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Abstract

In this study accumulative roll bonding (ARB) preseup to 8 Cycles (equivalent strain of 6.4) at
ambient temperature was used in order to improgentbchanical properties of Commercial purity
titanium (CP-Ti).Several experiment has been dame Mechanical properties of specimen has
been discussed. For investigating optical microsqmmching and hardness test were utilized. This
is the first study on shear strength of CP-Ti fodnigy the ARB process. In this study Yield Shear
Strength (YSS), Ultimate Shear Strength (USS), gdtion, punching energy and hardness were
investigated. Results of experiment report thath@snumber of the ARB process increased, the
shear strength increased but after that certaitecy8S and USS gradually decreased. As well as
increasing numbers of ARB cycles, elongation desgdaResult reported that the shear strength of
specimen reached to maximum value at certain cgobk afterward due to grain recovery and
specimen fracture, it decreased. Experiments itgliteat maximum hardness’s and shear strength
were obtained in cycle 4 and 6respectively. Furtitge specimen fracture after 8 cycles ARB
processing was observed.
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1. Introduction
Commercial purity titanium is one of the most impot metals in aerospacéjological

applications anahdustrial purposes. It has H.C.P crystal strugttire most useful attributes of the
titanium and its alloys are corrosion resistancesekent toughness, biocompatibility and the
highest strength to density ratith. has been already established that severe pldsfmrmation
(SPD) can realize the ultra fine grained (UFG) iatatlic materials [1]. The formation mechanism
of the UFG has been an issue of contention, and/ mesearchers have studied the microstructure
evolution during SPD. One of the ideas to expldéi@ microstructure evolution during the SPD
process is grain subdivision [2, 3]. The grain suvistbn in SPD is a process where deformation
induced boundaries subdivides the original crysaalsvell as the deformation induced boundaries,
have been classified into: geometrically neces&@uyndaries (GNBs) and incidental dislocation
boundaries (IDBs) [4]. In the ultrahigh strainedtengls; a number of GNBs are introduced to form
the UFG microstructures. The grain subdivision hasn systematically studied in F.C.C. metals
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and alloys in which slip systems can be strictlyedained. On the other hand, the SPD processes
have been applied primarily for metals and allogsiing cubic crystal structure, and the number of
studies on SPD of hexagonal materials is limitéds well known that deformation behaviors of
cubic metals are significantly different from thosehexagonal metals. Unlike the cubic crystal
structure, in hexagonal metals number of actiye Sjstems is limited, and sometimes deformation
twinning plays an important role for plastic defation. Therefore, it is anticipated that the
microstructure evolution during SPD is differentveeen cubic and hexagonal metals.

From an industrial point of sight, it is furtherneodesirable to raise great quantities of bulk
material. In this context, ARB process seems todyg promising for continuous sheet production
on established large-scaled manufacturing faglifie7]. Moreover, it was testified before that
ARB leads to a significant increase in the mechampooperties, especially concerning strength and
strain rate sensitivity [8-9].

ARB has previously been applied to grain refinem@ntommercial purity Ti; however, there is
very trivial detail in the literature on ARB Benifiof ARB includes the role of conventional roll
forming equipment and the ability to produce bulk@sheets with dimensions limited only by the
capability of the coils. ARB involves stacking twar more plates of metal, and rolling them
together, in order to refine the grain structure aause them to adhere through the roll-bonding
process. The rolled sheet is then sectioned in Halfreased, stacked and the procedure repeated
(Figure 1).0One of the features of accumulative-bolhding is that it is possible to impart large
plastic strains on the materials over a numberRBAYycles. A modified ARB rolling process was
developed, involving an initial cold roll at ambigemperature in order to sever deformation and
break up the coarse grain structure.

However, the ARB mainly has been used for cubicenes and the number of researches used to
try applying ARB to H.C.P. metals is limited. D. ieet al. tried to form titanium by appalling the
ARB process. They found that After 4 cycles (8 tayethe ARB-processed sheet exhibit eda UTS
of 1220 MPa, 0.5% proof stress of 945 MPa, dugtiift 4.5% and uniform elongation to 3.0%
strain. Furthermore, they observed UTS around 7{@fiteln and the proof stress almost double that
of the coarse-grained solution treated alloy [10].

