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Abstract—An effect of rolling temperature on the mechanicanano/UFG microstructure. The UFG imparts high siteras

properties and microstructural evolution of an AH8i alloy was

expected from the Hall-Petch relationship, wherdhas

studied. The material was rolled up to a true stafi[D.7 at three micrometer-sized grains contribute to the enhanoénud
different temperaturesiz; room temperature, liquid propanol andductility [6]. Many reports are available on crytiry of pure

liquid nitrogen. The liquid nitrogen rolled sammghibited superior
properties with a yield and tensile strength of 882a and 364 MPa,
respectively, with a reasonably good ductility &%-. The liquid

nitrogen rolled sample showed around 54 MPa ineréastensile

strength without much reduction in the ductilitycasmpared to the as
received T6 condition alloy. The microstructuraltalls revealed
equiaxed grains in the annealed and solutionizeshpla and

elongated grains in the rolled samples. In addjtitve cryorolled

samples exhibited fine grain structure comparedthe room

temperature rolled samples.

Keywords—Al-Mg-Si alloy, Cryorolling, Tensile properties,
Ultra fine grainstructure

I. INTRODUCTION

HE Al-Mg-Si alloys, owing to their good combinati@f
corrosion resistance, formability and high strengtle
widely used in automotive and aerospace applicstifor
fabricating high strength and lightweight structurfl-3].
Ultrafine grain (UFG) structured materials can bhiaved by
severe plastic deformation (SPD) techniques [4]weler,

metals, their alloys and even composites [7]-[13he
suppression of dynamic recovery during deformatian
cryogenic temperatures preserves a high densitdedécts
generated by deformation, which can act as thengate
recrystallization sites. Accordingly, the cryogediformation
requires less plastic deformation for achieving Usiicture,
compared to the SPD processes [5].

Il. EXPERIMENTAL

Al-Mg-Si alloy (AA6061) was procured in T6 conditidn
the form of one-inch diamter rod. The chemical cosifion
of the as received alloy is having 0.48% Si, 0.88%, 0.46%
Fe, 0.9% Mn, 0.04% Cr, 0.005% Zn, 0.01% Ti andcabed
Al. The alloy was initially melted in an inductidnrnace at
95(°C and after specified time, the molten alloy wast ¢ato
rectangular sheet of 130 mm 130 mmx 5 mm. The cast
alloy sheets were initially annealed at 4@5or 2.5 h and then
solutionized at 53T for 1 h followed by quenching in chilled
water. Solutionized samples were rolled up to al tibtickness

majority of the SPD techniques require large ptastireduction of 50% with a true strain of 0.69. Railinvas

deformation and complicated procedures along vettricted
geometries. The process of rolling overcomes tfedity in
producing sheet and lengthy products. Cryorolli@R) is a
unigue mechanical deformation process at
temperatures by which high
combinations can be achieved [5].

performed at three temperatures viz., room temperdRT at
305 K), liquid propanal (LP at 193 K) temperatuned aat
liquid nitrogen (LN at 77K) temperature. During Inogj, the

Cryog'e'nétamples were initially maintained in respective raddr 30
strength and  ductilitynin duration and the total thickness reduction 6¢%5was

achieved in multiple passes with about 1% redugbenpass.

These combinations of properties were reported €0 IAfter each pass, the sheets were again maintainethd

attributed to a bimodal
micrometer-sized grains embedded inside the matrix
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grain size distribution twit respective medium for 2 min. before further recarctiX-ray

diffraction (XRD) analysis was carried out to idéntthe
different phases of the samples rolled at
temperatures. The Bruker D8 advance instrumentgu€in-
Ka radiation was used for XRD analysis. Tensile testse
performed using an Instron tensile test machineratpd with

a cross-head speed of 0.5 mm/min on the samplésivire
machined as per ASTM E8 sub size specification$ wie
gauge length of 25 mm. Fractograph analysis oftémsile
samples rolled at different temperatures was peréor using
a scanning electron microscope (SEM) Hitachi (S8000
model), Japan.
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Ill. RESULTSAND DISCUSSION samples. The extent of fineness in grain structwas

A Microstructure of Alloy during CR and RT Rolling improved with decreasing the rolling temperatureheT
The light optical micrographs of the annealed angresence of finer grains in -the case of cr_yoroﬁadmle_s Is
solutionized Al-Mg-Si alloy (Fig. 1(a)) indicatete presence attnbuted_ fo the suppression of dynamic recoveuying
of equiaxed grains and the sample rolled at RT.(Eid)) deformation at cryogenic temperatures [5]. The the_rn
exhibited coarse elongated grains (arrow indicatiregrolling of the alloy rolled at the three temperatures was in Fig.
direction), which is attributed to the parallel @atatic heating
during the process. Among the cryorolled samplés ralled
sample exhibited finer grain structure than the itdHed

Fig. 1 Light optical micrographs of the alloy irfférent conditions; (a) full annealed and solutiad; (b) rolled at room temperature; (c)
rolled at liquid propanal temperature and (d) ke liquid nitrogen temperature
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B. Tensile Properties 400

The engineering stress-strain curves for the raofl@chples
are shown in fig. 3. The RT rolled sample exhibitegield
and tensile strength of ~280 MPa and 338 MPa, otispdy
with a ductility of ~8%. Similarly, the LN rolledasple
exhibited ~19% and 8% increase in yield and terstilength
and ~ 11% improvement in ductility as comparedhie RT
rolled sample.

