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Abstract
Research was done on the mechanisms of strengthening underlying the 

mechanical characteristics of AA5052, as well as the effects of room-temperature 
rolling (RTR) and cryogenic rolling (CR). The results show that cryo-processing 
AA5052 significantly reduces the size of second-stage and sub-grain particles 
in addition to increasing dislocation density. When compared to RTR, CR 
processing considerably improves the ultimate tensile strength (UTS), yield 
strength (YS), and elongation (El) of AA5052. This is because of the synergistic 
effects of a finer grain structure and increased strength from dislocations.

Keywords
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Introduction
Due to their excellent formability, ductility and corrosion resistance, 

aluminum alloys containing Mg and Fe as the principal alloying components 
have found widespread use [1]. Aluminum alloys are in high demand because of 
their strength and the rapid growth of the automotive and aerospace industries. 
It is widely acknowledged that metallic materials can gain significantly from the 
development of a nanocrystalline structure in terms of both strength and ductility 
[2].

In recent years, CR has gained traction as a potentially game-changing 
method for the industrial production of nanocrystalline or ultrafine-grained me-
tallic materials. The author has performed extensive research [3] on the mechan-
ical characteristics of metals during CR. Author [4] reported that cryo-rolled 
high-purity copper, which contains nano-crystalline or ultrafine grains (< 300 
nm), had remarkable mechanical properties. Increases of 23% for YS, 20% for 
UTS, and 92% for EL were seen when RTR-treated copper was compared to 
untreated copper [5]. As a result, nanocrystalline grains form and the disloca-
tion density rises. Tensile characteristics of AA6082 were studied, and the author 
found that the rolling temperature made a difference.

Higher YS and UTS values were found for cryo-rolled AA6082 compared 
to equal thickness reductions in room-temperature rolled AA6082 [6]. When 
the deformation temperature is decreased and deformation ratio is increased, 
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2) and (149 ± 1) MPa, respectively). Despite this, the (16.3 
± 0.2%) El was lower than the ST sample. While raising the 
rolling reduction from 30% to 90% dropped the El from 16.1 
± 0.3% to 13.8 ± 0.3%, the YS and UTS significantly rose 
from 138 ± 3% and 149 ± 3% to 173 ± 11% and 190 ± 2% 
MPa, respectively. This study shows that RTR processing 
reduces ductility while increasing strength.

UTS, YS, and El of the CR samples were (207 ± 0.3MPa), 
(182 ± 3 MPa), and (31.8 ± 0.3%), after being reduced in size 
by 30% via rolling. When the rolling reduction was increased 
from 30 to 90%, the EL dropped from 31.8 ± 0.2% to 3.1 ± 
0.2%, and the YS and UTS jumped from 182 ± 4 and 207 ± 5 
MPa, respectively, to 217 ± 3 MPa, a significant increase. This 
demonstrates that the CR technique has little to no effect on 
ductility, allowing for a larger rise in YS and UTS. Comparing 
the UTS, YS, and EL of a CR sample with the same rolling 
decrease as a RTR sample yielded some interesting findings. 
Once the rolling reduction reached thirty %, the UTS, YS, and 
El of the CR sample were 9.7%, 16.2%, and 9.5% greater than 
those of the RTR specimen. CR increased the specimen’s YS 
and UTS at 90% rolling reduction by 8.1% and 9.7%, respec-
tively, while the RTR specimen’s EL increased by a far more 
modest 6.8%. Since CR improves AA5052’s strength and duc-
tility simultaneously, it is preferable to RTR for enhancing the 
material’s mechanical properties [15].

the course second-phase of AA2219 fragments more quickly, 
as discovered by author [7]. This procedure significantly en-
hances the alloy’s mechanical characteristics. According to the 
previously cited author’s research [8], CR CP-Ti at a strain 
of 0.1 greatly raised the frequency of twin nucleation. Twins’ 
wall thickness decreased from 1.2 m to 0.7 m when exposed 
to strains as high as 0.36% [9]. Many smaller sub-grains, with 
sizes ranging from 100 to 200 nm, were created at stresses 
greater than 0.9. If strain is increased to its maximum of 2.68, 
the grain size or sub grain lowers to 82 nm [10]. According 
to the author’s detailed description [11], CR can greatly en-
hance the mechanical characteristics of Cu-3Ag-xZr, Titani-
um-6Al-4V, and Fe-25Cr-20Ni.