In the other investigate of CP-Ti processed by AREBimbient temperature, by Terada et al. [11],
they reported an equiaxed microstructure with improf tensile strength of 890 MPa after six
ARB cycles at ambient temperature. A similar stterigmprovement in tensile test was obtained in
CP-Ti processed at room temperature using higb-rdifferential speed rolling (HRDSR)
conducted by kim and Yoo [12]. Room temperatureaéguhannel angular pressing (ECAP)
ofanother process to SPD of CP-Ti has been caougdyy increasing the die angle from 900 to
120-1351, thus decreasing the strain reported inppss. Xzhao et al. [13] demonstrated that
enhancing the die angle to 1201 improved the tersiength up to 780 MPa in just one pass.
Furthermore, Yzhang et al. [14] processed CP-TEGAP with a die angle of 1351 and proved that
the tensile strength was increased to 750 MPa o fasses. It is interesting to note that these
values are only slightly higher than the strendibesved in CP-Ti that had been processed by SPD
in 7-8 passes at elevated.

The purpose of the present study is to clarify¢hange in mechanical properties (shear strength
and hardness) in pure titanium (CP-Ti) during SRDthis study, a commercial purity Ti (CP-Ti)
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severe plastic was deformed by applying the accatmwel roll bonding (ARB) process. These

studies showed the Micrograph of ARB specimen a8BD, but the microstructure evolution

during SPD are still unclear due to lack of systeenabservations. The ARB is an SPD process
using rolling deformation, and it is applicablecmntinuous production of sheet materials [10, 21].
The ARB has been applied to various kinds of medald UFG microstructures were successfully
obtained. However, the ARB mainly has been usedtbic materials and in this trial it was tried

to apply the ARB to H.C.P. metal. The predesignB® $echnique for this investigation was ARB.

Here we demonstrate the successful use of the redd¥RB process to form commercial purity

titanium with enhanced shear strength and hardiessils of the evolution of the microstructure

and mechanical properties of Ti-CP specimens asagral ARB cycles are presented. Results from
optical microscopy, hardness test were obtainembmunction with mechanical property data from

punching test. Comparisons are drawn to microsirastand properties obtained for 8 cycles of
ARB process.

2. Experimental Tests

A CP-Ti (ASTM grade 2) sheets 0.5 mm in thicknégsmm in width and 200 mm in length were
used in this study. The chemical composition of ghecimen (CP-Ti) is shown in Table 1. The
starting sheets were firstly deformed to 50% reidactn thickness (equivalent strain of 0.8) by
ARB process. This procedure is hereafter considagethe first ARB cycle. The 50% cold-rolled
sheets 0.5 mm thick were cut in half-length, stddkebe 1 mm thickness after degreasing surface
of the sheets by using chemically cleaned acidtswol between each cycle and wire-brushing the
contact surfaces, and then roll-bonded by 75% te@liction in one pass, which is considered as
the second ARB cycle. The procedures in the seédtifl cycle were repeated up to 8 ARB cycles
(total equivalent strain of 6.4). The ARB was cadriout under well-lubricated condition using a
two-high mill having a roll diameter of 220 mm. TR®ll peripheral speed was 10 m/min. The
specimens were cooled in water after each ARB cyidie micrograph characterizations of the CP-
Ti sheets ARB-processed by various cycles (vargigns) were carried out by optical microscope
(OM). The observed sections for image were perpetati to the normal Direction—Rolling
Direction (RD-ND) of the sheets. The observed plaves electro-polished in50 ml HCIOO
solution. Orientation analysis of shear punchirgistseonducted for the ARB-processed specimens
were parallel to ND.