However, the sample rolled at LP temperature etdubi
inferior properties when compared to the RT and LI
conditions. This may be attributed to the storedrgy of the
rolled material both at RT and LP.

Niranjani et al. [14] also made similar observations. They
considered a modified version of AA 6061 alloy antled at
room temperature and at liquid nitrogen temperatoire 80% 0
reduction and performed tensile tests, which readaimilar s 6 8 10
level of vyield strengths and low ductility at botthe Engineering Strain (%)
temperatures. The reported amount of stored ereagyg to
deformation was found to be independent of rolling Fig. 3 Engineering stress-strain curves of alldiecbat different
temperature [14]. temperatures
present work exhibited improvement with respectbiath

300

200 - f

100

Engineering Stress (MPa)

o RTrolled
4 LP rolled
# LN rolled

strength and ductility compared to the RT rollednpke.
Hence, based on present work, further improvement i
_ —~ s ductility without losing srength is expected up ehort
3 — = N = annealing and ageing treatment.
5 . % % o = The intensity of Al (2 0 0) plane that has beermmalized is
g E =N ° - N compared at the three temperatures and is indiotdi. 4.
[ = l 1@ =z 2= The peak intensity is almost similar for the ca$eR®, LP
= = < T = i LNR rolled sample, and for the LN rolled sample, a titas
S @ reduction in the intensity was observed, which¢atis higher
] =3 l 1 strain in the material. In addition, as the rollitemperature
& ' -~ +—i— LPR decreases, a shift in the peak is observed, phatigtin the
case of LN rolled sample. The better propertieshatdd by
| 1 RTR the LN rolled sample is attributed to the enharsteain in the
: : : : : material compared to RT and LP conditions.
20 40 60 80 100 120
Shift in the peak ——,
20 (Deg.)
Fig. 2 XRD pattern of AA6061 alloy in different pressing -
condition 2
>
However, in the present investigation, the tenstitength in E
the LN rolled sample is ~364 MPa and ductility ~9Pke lack 2
of improvement in the work of Niranjaet al, can be due to ﬁ
the higher amounts of reductions in their work viahied to =
partial dynamic recrystallization. When compared tte s
wrought alloy in T6 condition [15], an increase ® MPa «
(17%) in tensile strength is achieved, without mia$s of
ductility. This increase is due to the high diskima density
increase in LN rolled condition with more amountstbred T T T
44.6 44.8 45.0 45.2 45.4

energy than LP and RT rolled samples.

In contrast to the earlier explanation, an improgamof
~11% increase in tensile strength of LN rolled dbad with
a simultaneous reduction in ductility compared hbe tRT
rolled alloy was also reported [16]. They have régabthat, to
improve ductility, the CR samples were subjectedshort
annealing treatment. In contrast, the LN rolled glenin the

20 (Deg.)
Fig. 4 Peak shift of Al (2 0 0) with reference ailing temperature
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Fig. 5 Fracture surface morphologies of tensilegamof the alloy rolled at — (a) RT, (b) LP anjl (bl

C. Fracture Morphologies

The presence of dimples in the case of alloy rodedRT
and at LN temperature indicates a ductile typeraétfire and
the behaviour of the alloy at LP temperature isdntrast with
the other temperatures. It shows that, the samplufred in
more brittle manner, with cleavage planes on theessurface
with very less number of dimples in the fractograpie
inferior strength and poor ductility exhibited HyetLP rolled
samples is attributed to this brittle fracture. igeathi et al.,
reported that [16], with increasing percentage litkness
reduction in the samples, the dimple size decreasdsh is
due to the grain refinement and work hardening @ated
with the SPD of the samples. As LN rolled samplhileixed
relatively finer and deep dimples than that of Rdlled
samples, it exhibited better strength and ductititgn the
other two conditions.

[VV. CONCLUSION
Microstructural studies revealed a finer grain cttes in
LN rolled condition than the other conditions. T rolled
sample showed ~19% and ~8% increase in yield amsilée
strength and ~11% improvement in ductility compai@dRT
rolled sample. The improved mechanical propertfethe LN
rolled sample is attributed to the combined effettgrain
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refinement, suppression of dynamic recovery and
accumulation of higher dislocation density durimgocolling.
It is anticipated that the strength can be retaimed ductility
can be significantly enhanced by further short ailing and

aging the LN rolled sample.
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