispheroidal and small dimples, and that some dimples are distributed in one or other direction
because of applying unequal triaxial stresses. These dimples are features of a typical ductile
fracture. Each dimple is attributed to a crack nucleation site, which is linked up during the plastic
deformation process [51]. Briefly, for initial strips, the ductile fracture was accompanied by deep
and equiaxed dimples and for aluminum_aluminum ARBed sheet, a shear ductile fracture was
observed. Moreover, dimple sizes of Al ARBed samples are smaller and shallower than the
dimples of initial strips. Viewing the lower magnification of Fig. 6, debonding between layers is
determined by red arrows at the first and last ARB passes. By increasing the number of ARB
passes and applied strain, debonding decreased and resulted in better and stronger bonding

between Al layers.
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3.3. Mechanical properties

The initial annealed material (AA1050) had the lowest yield tensile strength and very large
elongation about 34 %, and tensile strength of nearly 55 MPa was obtained. The engineering
stress—strain curves of the multilayer Al as a function of the number of ARB cycles are presented
in Fig. 7a. According to Fig. 7a, ultimate tensile and (0.2 %) yield strength were quickly enhanced
after the first pass of the ARB process, and then with rising the number of ARB passes to the
seventh pass, it slowly increased. The strain hardening rate of the soft phase and flow properties
of the constituent phases affected the mechanical properties of the metallic multilayer, especially
tensile properties [52]. Two basic mechanisms are responsible for strengthening during the ARB
process, strain hardening by dislocations and grain refinement [20, 52, 53]. Increasing the strength
in the initial passes (at least before 3) of the ARB process is attributed to strain hardening and cold
work [53, 54]. After initial passes (after the third pass) and by decreasing the effect of work
hardening, strengthening and higher strengths are achieved through the gradual evolution of the
microstructure [25, 54, 55]. With increasing the number of ARB passes, crystallite size and
separation between layers decreased, and the bond strength between aluminum layers increased,
leading to the increased strength. The maximum yield and tensile strength 198 MPa and 231.7

MPa were achieved at the seventh pass, respectively.

The values of ultimate tensile, (0.2 %) yield strength, and elongation obtained from the engineering
stress—strain curves (Fig. 7a) for the Al ARBed sheets at different number of passes, and the initial
samples are presented in Fig. 7b. According to Fig. 7b, the elongation of phases indicates a sharp
decrease in the first ARB cycle, and then elongation is improved by continuing the ARB process.
Based on previous research studies, the low elongation value in the ARBed samples can be
attributed to the high strain hardening and debonding between Al layers. After the first cycle and
by increasing the number of ARB passes, higher elongation is achieved by grain refinement, and

the gradual evolution of ultra-fine grains plays the main role in enhancing the elongation.

Elongation of multilayered Al after the first cycle of the ARB was 3.44 % and improved as the
ARB process continued and reached 7.82 % after the seventh pass (the last pass). From the third
to the seventh pass, both values of elongation and tensile strength increased, continuously, due to

grained refinement and because the grained refinement is the only mechanism that enhances
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strength and ductility at the same time. It is reported in similar research (similar in primary
material, reduction in thickness, temperature, process, and applied strain) that the grain sizes of
the 1%, 3", and 5"-cycle of ARB processed AA1050 sheets measured from TEM micrographs
were approximately 465 nm, 406 nm, and 300 nm, respectively [56].

During the ARB process, the samples are assumed to be deformed in a plane strain condition.

Therefore, the equivalent strain after n cycles can be determined using the following Eq [18]:
2 ty, 2 1
€eq = —=NIn— = —NIn

V3 t 3 1-R

Where t,, t, N, and R are the initial thickness, thickness of samples after ARB process, number of

ARB cycles, and reduction thickness in each pass, respectively.