Small disc specimens of 20mm diameter and 0.5 mokriess were electric discharge machining
(EDM) wire cut from the various surfaces were gegtiound using SiC 600 grit to a final thickness
in the range of 0.5+0.005 mm. Shear Punch tests @xgcuted utilizing a universal test machine at
room temperature and at a constant crosshead sge@®mm/min. Tests were conducted on
specimens to study the effect of different numidekRB process on the punching test result. Three
samples were punched for each test and the aveahges are reported.
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Figurel. Schematic illustration showing the priteipf the accumulative roll-bonding process
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Tablel. Chemical composition of the commercial fyustanium (wt.%)

Chemical composition of ASTM Grade 2 CP titanium
Component c Fe H N (0] Ti
Wt. % Max 0.1 Max 0.3 Max0.015 Max0.03 Max 0.259.28

Table2. Cycle data of the ARB processed commepciety titanium

Layer Total Equivalent strain
Cycles Layers thickness  Reduction _
(um) (%) Increment  Accumulative
1 2 250 50 0.8 0.8
2 4 125 75 0.8 1.6
3 8 62.5 87.5 0.8 2.4
4 16 31.25 93.8 0.8 3.2
5 32 15.62 96.9 0.8 4
6 64 7.81 98.4 0.8 4.8
7 128 3.97 99.2 0.8 5.6
8 256 1.95 99.6 0.8 6.4

3. Results

Figure 2 shows microstructures of the CP-Ti spenifefore the ARB starting material equiaxed
grains with mean grain size of50um. Figure 3 illaigs the optical micrographs of CP-Ti specimen
1 to 8 ARB process cycle in ND-RD direction. Itasident in the first cycle that the interfaces
between two plates were easily recognizable (Figandt is likely to be indicated that weak joint
between two plate occurred however in the nextesy@-4 with increasing ARB cycles, interfaces
of the previous layer disappeared (Figure 3b, 3¢ 3a).This reflects that by increasing ARB
cycles, the joint between the subsequent bondingteffaces improved, although still weak joint in
fresh layer can be determined. After 4 cycles,rfates of layers were observed more integrated
(cycle 5-6) (Figure 3e and 3f).The number of layachieved by Zhould be noticed where n is

40



Journal of Modern Processes in Manufacturing amdidutior, Vol. 6, No. 2, Spring 2017

number of ARB process cycldsigure 3 shows the CH+ specimen in the last cycles of experim
(cycle 7-8) its evidencimcrement in ARB cycle, resulted specimen fracture

Figure2.Microstructure on longitudinal sections of the commeid purity Ti
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Figure3.Micrograph images of the ARB sheet viewed from Tid &L. (a) cycle 1, (bEycle2, (c) cycle 3, (d) cycle 4,
(e) cycle4, (f) cycle 5, (g) cycle 6, (h) cycle 7, (i) cy@e
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3.1. Shear Punching Test

In order to characterize mechanical propertieshef 4pecimens, the shear punch test (SPT) was
used. The (SPT) technique involves slow blanking tifin disc of specimen clamped between a set
of die and punch at a constant speed as shown aticalty in Figure 4. The deformation occurs in
the small annular region of the punch—die clearafi¢te load on the punch is calculated as a
function of specimen displacement. The curves abthifrom the SPT data are similar to those in a
tensile test. This test has been designed for mé&tation of shear properties of the specimens,
therefore, yield shear stress (YSS), and ultimhgas strength (USS) can be measured, using the
following experiential equation[15].
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Where p is the applied load, r S,(kcit T dgie), t is specimen thickness, C is a correlation foaeft,

T and O are the estimated corresponding shear and tensltk gr maximum stress, respectively.
Leon and Drew et al. [16] And also Rguduru e{HI] established a linear relationship between the
shear and tensile data for yield and ultimate gties) briefly put, they are:

Oy =0T, Wherea =1.77 (2)

s =Bl Whereg =1.8

Moreover, Toloczko et al. [18] proposed other datren between the strain hardening exponent
obtained from the shear punch testing data andrlierm elongation, briefly put, they are:
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I71 o — TU_SS
[o.ooz} Toes ®)
And
e=2.267, — 0.1 (4)

Where e is the uniform elongatidjis the strain hardening exponent in SPT test, and 710
represent the estimated 0.02% tensile and the 1.8B% normalized displacement offset yield
point, respectively.