As was previously indicated [12], CR yields materials 
that are robust and ductile. High displacement densities can 
be attained because of the effective suppression of dynamic 
recovery at ultra-low temperatures, which is advantageous for 
both grain refinement and the improvement of mechanical 
characteristics of metallic materials. CR was used to improve 
AA5052’s mechanical properties in this investigation. The 
reinforcing techniques that led to the enhanced mechanical 
properties were also investigated.

Experimentation
The components present in the hot-rolled AA5052 sheet 

used in this analysis are detailed in table 1. After being hot 
rolled, the AA5052 sheets were heated at 20 ºC/min for 
six hours, until they reached 600 ºC, and then immediately 
quenched in water. Pieces 160 mm × 60 mm in size were then 
sliced from sheets of AA5052 that had been solution treated 
(ST). The impact of strengthening methods on the mechanical 
characteristics of AA5052 ST sheets were studied by  CR. This 
meant that the rolling experiment had to be carried out in 
phases. A preliminary immersion period of about 20 min is 
recommended for the sheet sample. To achieve the desired 
degree of distortion, the experiment was repeated using a fresh 
sheet sample iced in liquid nitrogen for 10 min. The thickness 
of these sheets was reduced by 30, 60, and 90% CR (CR 30, 60 
and 90). After applying the same rolling at room temperature 
method to the remaining ST sheets, the thickness of the 
material decreased (RTR 30, 60, 90).

Sheets were rolled to 22 mm in width and 5 mm in thick-
ness along the rolling direction, and the resulting pieces were 
machine-cut into dog-bone tensile samples. The rolled sheets 
and tensile specimens were of the same thickness [13, 14]. The 
UTM was used to do tensile testing at a speed of 1 mm/min. 
For each therapy, tests were conducted three times. 

Results and Discussion
Figure 1 displays the engineering strain - stress curvatures 

that resulted from applying RTR and CR to ST specimens. As 
shown in figure 2, mechanical properties can be determined by 
calculating tensile curvatures for varying degrees of distortion. 
The ST specimen had an EL of 47.1%, a UTS of (127 ± 1) 
MPa and YS of (61 ± 2) MPa. YS and UTS were both higher 
for the 30% RTR specimen than for the ST sample ((138 ± 

Figure 1: Engineering stress-strain curvature.

Figure 2: Variations in mechanical properties of the specimen under dif-
ferent rolling conditions.

Table 1: AA5052 (wt. %) chemical composition.

Material Mg Cr Cu Fe Mn Si Zn Al
Wt. % 2.2 - 2.8 0.15 - 0.35 0.1 0.4 0.1 0.25 0.1 Bal



S898NanoWorld Journal | Volume 9 Supplement 3, 2023

Investigation on the Mechanical Properties and Strengthening Mechanisms of AA5052 by Cryogenic Rolling Khawale et al.

Misorientation angles between 2 and 15º are shown dis-
tributed across different rolling conditions in figure 3. Figure 
3a and 3b show that the average misorientation angle for the 
CR 30 samples is (5.012 ± 0.006)º, while the mean misorien-
tation angle for the RTR 30 specimens is (5.196 ± 0.006)º. 
Figure 3c and 3d show that as the rolling decrease was raised 
from 30% to 90%, the average misorientation angle rose from 
(6.099 ± 0.015)° to (9.852 ± 0.015)°. Samples treated with CR 
have a slightly larger misorientation angle on average than 
RTR samples subjected to the same amount of rolling reduc-
tion processing.

