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Abstract— The effect of cryorolling and cold rolling on 

tensile strength and hardness of Al 6101 alloy have been 

investigated in the present work. The Al 6101 alloy was rolled 

in two high rolling mills for different thickness reduction 

(10%, 20%, 30%, and 40%) at cryogenic (liquid nitrogen) 

temperature and at atmospheric temperature and its 

mechanical properties were studied by using tensile testing 

and hardness. The microstructure characterization of the 

tensile failure specimen was carried out by using scanning 

electron microscopy (SEM). It is observed that the tensile 

strength and hardness of cryorolled material up to 40 % 

thickness reduction have increased compare to the cold 

rolling. The improved tensile strength and hardness of the 

cryorolled Al 6101 alloy is due to grain refinement, 

decreasing dimple size with increasing the percentage of 

thickness reduction and ultra-fine grain (100nm<d<1µm) 

formation by multiple cryorolling passes. Scanning electron 

microscopy analysis of the fracture surfaces of tensile testing 

carried out on the samples exhibits ductile to brittle transition. 

The reduction in dimple size of cryorolled Al 6101 alloy upon 

failures confirms the grain refinement and strain hardening 

mechanism operating in the heavily deformed samples. 
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I. INTRODUCTION 

Ultra-fine grained structure with grain sizes between 

100nm<d<1μm have been receiving significant attention due 

to their improved mechanical properties such as higher 

strength and hardness as compared to that of bulk materials. 

Several plastic deformation (SPD) techniques are now widely 

used for the production of ultra fine grained microstructures 

in bulk materials; however a requirement of high plastic strain 

for the grain refinement and the difficulties in producing long 

length products in ultra fine grain materials limits the use of 

SPD. The SPD methods impart very large deformations to the 

samples at relatively low temperatures under high pressures 

[1-4]. However, majority of these methods require large 

plastic deformations with strains much larger than unity and 

scaling up of these processes is difficult. One of the methods 

of solving this problem can be deformation at very low 

temperatures—the so called cryogenic or low temperature 

deformation. To obviate these difficulties, conventional 

rolling at cryogenic temperature (cryorolling) has been 

identified as one of the potential routes to produce ultrafine-

grained materials and improved mechanical properties such 

as strength and hardness from its bulk metals and alloys than 

the conventional rolling at room temperature (Cold rolling). 

It is well known in the literature that the rolling of pure metals 

and alloys in cryogenic temperature suppresses dynamic 

recovery and the density of accumulated dislocations reaches 

a higher steady state level as compared to room temperature 

rolling [5-7]. 

 Al and its alloys are extensively used for various 

design application where high strength to weight ratio is one 

of the basic criteria. Conventional rolling could be a suitable 

technique for the commercial production of bulk ultrafine 

grained Al alloys sheets but due to dynamic recovery and 

high stacking fault energy of Al and its alloys, it is difficult 

to produce ultrafine grained microstructures in the samples 

[8]. 

 Almost 46% of aluminum alloys are used in the form 

of sheets and plates. The 6XXX series of Al alloys are 

extensively used in structural applications due to their good 

mechanical properties, higher corrosion resistance, better 

weldability and lower cost compared to 2XXX and 7XXX Al 

alloys. There is no reported literature on the tensile strength 

of cryorolled Al 6061 alloy Hence, Al 6061 alloy was 

selected as a model material from 6XXX series of alloys for 

cryorolling in the present work and study the mechanical 

properties such as tensile strength and hardness by universal 

tensile machine and Rockwell hardness tester respectively 

and compared with the room temperature rolling. The 

microstructure of the cryorolled Al 6061 alloy is 

characterized by scanning electron microscopy (SEM) for 

correlating it with their observed mechanical properties, 

conventional rolling (Cold rolling) products and bulk 

materials. The fracture surface of tensile samples was 

characterized by SEM to reveal the mode of failure in the 

cryorolled and cold rolled [9-11]. 

II. EXPERIMENTAL PROCEDURE 

The Al 6061 alloy with the chemical composition as follows: 

 Si Fe Cu Mn Mg Cr Zn Ti 
Others 

Each 

Others 

total 
Al 

Minimum 0.30 - - - 0.35 - - - - - 
Remainder 

Maximum 0.7 0.50 0.10 0.03 0.8 0.03 0.10 - 0.03 0.10 

Al balance in the form of strip with the size of 40 mm width 

and 6 mm thickness, used in the present work, has been 

procured from Hindalco and cut it into 210 mm length. Al 

6061 alloy plates were subjected to rolling in two high rolling 

mills at cryogenic temperature to achieve 10%, 20%, 30% 

and 40% thickness reduction. The rolling mill was cleaned 

thoroughly by using emery papers, tissue papers, and acetone 

before cryorolling. The samples were soaked in liquid 

nitrogen taken in the cryocan for 10 min and then it’s 

subjected to rolling. The samples were soaked in Ln2 
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container for at least 2 min prior to each roll pass during the 

rolling process. The diameter of rolls was 135 mm and rolling 

speed 10 rpm. It may be mentioned that the time taken for 

taking out the samples from cryocan and immediately doing 

a rolling was 5 s and time taken for rolling and putting back 

the samples into cryocan  was less than 40-50 s during each 

pass in order to preclude the temperature rise of the samples. 

