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The present study is devoted to the effect of cryorolling (= 150 °C) in mill rolls implementing shear alternating severe
plastic deformation (SPD) on the microstructure and mechanical properties of the alloy. Comparison of the pro-
cesses of cryorolling (CR) and rolling at room temperature (RTR) is given. The study of the microstructure of the
samples and the mechanical properties showed that CR ensures the production of ultra-fine grained (UFG) material
with an average grain size of 350 <+ 500 nm, as well as an increase in hardness by 162,2 % (118 £ 2 HV) and R _ by
106,34 % (293 = 5 MPa).
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INTRODUCTION

Such characteristic properties of aluminum alloys as
lightness, strength, ductility, good formability, high
thermal conductivity, corrosion resistance due to the an-
tioxidant film AlLO,, non-toxicity make it an almost
ideal structural material. [1]. Recently, to obtain the op-
timal combination of strength, plasticity and toughness
in aluminum alloys, which is very difficult to achieve
[2], the processes of severe plastic deformation (SPD),
based on the transfer of high levels of deformation to
the material [3] and cryogenic deformation processes
[4], based on active strain hardening of the material at
ultralow temperatures. The processes make it possible
to obtain nanocrystalline and ultrafine-grained (UFG)
materials with excellent mechanical properties primari-
ly due to intensification of deformations and activation
of grain-dislocation factors. There are scientific and ex-
perimental reports on Al-Mg-Si alloys subjected to cry-
orolling with and without SPD implementation which
have shown improved mechanical properties [5, 6].
However, in the available literature there are no reports
on Al-Mg-Si alloys subjected to cryorolling with the
implementation of SPD to obtain rolled sections, for ex-
ample, round, square, rhombic, reinforcing sections and
oriented to large-scale production in existing rolling
shops. The present study is aimed at obtaining a UFG
structure by cryorolling the Al-0.6Mg-0.35Si alloy.
The effect of cryorolling on the microstructure and me-
chanical properties of the alloy is estimated. A compari-
son of the micromechanical properties of the
Al0,6Mg0,35Si alloy during cryorolling (CR) with the
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results obtained during rolling at room temperature
(RTR) is given.

MATERIALS AND METHODS

RTR and CR were carried out in the rolls of duo 250
and duo 150 rolling mills with alternating non-diagonal
rhombic and traditional square passes to realize alter-
nating shear SPD and forming passes (Figure 1). The
design of the non-diagonal rhombic pass was developed
on the basis of the previous scientific works of the au-
thors of this study with the conversion of the shear up-
setting process on the rolls, and the roll pass design was
calculated and developed in accordance with the rele-
vant basic principles [7].

In non-diagonal rhombic passes, severe shear defor-
mation (or shear strain) is realized through the imple-
mentation of alternating shear deformation, simultane-
ously with this, high-altitude compression (reduction)
of the metal occurs. Since rhombic passes alternate with
square passes, where high-altitude metal compression
also occurs, the process carries out an alternating in-
tense shear.

10 7 9 8

duo 200 duo 150

Figure 1 Sketches of roll passes: 1, 3, 5, 7 - non-diagonal
rhombic passes for alternating shear deformation; 2,
4, 6, 8 - square passes for reduction; 9 - oval pass; 10
- round pass
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A billet of the Al0,6Mg0,35Si alloy was manufac-
tured by radial shear rolling [8] and had the chemical
composition Al0,6Mg0,35Si /Wt. %. Initial samples
with a diameter d, = 38 mm and a length I, = 80 mm
(cross-sectional area F ;= 1 133,5 mm?) were rolled in n
= 10 passes to obtain a round profile with a diameter d,
=10 mm (F,= 79,61 mm?) Hence, the total elongation
coefficient was A = 14,24, and the mean elongation co-
efficient was &= 1,30, which is optimal for the pass
system [7]. The rolling speed is 0,4 m/s (constant). Be-
fore rolling, the samples were preliminarily heat treated
(solution treatment) at 450 °C for 3 hours. Before the
first pass of cryorolling, the initial samples were im-
mersed in liquid nitrogen (- 150 °C) for 30 min, and
before the rest of the passes for 20 min to reach satura-
tion temperature. Further, a study of hardness (Vickers
hardness test), ultimate tensile strength (R ), yield
strength (R ) and elongation 6/% was carried out. Opti-
cal metallography of the original sample in cross-sec-
tion was examined on an inverted microscope model
Leica DM IRM etched in Keller’s reagent (95 ml H,0O,
2.5mIHNO,, 1.5 mI HCI, 1 ml HF) for 15 — 20 seconds.
TEM analysis of cut ultrathin samples after RTR and
CR followed by annealing was performed at an acceler-
ating voltage of 120 Kv on a JEOL JEM 1400 Plus mi-
croscope.

RESULTS AND DISCUSSION

The optical micrograph of the original sample is
shown in Figure 2 (a). The structure contains an o—Al
matrix with intermetallics. The average grain size is in
the range of 50+60 um. The grains have a hexagonal
morphology with triple Y-shaped grain boundaries.
Grain boundaries are highlighted in white.