As shown in Table 2, by raising the number of ARB passes, the microhardness of Al increased.
The micro hardness of phases indicated a sharp rise in the first ARB pass from 25 to 45 VHN.
After the first pass, there was a moderate increase in the microhardness, and finally it became
approximately constant in the last pass (the seventh) of the ARB process and reached 51.5 VHN
after the seventh pass. The increase rate of microhardness in the initial passes of the ARB is
attributed to the high rate of strain hardening [52, 57], and in the next passes both strain hardening
and grain refinement are effective on the microhardness increase; in the last ARB pass, the
microhardness reaches an approximately constant value because the materials arrive a steady-state
density of dislocations. Annihilation in the dynamic recovery process and dynamic balance
between dislocation generation during plastic deformation creates steady-state density of
dislocations [52, 54].

3.4. Forming limit diagram

Figure 8 demonstrates forming limit diagram for the annealed sample and Al at different passes of
the accumulative roll bonding process. According to Fig. 8, formability (FLD and FLDo) decreased
sharply in the first ARB pass and then improved and increased continuously after the first pass
with rising number of ARB passes gradually. Declining of the FLDs was chiefly due to strain
hardening which decreases the movement of dislocations. Also, decreased the formability and
ductility in Fig. 8 can be due to debonding in the interfaces [7]. Enhancing the FLDs by increasing

the ARB cycles could be due to the diminution effect of strain hardening, grain refinement, and
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other reasons such as creation of stronger bonds and decreasing separation between Al layers [7].
According to Fig. 4b, by increasing the number of ARB passes, the grain size decreased and grain
refinement increased. Also, by applying equivalent strain over 0.8 (after first cycle), the values of
grain size were below 500 nm [56, 58]. After transition of the third pass to the seventh pass, both
values of strength and formability increased at the same time; the main reason is dominance of the
grain refinement mechanism. Also, previous studies show that after the third pass, the effect of
cold working decreases, and the grain refinement is the governing mechanism [25, 54, 55, 59, 60].
In summary, decreased formability of initial ARB cycles is due to strain hardening, debonding,
and weak bonding in the interfaces. On the other hand, increased formability after higher ARB
cycles (at least after 3 cycles) is due to the diminution effect of strain hardening and grain
refinement. The FLDo of multilayered Al after the first pass of the ARB was five and enhanced as
the ARB process continued and reached 14.5 after the seventh pass. The FLDo and elongation
obtained from the engineering stress—strain curves (Fig. 7a) and forming limit diagrams (Figure 8)
of the Al sheets are illustrated in Table 2, as a function of the accumulative roll bonding passes.
According to Table 2, the elongation and FLDo values dramatically decreased from 34 % and 23
% to 3.5 % and 5 % after one pass of ARB process, respectively. Then, the elongation and FLDo
values were enhanced by increasing the number of ARB passes and reached the maximum after
the seventh cycle to 7.8 % and 14.5 % and decreased to 77 % and 37 %, respectively, compared to
the annealed samples . The reduced rate of elongation was more than FLDo and also improved 122
% and 190 %, compared to the first cycle. The improved rate of FLDowas more than elongation.

4. Conclusion

In the present study, multilayer aluminum was fabricated by the ARB process, and the mechanical
properties, the microstructures, and the FLDs of ARBed samples after different number of passes
of the ARB process were evaluated; the following results can be summarized:

I.  The yield and tensile strengths were quickly enhanced after the initial pass of the ARB
process, and then with increasing the number of ARB cycles to the seventh cycle, it slowly
increased, and the maximum yield and tensile strength reached 198 MPa and 231.7 MPa

respectively after the seventh pass.

10
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VI.

The elongation and FLDo values dramatically decreased from 34 % and 23 % to 3.5 % and
5 % after the first ARB pass, registering 90 % and 78 % decreases, respectively. Then, the
elongation and FLDg values were enhanced by increasing the number of ARB passes and
reached a maximum after the seventh cycle to 7.8 % and 14.5 %, which demonstrated an
improvement compared to the first cycle of 122 % and 190 %, respectively; the improved
rate of FLDo was more than the elongation.

Microhardness measurement demonstrated that the sharp rising in the first pass and value
of microhardness increased from 25 to 45 VHN. Then, there was a moderate increase, and
finally, the microhardness reached an approximately constant value.