The thickness reduction per pass was 10 % but some passes 

were given to achieve a required thickness reduction. Based 

on the mechanical properties and dimensions of cryorolled Al 

6061 alloy samples, the proper dipping duration of the sample 

in liquid nitrogen prior to each rolling pass during cryorolling 

was found to be 10 min and it was used subsequently during 

cryorolling. 

 Hardness and tensile tests were performed to 

determine the strength and ductility of the CR Al 6061 alloy. 

Rockwell hardness (HR) was measured on the plane parallel 

to longitudinal axis (rolling direction) by applying a load of 

10 kg for 15 s. The surface of the specimen was polished 

mechanically using emery paper prior to each HR 

measurement to ensure its clean surface. The hardness value 

is an average of five measurements made on surface of each 

specimen. The tensile specimens were prepared in 

accordance with ASTM Standard E-8/E8M-09 sub-size 

specifications parallel to the rolling direction with a 50 mm 

gauge length. The tensile test was performed after polishing 

the samples in air at room temperature using S series, 

Universal tensile materials testing machine operated at a 

constant crosshead speed with an initial strain rate 

of 5𝑥10−4𝑠−1 The samples with different percentage of 

thickness reduction, after cryorolling, were machined to the 

same length, without changing the thickness for tensile test. 

 The Al 6061 alloy plates were rolled at both 

cryogenic and room temperature at four different thickness 

reduction. The hardness and tensile test were performed for 

room temperature rolled (RTR) and cryorolled (CR) samples. 

The microstructural characteristics of the room temperature 

rolled Al alloy and cryorolled Al 6061 alloys and also their 

fracture surfaces were characterized by using SEM 

(S3400N). The grain structure of the CR and RTR tensile 

fracture samples at higher strains were characterized by using 

SEM. For SEM study, the samples were prepared by cut from 

the tensile failure component and polishing with aceton. 

III. RESULTS AND DISCUSSION  

A. Selection of sample immersion duration time in LN2 prior 

to cryorolling 

Fig.1 shows the effect of time duration with heat transfer 

coefficient for Al 6061 (6mm thickness) sample. As per the 

graph and heslier chart it was prove that duration time for Al 

6061 in LN2 prior to cryorolling was 10 min after that the 

mechanical properties of samples were constant even for 

dipping the samples more than 10 min [ 12]. 

 
Fig. 1: Effect of Time duration with Heat transfer coefficient 

B. Continuous Cryorolling Process 

As we have discussed in the previous section that cryorolling 

is a promising thermomechanical process to produce high 

strength sheets. However, cryrolling is a known to be a 

discontinuous process, as it demands frequent soaking of 

samples in liquid nitrogen after every successive pass of 

rolling. In this work, standard rolling mill has been modified 

in such a way that to carry out continuous rolling of sample 

at cryogenic temperature. This will aid the values for 

continuous production of ultrafine-grained sheets for sheet 

metal application. The CAD model of modify rolling mill for 

cryrolling application has been proposed as shown in fig. 2. 

 
Fig. 2: CAD model of modify rolling mill for cryorolling 

application. 

 It is shown in Fig.2 that liquid nitrogen is stored in 

the cryo-container and pumped to common pipe. The 

common pipe is divided in different channels and the 

channels are passing through between two subsequent rolling 

mill stands. Each channel has separate nozzle at the end, 

which is specifically design for cryogenic application. The 

liquid nitrogen continuous sprinkle using the nozzle on sheet 

passing through each rolling mill stand. Using this modify 

rolling mill stand, dipping the sample in liquid nitrogen after 

each successive pass can be easily avoid and increase the 

productivity. 

C. Tensile properties 

 
Fig. 3: Rectangular tension test specimens (dimensions in 

mm). 
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The tensile specimens were machined as per ASTM E-

8/E8M-09 sub-size specifications parallel to the rolling 

direction with gauge lengths of 50 mm as shown in Fig.3. Fig. 

4 shows the tensile properties of Al 6101 alloy cryorolled and 

cold rolled at different percentage of thickness reduction 

10%, 20%, 30% and 40% simultaneously. It is observed that 

the load for CR samples is higher (7.9KN) than the RTR 

(7KN), (nearly 13% increase) after 10 % thickness reduction. 

Similarly, for the CR samples with 20% thickness reduction 

has higher load (7KN) than the RTR (3.5KN) (nearly 100 % 

increase).CR samples with 30% thickness reduction has 

higher load (6KN) than the RTR (4.2KN) (nearly 43 % 

increase). Similarly, for the CR samples with 40% thickness 

reduction require higher load (5.4KN) than the RTR (4.8KN) 

(nearly 12.5 % increase). The enhancement of tensile strength 

in CR Al alloys is always higher than the RTR due to the 

effective suppression of dynamic recovery, which leads to 

high amount of dislocation density in the samples. It reveals 

that tensile strength of cryorolled in higher than the room 

temperature rolled material with different percentage of 

thickness reduction [8, 13-14]. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4: Tensile Properties of Al 6061 for cold and cryo 

rolling. a) after 10 % thickness reduction b) after 20 % 

thickness reduction c) after 30 % thickness reduction d) after 

40 % thickness reduction. 