The punching energy of shear punching is calculbyeld 9]:

o
E,=[ 7d5 (5)
Where
Ep, o0 are T punching energy, displacement and shear strepsatigely. In the other word, the

total punching energy is taken as the area undgrem shear stress — displacement curve (SDC).lIt
is obtained during the blanking operation and isy\@milar to that acquired by a conventional
uniaxial tensile test. The properties obtained bwlging the SDC can be correlated to the
corresponding conventional tensile properties. rAdigplication of the load, the applied load P was
measured automatically as a function of punch togasion; the data were obtained by a computer
so as to define the shear stress of the testediaiatesing the Equation 1. Figure 5 shows SDC to
specimens shaped by ARB process and the stresgioas calculated during the punch test until
blank separation. For better comparison shearsstréisplacement curve for cycles 2, 4, 6 and 8 is
showed in Figure 5.
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Figureb Comparison of shear stress —displacement curdéfefent ARB cycles

It shows nominal shear stress —displacement cuirtleeoCP-Ti sheets ARB-processed by various

cycles. The shapes of the SDC were completelyrdiftebetween the first cycle and the last cycle

of ARB-processed specimens. The strength, t elamgand punching energy obtained from the

curves are summarized in Figure 6 to 9, a funatiiothe number of ARB cycle. Figure 6 illustrated
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Yield Shear Strength (YSS) of the CP-Ti ARB-proegsby various cycles at ambient temperature.
The high YSS is observed in cycle 4 (400 Map).
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Figure6. Yield Shear Strength (YSS) of the comnadngurity Ti ARB-processed by various cycles

Figure 6 illustrates the Ultimate Shear Strength of the GPARB-processed for 8 cycles. As
specified in the graph, ARB process improves thength of a specimen up to 560 Mpa in cycle 4
and a substantial reduction can be observed dfétr $imilar behavior of titanium alloy specimen
in tensile tests of ARB process has been reponyetiehda et al. [11] and Kent et al.[10] With the
exception that the high strength respectively ioley and 3 archived. The lowest strength which
was observed in cycle 8 was about 420 Mpa and mpaason Figure 3 with Figure 7 and 8, it can
be deduced that the ARB specimens fracture of fayales play impressive role in specimen
strength.
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Figurer. Ultimate Shear Strength (USS) of the commeraimitp Ti ARB-processed by various cycles

44



Journal of Modern Processes in Manufacturing awdi&ation, VVol. 6, No. 2, Spring 2017

Figure 8 depicts total shear elongation of specinmewarious ARB cycles. According to the
diagram in the first and second cycle, the perggntd elongation is about %13-%15 and also the
maximum elongation is observed in those cycles, dftér second cycle the elongation also
significantly dropped and gradually decreased bgreasing the ARB cycle, the elongation
decreased from the second cycle to last cycle aBbd#.By comparing the measure of shear
elongation and tensile elongation, it can recogiimet there is a tight relationship between CP-Ti
shear elongation and tensile elongation [11].
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Figure8. Elongation of the commercial purity Ti ARBocessed by various cycles

The energy to separate blank of specimen in pugdieist is calculated by using Equation 5 and is
shown as a function of punching energy in FiguréHe data show a significant increase around the
cycles 2 by value of 0.11 J It is because the latgegation occurred in the cycle of Figure 8 and
according to Equation 5 punching energy is increasen the other hand, it does not show a
significant change of the punching energy, in 6sggjent cycles.
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Figure9. Punching energy of different ARB cycles
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3.2. Hardness Test

The hardness of the rolled specimen was measuretlfhree averages of the measurements are
shown in Figure 10. The average Vickers hardndassireed using a force of 5kg, is given on the
ordinate and the number of layers rolled is showntlte abscissa. As expected, the hardness
increases as the number of passes is increasethartheess of the first cycle is 160 HV. At the end
of the six pass, after rolling the 64-layered sttipe hardness has become 318 HV and then
decreased gradually. It is observed that the laigesease in the hardness, nearly 70%, is created
when the four-layered strip was rolled (cycle 2heThardness of specimen enhanced in the
subsequent passes, but at a progressively loweer rat