The crystallite sizes, as one of the important structural parameters of nano-materials, were
obtained by X-ray diffraction. By increasing the number of ARB passes, crystallite size
decreased from 1341 nm for the annealed samples to 175 nm for the last ARB pass.

The SEM observations showed that ductile fracture with large dimples occurred in the
annealed specimen, changing to shear ductile fracture with elongated sophomoric shear
and fine dimples after the ARB process. Also, by increasing the number of ARB passes,
the debonding between layers decreased.

From the third to seventh pass, the ductility (elongation and FLD) and strength increased
continuously at the same time; due to the dominance of grain refinement. Also, decrease
in the formability of the first ARB passes occurred due to strain hardening, cold work, and
high separation between Al layers at the first pass.

11
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Figure 2: Different experimental FLD steps: (a) Nakazima test; (b) specifying necking and
fracture points; (c) reading the large and small diameters of deformed elliptic shapes by

travelling microcopy; (d) calculating the major and minor strains; (e) drawing FLD
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Figure 3: Typical deformed specimens for: (a) right side of FLD, and (b) left side of FLD
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Figure 4: Results of X-ray diffraction: (a) XRD pattern of the annealed Al and Al specimens in

different ARB passes, and (b) Variation of crystallite size for annealed and Al specimens in
different ARB passes
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Figure 5: Tensile fracture surfaces of initial sample
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(a) (b)

Figure 6: Tensile fracture surfaces of Al multi-layered: (a) first pass, (b) third pass, (c) fifth pass,

(d) seventh pass; the red arrow shows the debonding between the layers.

20


https://scholar.google.co.uk/citations?user=u8nGIAEAAAAJ&hl=en&oi=ao
https://www.hanser-elibrary.com/doi/abs/10.3139/146.111566

Preprint of: Davood Rahmatabadi & Ramin Hashemi. (2017). Experimental evaluation of forming limit diagram and
mechanical properties of Nano/ultra-fine grained Aluminum strips fabricated by accumulative roll bonding process.
International Journal of Materials Research. DOI: 10.3139/146.111566.

250 250 40
a
( ) =~ Pass 1

= 200 Pass 3 200
B 1 S ™00 o=l N e e e, e T
E Pass 5 _
Z 15 £
é 150 N Z ©
% £
2 ~—— Anneal %‘
5 100 £
2 E 100
= I —— =
I s -

50

\ — —— - s
v » = ? * . —8— Teasile Strength ~ & - Yield Strength === Elongation
0 5 10 15 20 25 30 35 40 0 °
Engineering Strain (% Annealed 1 2 3 4 5 6 7
. ’ 08 Sl Number of ARB Cycles

Figure 7: Mechanical properties: (a) Engineering stress—strain curves of initial sample and Al
multi-layered strips in different ARB cycles and (b) Variations of tensile, yield strength, and

elongation for initial sample and Al multi-layered strips after different number of ARB cycles
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Figure 8: FLD for the initial sample and Al multi-layered strips after different number of ARB

cycles
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Table 1: Specifications of commercially pure aluminum.

Chemical Yield  Tensile .
Material Composition  Strength ~ Strength Elo?(g/;a;non H(ﬂ?/nNe;S
(wt.%) (MPa)  (MPa) 0
99.44 Al
Al 0. 406 Fe,
1050 Anealed  0.121 Si, 39 61 35 25
0.033

Table 2: Variation of mechanical properties, FLDo, and crystallite size for annealed sample and
different ARB cycles.

Number of . . L
Elongation Micro-hardness  Crystallite size

ARB UTS (MPa)  YS (MPa) (%) FLDo (%) (VHN) (nm)
cycles

Anneal 61.3 39 34.66 23 25 1341

1 153 121 3.44 5 45 621

3 185.5 147 5.3 8 48 264

5 209.1 187 7.1 13 49.7 131

7 231 198 7.8 14,5 51.5 175
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