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I. INTRODUCTION 
 

Cryo-rolling is a metal forming process that 

involves rolling materials at cryogenic temperatures, 

typically below -150°C. This process is employed to 

enhance the mechanical properties and refine the 

microstructure of various metals and alloys. The 

design and analysis of cryo-rolling involve careful 

consideration of several factors, including material 

selection, process parameters, equipment design, 

and the resulting microstructural and mechanical 

property changes. 

 

Fundamentals of Cryo-Rolling 

Process Description 

Cryo-rolling is a severe plastic deformation (SPD) 

technique where a material is subjected to rolling at 

cryogenic temperatures. The low temperature 

inhibits dynamic recovery and recrystallization, 

leading to a higher dislocation density and grain 

refinement [1]. This results in enhanced strength 

and hardness. The process typically involves 

immersing the material in a cryogenic fluid, such as 

liquid nitrogen, before and during rolling. 

 

Purpose of Cryo-Rolling 

The primary purposes of cryo-rolling include: 

 Grain Refinement: Cryo-rolling promotes the 

formation of ultra-fine grains (UFG), which 

significantly improves the strength and 

hardness of the material [2]. 

 Enhanced Mechanical Properties: The process 

leads to a superior combination of strength and 

ductility [3]. 

 Increased Dislocation Density: Cryo-rolling 

results in a high density of dislocations, 
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contributing to the material's increased 

strength [4]. 

 Improved Fatigue Resistance: Materials 

processed by cryo-rolling often exhibit 

enhanced fatigue resistance due to the refined 

microstructure and increased strength [5]. 

 Modification of Microstructure: Cryo-rolling 

can cause phase transformations and 

redistribution of particles within the alloy, 

leading to improved properties [6]. 

 

Advantages and Disadvantages 

Advantages 

 Superior Mechanical Properties: Cryo-rolling 

generally leads to higher strength, hardness, 

and fatigue resistance compared to 

conventional rolling methods [5]. 

 Grain Size Reduction: The process effectively 

reduces grain size to the nanometer or sub-

micrometer scale [1]. 

 Versatility: Cryo-rolling can be applied to 

various metals and alloys, including aluminum, 

magnesium, titanium, and steel [3]. 

 Potential for Large-Scale Production: 

Asymmetric rolling, including cryo-rolling, 

offers the possibility of producing large-scale 

sheets with improved properties [3]. 

 

Disadvantages 

 Formability Issues: The increased strength 

often comes at the expense of formability, 

which can be a limitation in some applications 

[7]. 

 Cost: Maintaining cryogenic temperatures can 

be expensive due to the cost of cryogenic fluids 

and specialized equipment. 

 Equipment Complexity: Cryo-rolling requires 

specialized equipment capable of withstanding 

cryogenic temperatures and handling cryogenic 

fluids. 

 Safety Concerns: Handling cryogenic fluids 

poses safety risks, including frostbite and 

asphyxiation. 

 

Material Selection for Cryo-Rolling 

Aluminum Alloys 

Aluminum alloys are frequently processed using 

cryo-rolling to enhance their mechanical properties. 

AA5052 alloy, known for its high fatigue strength 

and corrosion resistance, can benefit from cryo-

rolling to meet stringent strength standards [5]. 

Solutionizing combined with cryo-rolling and 

annealing can significantly improve its ultimate 

strength, yield strength, and microhardness [5]. 

Similarly, AA2014 alloy shows improved tensile 

properties and fracture toughness when processed 

by cryo-groove rolling (CGR) at different thickness 

reduction values [8]. AA5052 alloy's mechanical 

behavior is improved through cryo groove rolling 

followed by warm rolling, leading to enhanced 

strength and hardness [9]. 

 

Magnesium Alloys 

Magnesium alloys, such as AZ31B, are also 

subjected to cryo-rolling to refine grain structure 

and improve strength. Friction stir processing (FSP) 

combined with cryo-rolling can further enhance the 

mechanical properties of AZ31B alloy [10]. The 

process involves dipping the alloy in liquid nitrogen 

and then rolling it in its cold state to achieve fine 

grain refinement and improved strength [10]. 