Figure 2 Micrographs of the Al0,6Mg0,35Si alloy: (a) optical
micrograph of the initial sample, (b) TEM micrograph
of the sample after RTR, (c) TEM micrograph of the
sample after CR, (d) TEM micrograph of the
dislocation structure after CR
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Figure 2 (b), (c) and (d) shows TEM micrographs of
the Al0,6Mg0,35Si alloy after RTR and CR. It can be
seen from TEM micrographs that, after both rolling
cases, strongly fragmented equiaxial grains of hexago-
nal morphology with low-angle grain boundaries pre-
vail in the material structure. The average grain size
after RTR and CR is, respectively, in the range of 1 — 2
pm and 350 — 500 nm. Samples after CR also show
highly fragmented grains with an average size of 200 —
220 nm. In contrast to RTR, in the alloy after CR,
strongly deformed nonequilibrium and diffusion grains,
dislocation cells, entangled dislocation tangles, and dis-
location walls are observed.

When rolling according to the proposed scheme (see
Figure 1), a favorable stress-strain state is created in the
zone of plastic deformation. Thus, the high values of
stress intensity observed during rolling according to the
proposed scheme, causes an intensive refinement of the
grain structure throughout the entire volume of the metal.

The authors believe that at CR, the liquid nitrogen
temperature effectively suppresses dynamic recovery
processes, in contrast to RTR, where dynamic recovery
has a significant effect on the microstructure. The au-
thors also believe that due to the presence of particles of
the strengthening binary Mg,Si phase in the alloy, the
motion of dislocations and the migration of atoms is in-
hibited leading to the accumulation and compaction of
dislocations, which is consistent with similar conclu-
sions [5]. Due to a decrease in the temperature of the
alloy to cryogenic temperatures, a decrease in the vol-
ume of the alloy occurs, causing an increase in the en-
ergy of compression deformation and accumulating de-
formations with each subsequent rolling pass.

Mechanical properties during tensile testing and
Vickers hardness data of the Al0,6Mg0,35Si alloy of the
initial sample and at different rolling modes are given in
Table 1.

Table 1 Mechanical properties of Al0,6Mg0,35Si alloy at
different processing methods

Process HV R,/MPa R /MPa 6/%
Initial sample 45+ 2 78+5 142+5 15+1
RTR 92+2 233+5 251+5 M+1

CR 118+2 258+5 293 %5 9+1

It is noticed that, compared with the hardness of the
original sample (45 £ 2 HV), the hardness after RTR
and CR increased by 104,4 % (92 £ 2 HV) and 162,2 %
(118 £ 2 HV), respectively. The hardness of the alloy
after CR increased by 28,26 % compared to RTR. The
R, of the samples increased from 78 + 5 MPa (initial
sample) to 233 £ 5 MPa in the RTR sample (an increase
of 198,72 %) and to 258 = 5 MPa in the CR sample (an
increase of 230,77%). R, of alloy after CR compared to
RTR increased by 10,73 %. The R_ of the samples in-
creased from 142 + 5 MPa (the original sample) to 251
1+ 5 MPa in the RTR sample (an increase of 76,76 %)
and to 293 + 5 MPa in the CR sample (an increase of
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106,34 %). Alloy R after CR increased by 16,73 %
compared to RTR. Based on the decrease in the elonga-
tion values at RTR and CR (by 26,67 % and 40 %, re-
spectively), we can conclude about a decrease in ductil-
ity. Low temperature annealing can be performed to in-
crease ductility with little change in mechanical proper-
ties.

Improvement of mechanical properties is mainly as-
sociated with strain hardening or Hall-Petch strengthen-
ing, intensification of shear strains in the passes of a
rolling mill, grain refinement, dislocation factors, and
precipitation of hardening solid dispersed secondary
phases [5]. At CR, the effect of suppressing dynamic
recovery is added to these factors, which contributes to
an increase in the density of dislocations, thereby also
the mechanical properties.

The grain size refinement is attributed to grain-
boundary strengthening or Hall-Petch strengthening.
The mechanism of this hardening can be explained as
follows. Before plastic deformation, there are disloca-
tions in the grains of the material in a certain amount.
During plastic deformation, these dislocations and new-
ly formed dislocations (for example, dislocations creat-
ed by Frank-Read sources) will move through the crys-
talline lattices of the grains to the grain boundaries,
where these boundaries and their disorder impede the
movement of dislocations. and they accumulate along
grain boundaries.

It is important to note that recent experimental stud-
ies of nanocrystalline aluminum materials [9] have
shown that the Hall-Petch relationship is not always ef-
fective; upon reaching a certain critical grain size (on
the order of several tens of nanometers), a further in-
crease in the yield stress is not observed: the yield stress
remains constant or decreases (the material softens)
even if the grain size decreases. This paradox is called
the inverse Hall-Petch effect. Despite the fact that re-
cently a lot of experimental and research works devoted
to this effect in nanocrystalline materials have been car-
ried out, the nature and mechanisms of this phenome-
non remain insufficiently studied and require further,
more in-depth studies.

CONCLUSIONS

Thus, the implementation of a full cycle of cryoroll-
ing in new gauges ensures uniform and intensive pro-
cessing of the metal over the entire section, refinement
of the structure to the UFG state, which is reflected in
obtaining higher quality products. The cryorolling pro-
cess proposed by the authors has shown its effective-
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ness in achieving the UFG structure. For further grind-
ing of grains to a nanocrystalline state with an average
grain size of less than 100 nm, the authors are currently
developing combined methods of cryorolling with ex-
trusion or pulling [10] to obtain long billets and with
deformation in a closed die to obtain spherical billets.
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