320 ~
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Figure10. Changes in Vickers hardness of the comialgurity Ti ARB-processed by various cycles

4. Discussion
The change in micrograph and mechanical propesfiesCP-Ti during SPD by ARB was clarified
in details in the present study. It was found thagapplying ARB process, shear strength enhanced
and at specific cycle it reaches to a maximum valustrength and then gradually reduced. It has
been reported by many investigators that the stisegn strength at relatively low strains is mginl
due to the work hardening caused by an increaskslaocation density and formation of the sub
grains. The low density of dislocations at reldimMaigh strains is because of the dynamic recovery
[20] or absorption of dislocations into the graiaubdaries [21].Many researchers investigated
microstructure during SPD and reported equiaxethdrg increasing SPD [11]. It is well known
that deformation twining plays an important role tastic deformation in H.C.P. metals that have
limited number of active slip systems. Also tensién and compressive twin were reported in the
deformed samples [22]. The twin boundaries formetbwer reduction changed to normal high-
angle boundaries owing to lattice rotation duringspc deformation [11]. Tereda et al.[11]
indicated that twinning did not occur during defation process at high strain. Hence, the
deformation twining has little influence on theraftne microstructure evolution in the specimens
ARB-processed by many cycles.
It should be mentioned that the thermal conduetiat Ti is especially low (17 W m-1°C-1)
compared with other metals, that is, significatr@ase in local temperature is expected within the
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shear bands in CP-Ti, which assists the recovemh@fregions having high density of defects to
form equiaxed grain structures. It seems, theref@@sonable that the equiaxed grains are formed
within the shear bands because of enhanced recdueng the process.

In any way, the increase of the volume fracturggifeé 3 of specimen by increasing in ARB cycle
and local adiabatic heating that assists recovarijng SPD to form the equiaxed grains [11]. It is
due to reduction of strength and hardness in |&8 Bycles.

Significant recovery of ductility in conjunctionitiv continued improvement in strength is not
normally observed for accumulative roll-bonding ggssed materials, which normally display
monotonous reductions in ductility in associatiofthwstrength enhancements for increasing
numbers of cycles [2]. Wkim et al. [12] did repdecreasing elongation with increasing numbers of
ARB cycles in an 8011 Al alloy, accompanied by mhlistrengths and hardness. It was suggested
that this was associated with enhanced dynamio/eggaluring testing. Other authors [23,24] also
reported a significantly drop in the elongationdwaled by some recovery with subsequent cycles in
accumulative roll-bonding processed copper and70f28s strip, respectively. Although, neither
clarified whether this was due to enhanced elongatnor gave an explanation for the recovery.
Similar to the CP-Ti, the strength of the 70/30skratrip and copper material also continued to
improve in conjunction with the recovery of elorigat

5. Conclusion
The accumulative roll-bonding process up to 8 cytias been performed successfully for a ti-cp.
The results obtained are summarized as follows:

1- By increasing layer in ARB process, the interfatpreviously layer is improved.

2- The shear strength of the ARB processed CP-Ti asa® with the number of ARB cycles
and in the certain cycle reach to maximum valuethat in this study the maximum value
of USS and YSS achieved after 4 cycles, by amotibiSs and YSS respectively 560,405
MPa.

3- The elongation decreases abruptly after one cgole,it decreases slightly with the number
of ARB cycles and it holds straight relationshighwiracture energy.

4- Hardness increases were observed after each aatiwauloll-bonding process cycle, but
results showed some recovery with increasing cydée largest jump in hardness was
achieved after the first processing cycle, whiclggasts that the most effective ARB
processing is gained at low cycles.

5- With excessive ARB cycles (more than 7 cycles) spen fracture occurred and it plays an
impressive role in the mechanical properties otspen.
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