 

Titanium Alloys 

Commercially pure titanium (CP-Ti) benefits from 

cryo-rolling, which leads to the formation of ultra-

fine grains and enhanced strength and hardness [2]. 

Cryo-rolling CP-Ti results in significant increases in 

yield strength and ultimate tensile strength, 

although elongation may decrease [2]. 

 

Copper 

Pure copper can be cryo-rolled to introduce twin 

boundaries, which increase strength while minimally 

reducing electrical conductivity [11]. Cryo-rolling of 

copper leads to a higher dislocation density and 

enhanced antibacterial properties compared to 

cold-rolled copper [4]. 

 

Steels 

Stainless steel, such as 316LN-IG, can have its 

mechanical properties enhanced through a 

combination of cold and cryo-rolling, followed by 

heat treatment [12]. Cryo-rolling results in increased 

strength and hardness, making the material suitable 

for cryogenic temperature applications [12]. Non-

oriented electrical steel processed by cryo-rolling 
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and annealing can achieve minimal core losses and 

a higher proportion of cubic texture [13]. 

 

High-Entropy Alloys (HEAs) 

Eutectic high-entropy alloys (EHEAs) can be 

processed using hybrid rolling, which includes cryo-

rolling, to achieve a superior strength-ductility 

combination [14]. For instance, an AlCrFe2Ni2 EHEA 

subjected to hybrid rolling shows significantly 

enhanced mechanical properties due to strain 

partitioning during the cryo-rolling step [14]. 

 

Other Alloys 

Cu-Ni-Co-Si alloys also benefit from deep cryogenic 

treatments (DCT), which increase tensile strength 

and conductivity [15]. The alloy's microstructure 

becomes more uniform, and the grain size is 

refined, promoting the precipitation of fine, evenly 

distributed second-phase particles [15]. Fe32Ni 

alloy exhibits grain refinement after cold rolling and 

rolling-cryogenic treatment (CRCT), leading to 

improved mechanical properties [16]. 

 

Process Parameters in Cryo-Rolling 

Temperature 

The temperature is a critical parameter in cryo-

rolling. Cryogenic temperatures, typically achieved 

using liquid nitrogen (-196°C), inhibit dynamic 

recovery and recrystallization, leading to a higher 

dislocation density and grain refinement [2]. 

Maintaining a consistent cryogenic temperature 

throughout the rolling process is essential for 

achieving the desired microstructural and 

mechanical properties. 

 

Reduction Ratio 

The reduction ratio, or the amount of thickness 

reduction per pass, affects the degree of plastic 

deformation and the resulting microstructure. 

Higher reduction ratios generally lead to greater 

grain refinement and increased strength [1]. 

However, excessive reduction ratios can cause 

cracking or other defects, especially in materials 

with limited formability. 

 

Rolling Speed 

The rolling speed influences the strain rate, which 

can affect the deformation behavior and the 

resulting microstructure. Lower rolling speeds may 

allow for more uniform deformation and reduce the 

risk of cracking, while higher speeds can increase 

productivity [17]. 

 

Number of Passes 

The number of rolling passes affects the cumulative 

plastic strain and the uniformity of the 

microstructure. Multiple passes with smaller 

reduction ratios can lead to a more homogeneous 

microstructure compared to a single pass with a 

large reduction ratio [10]. 

 

Asymmetry 

Asymmetric rolling, where the rolling parameters 

differ between the top and bottom surfaces, can be 

used to enhance grain refinement and improve the 

balance of strength and ductility [3]. This can be 

achieved by varying the roll diameter, rolling speed, 

or friction conditions between the top and bottom 

rolls [3]. 

 

Equipment Design for Cryo-Rolling 

Rolling Mill 

The rolling mill used for cryo-rolling must be 

designed to withstand cryogenic temperatures and 

handle cryogenic fluids. This typically involves using 

materials with good low-temperature strength and 

toughness, such as stainless steel or specialized 

alloys. The mill should also be designed to minimize 

heat transfer from the surroundings to the material 

being rolled, to maintain the cryogenic temperature 

[18]. 