The outcomes of rolling samples treated with a solution 
are depicted in figure 4. Higher levels of rolling reduction were 
found to result in smaller grain sizes [16, 17]. The cryo sam-
ple’s mean grain size was significantly smaller than the RTR 
sample’s when the two samples had the same rolling reduction 
[18].

The UTS and YS of the treated samples by rolling at 
ambient temperature and rolling at cryogenic temperatures 
were both significantly greater than those of the ST speci-
men. Strengthening processes like precipitation, dislocations, 
and grain refining [18]. As rolling reduction was increased, 
the UTS and YS of the CR specimen rose while the El of the 
RTR specimen fell. When compared to RTR specimens that 
had the same rolling reduction, cryotreated samples exhibit-
ed considerably higher UTS, YS, and EL. The findings show 
that CR processing enhances AA5052’s YS, UTS, and El in 
comparison to RTR processing [19]. Since sub-grain size can 
be reduced through CR processing, the resulting displacement 
shape can contain several displacement causes, increasing total 
capacity [20, 21]. This is why CR specimens have such a high 
EL.

The strengthening influence of the CR method on the me-
chanical features of AA5052 was statistically analysed by com-
puting the strengthening increments  
of the variance in the YS between the RTR and CR process 
(Figure 5). Alloys of varied rolling reductions had  val-
ues higher than 10 MPa. CR and RTR resulted in different 
contributions to strength from dislocations, precipitation, and 
grain refinement. This research characterises the incremental 
value of YS  [22].

	                                     (1)

Whereas , and 
 YS 

increases between RTR and CR situations by three distinct 
mechanisms: dislocation, precipitation, and grain refinement 
strengthening.

Orowan [23] shown that a dislocation can create a loop 
around particles anywhere it slides, even if it bypasses them 
without shearing them, if it is moving down its glide plane. 
The Orowan by-pass modelling suggested in [24] can be used 
to assess the effect of incoherent particle (σp) to the YS (σγ).

		                                      (2)

			                                       (3)
Figure 5: The YS variation Strengthening increment (Δσ_Y ).

Figure 3: Distribution of misorientation angles: (a) CR 30, (b) RTR 30, (c) 
CR 90, and (d) RTR 90.  

Figure 4: Grain size distribution of a ST specimen rolled in various condi-
tions: (a) CR 30, (b) RTR 30, (c) CR 90, and (d) RTR 90.  
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As further rolling reduction was performed in the sec-
ond phase, it was discovered that the average particle size de-
creased. Comparing CR and RTR samples subjected to the 
same rolling reduction circumstances reveals that the former 
has a smaller average second particle size. That’s an example 
of the second-stage particle size reduction possible with CR 
processing. Authors [25] showed that second-stage particles 
easily break apart during deformation. Shear stress is proba-
bly responsible for this result (Figure 6) [26]. An overview of 
shear stress and its function is as follows:

			                                       (4)

where  represents the angular direction between the com-
pression and the shear stress,  represents the flow stress, and 
 represents the stress of shear.

According to study [27] the stress of flow is significantly 
maximum at 79 than at 295 K throughout the deformation 
phase. The production of higher densities of displacements at 
lower temperatures increases the flow stress, leading to these 
effects. This is because dynamic recovery is significantly hin-
dered by the presence of low temperatures. As indicated by 
equation 4, a high shear stress can be generated using CR, 
causing particles in the second phase to undergo size reduc-
tion.

The solidification contribution of, Al (Ir, Mg) materials 
 to the YS,  was calculated for RTR and CR -pro-

cessed samples using equations 2 and equation 3.