D. Hardness properties 

The hardness values of the Al 6061 alloys rolled at cryogenic 

temperature and room temperature (RT) as shown in Fig. 5. 

The hardness value of the cryorolled samples is higher than 

the room temperature rolled material from 88 HR to 89 HR 

with 10 % thickness reduction. Similarly the hardness value 

for 20 % thickness reduction of the cryorolled is higher from 

84 HR to 90 HR (nearly 7% increase) than the RT rolled 

material. For 30 % thickness reduction hardness value for 

cryorolled material is higher than the RT rolled material from 

84 HR to 92 HR (nearly 10 % increase).Similarly, Hardness 

value with 40 % thickness reduction for cryorolled Al 6101 

is higher than the RT Al 6061 rolled material from 87HR to 

88HR (nearly 1% increase). An enhancement of hardness in 

the cryorolled Al 6101 alloys could be directly attributed to 

the higher dislocation density and the formation of 

submicrocrystalline structures, which occurs during severe 

plastic deformation. It is observed that the hardness of 

cryorolled alloys is higher than that of RT rolled materials. It 

can be explained based on the mechanism that dynamic 

recovery was effectively suppressed during cryorolling 

leading to a higher dislocation density as known in the 
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literature [10, 17, 18] The ultrafine-grained microstructures 

formed during cryorolling of Al 6061 alloy obeys the Hall-

Petch effect [15, 16] to substantiate the improved hardness 

observed in the present work. With the formation of ultrafine 

grains in the cryorolled alloys, hardness would increase due 

to the restricted mobility of dislocation imposed by higher 

dislocation density, low angle grain boundaries, and 

misorientation of the grains. 

 
Fig. 5: Hardness value of Al 6061 for cryorolling and cold 

rolling (RTR) with different percentage of thickness 

reduction (10%, 20 %, 30%, and 40 %) 

Fracture morphologies 

 

 

 

 
Fig. 6: Fracture surface SEM morphology of Al 6061 alloys 

cryorolled at RT rolled at different percentage of reduction 

(a) 20% RT rolled (b) 20%, cryorolled (c) 40%, RT rolled 

and (d) 40% cryorolled with 450 X. 

 The SEM fractographs of tensile samples of the Al 

6061 alloy cryorolled and RT rolled at different percentage of 

thickness reduction are shown in Fig. 6. It reveals that all the 

specimens are fractured in a combine of ductile and brittle 

manner, consisting of well-developed dimples over the entire 

surface. The average dimple size is gradually decreases with 

increasing percentage of thickness reduction attained due to 

cryorolling treatment as evident from Fig. 5.A continuous 

decrease in dimple size in the cryorolled samples, in the 

present work, may be due to the grain refinement and work 

hardening, which occur during severe plastic deformation 

[10, 19-21]. The dimple size is gradually decreased in 

cryorolling compare to the RT rolling with 20 % and 40 % 

thickness reduction which reveals that ultra fine grain 

structure is produced and mechanical properties like hardness 

and strength are continuously increases.   
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IV. CONCLUSION 

The effect of cryorolling at LN2 temperature on mechanical 

properties (Tensile, hardness) and fracture behaviour of 

commercial Al 6061 alloy has been investigated at the present 

work and the following conclusions are made: 

1) The tensile strength of the commercial Al 6061 alloys 

were effectively increased, at least 10%, during 

cryorolling, than those of the alloys rolled with same 

reduction ratio at room temperature. Also for 20%, 30%, 

and 40% thickness reduction, the tensile strength is 

increased for cryorolling than the room temperature 

rolling. The suppression of dynamic recovery and 

accumulation of higher dislocation density during low 

temperature rolling is contributing to their improved 

strength. 

2) A significant enhancement of the hardness and tensile 

strength of CR Al alloys 6061 is observed as compared 

to the RTR Al alloys. The presence of high solute content 

in the matrix and the extreme low temperature 

deformation may suppress the dynamic recovery 

contributing to the enhancement in their strength. 

3) The SEM fractographs of tensile of room temperature 

rolled Al 6061 and cryorolled Al 6061 alloys at different 

percentage of thickness reduction reveals that RTR 

specimens are fractured in a total ductile manner, 

consisting of well-developed dimples over the entire 

surface, but the dimple size gets reduced for the latter. A 

continuous decrease in dimple size in the cryorolled 

samples, in the present work, may be due to the grain 

refinement and work hardening. The possible 

mechanism could be a grain refinement and strain 

hardening, which occur due to the higher dislocation 

density in the severely deformed samples. 
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