The strong increment of precipitation 
 is shown in figure 7 to be responsi-

ble for the YS rises during the transition from cryo rolling to 
RTR operations. In a comparison between a sample taken at 
room temperature and one taken at CR with the same rolling 
reduction, the stronger contribution of second-stage compo-
nents to the YS is most evident. This is because in the second 
stage of the CR specimens, the mean particle size is less than 
in the RTR specimens.

The YS , (  is increased by the dislocation rein-
forcing contribution [28].

			                                       (5)
For a face-centered cubic alloy, 𝜌 = 0.2 is a stable value 

where α is defined as the dislocation density. In this investi-
gation, EBSD was used to calculate the dislocation densities. 
The geometrically needed dislocation (GND) density in the 
RTR and CR specimens was calculated using equation 6 [29].

				                         (6)

Specifically, , 
where i is the mean value of specific localised misorientation 
at those points.

Typical values of Kernel Average Misorientation (KAM) 
look like this: In this notation, KAMave stands for the eval-
uated region’s average KAM value, KAMLi represents the 
KAM value at position I in the evaluated region, μ denotes 
for the actual step size recorded and N represents the quantity 
of points in the evaluated region. Figure 8 displays the GND 

dislocation densities of rolled samples at ambient temperature 
and samples that were CR with different levels of reduction.

As rolling reduction was raised, the dislocation density 
increased both at cryogenic temperatures and ambient tem-
perature. Dislocation density is not affected by rolling reduc-
tion but is higher in cryogenically rolled samples than in RTR 
specimens of the same rolling reduction. This is because dis-
locations accumulated more, and new dislocations were creat-
ed since dynamic recovery was slowed down by the CR pro-
cess [30]. RTR and CR specimens have different dislocation 
strengthening involvement σdis to the YS σY ratios, which may 
be calculated using equation 5 and 6. The dislocation strength-
ening involvement (σdis to the YSσY) of the CR sample at 
30% and 90 % rolling reduction was shown in figure 8 to be 9 
and 12 MPa greater, respectively, than that of the RTR speci-
men. This is because CR specimens have a high displacement 
concentration.

Grain barriers with considerable misorientation (≥16°) act 
as active displacement blocks during plastic deformation, lim-
iting the transfer of moveable displacement from one crystal 

Figure 7: The strengthening increments to the YS.

Figure 6: Particle-size distribution of the ST specimen at (a) CR 30, (b) 
RTR 30, (c) CR 90, and (d) RTR 90 conditions.
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to its neighbor and raising the UTS and YS in metals. Because 
there are many more grain boundaries per unit area in very fine 
grains, the effect of this reinforcing is amplified. Increases in 
refined grain input are represented by the following relation-
ship  = YS

			                                       (7)

Hall-Petch constant (k) and mean grain size (d) are 
the two variables. The standard value of k for AA 5052 is 

. Grain improvement σgb to the YSσY is real-
izable for both the RTR and CR specimens, as displayed by 
equation 7 . Figure 6 shows that the grain enhancement σgb to 
the YS σY in the cryo sample was 9 and 6 MPa bigger than in 
the RTR sample at 30% and90 % rolling reduction, respective-
ly. Figure 9 compares the theoretical and experimental values 
of the difference between  and  which represents 
the strengthening increment . Good agreement was es-
tablished between the predicted and observed outcomes. These 
findings imply that YS in AA5052 is more dependent on grain 
refinement and dislocation strengthening than on precipita-
tion strengthening.

Conclusions
This study examined the impact of RTR and CR 

processing on the mechanical properties of AA5052. The most 
important results are summarized below.

•	 Dislocation density in AA5052 increased dramatically, 
whereas mean grain size and second-stage components 
decreased during RTR and CR processing. The CR 
specimen has the same amount of rolling reduction as 
the RTR and CR specimens, but its sub-grain size and 
dislocation density are substantially smaller.

•	 When comparing CR processing to RTR processing, 
AA5052 benefits substantially in terms of YS, maximum 
TS, and EL. The enhanced strength is mostly the result of 
dislocation and grain refining strengthening.
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