 

Cryogenic Cooling System 

A cryogenic cooling system is essential for 

maintaining the material at the desired cryogenic 

temperature. This system typically involves a liquid 

nitrogen bath or a closed-loop cooling system that 

circulates a cryogenic fluid around the rolling mill 

and the material being rolled. The cooling system 

must be capable of rapidly cooling the material and 

maintaining a consistent temperature throughout 

the rolling process [19]. 

 

Insulation 

Proper insulation is crucial for minimizing heat 

transfer and maintaining cryogenic temperatures. 
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The rolling mill and cryogenic cooling system 

should be well-insulated using materials with low 

thermal conductivity, such as vacuum insulation 

panels or specialized foam insulation [18]. 

 

Safety Features 

Safety features are essential for handling cryogenic 

fluids and operating equipment at cryogenic 

temperatures. These features include pressure relief 

valves, temperature sensors, and emergency 

shutdown systems. Operators must be trained in 

the safe handling of cryogenic fluids and the 

operation of the cryo-rolling equipment [20]. 

 

Microstructural Analysis 

Grain Size and Morphology 

Cryo-rolling typically results in significant grain 

refinement, with grain sizes often reduced to the 

nanometer or sub-micrometer scale [1]. The grain 

morphology can also be affected, with grains 

becoming elongated or deformed due to the severe 

plastic deformation. Techniques such as electron 

backscatter diffraction (EBSD) and transmission 

electron microscopy (TEM) are used to characterize 

the grain size and morphology [8]. 

 

Dislocation Density 

Cryo-rolling leads to a high dislocation density due 

to the inhibition of dynamic recovery and 

recrystallization [4]. The dislocation density can be 

quantified using techniques such as X-ray 

diffraction (XRD) and TEM. A higher dislocation 

density generally contributes to increased strength 

and hardness [4]. 

 

Texture 

The crystallographic texture, or the preferred 

orientation of grains, can be affected by cryo-

rolling. The texture can be characterized using 

techniques such as X-ray diffraction (XRD) and 

EBSD. The texture can influence the mechanical 

properties of the material, such as its yield strength 

and ductility [13]. 

 

Phase Transformations 

In some alloys, cryo-rolling can induce phase 

transformations, such as the transformation of 

austenite to martensite in stainless steels [16]. 

These phase transformations can affect the 

mechanical properties of the material. The phases 

present in the material can be identified using 

techniques such as X-ray diffraction (XRD) and TEM 

[16]. 

Precipitate Distribution 

Cryo-rolling can affect the distribution of 

precipitates within the alloy. The precipitates can be 

characterized using techniques such as TEM and 

energy-dispersive X-ray spectroscopy (EDS) [15]. 

The distribution of precipitates can influence the 

strength and hardness of the material [15]. 

 

Mechanical Property Analysis 

Tensile Testing 

Tensile testing is used to determine the yield 

strength, ultimate tensile strength, and elongation 

of the cryo-rolled material. These properties 

provide information about the strength and 

ductility of the material [8]. 

 

Hardness Testing 

Hardness testing, such as Vickers hardness testing, 

is used to measure the hardness of the cryo-rolled 

material. Hardness is often correlated with strength 

and can provide a quick and easy way to assess the 

effectiveness of the cryo-rolling process [9]. 

 

Fatigue Testing 

Fatigue testing is used to evaluate the fatigue 

resistance of the cryo-rolled material. Fatigue 

resistance is an important property for applications 

where the material is subjected to cyclic loading [5]. 

Fracture Toughness Testing 

 

Fracture toughness testing is used to measure the 

resistance of the cryo-rolled material to crack 

propagation. Fracture toughness is an important 

property for applications where the material is 

subjected to high stress concentrations [8]. 

 

Impact Testing 

Impact testing, such as Charpy impact testing, is 

used to assess the impact resistance of the cryo-

rolled material at low temperatures. This is 

particularly important for materials used in 

cryogenic applications [21]. 
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Modeling and Simulation of Cryo-Rolling 

Finite Element Analysis (FEA) 

Finite element analysis (FEA) is a powerful tool for 

simulating the cryo-rolling process and predicting 

the resulting stress, strain, and temperature 

distributions [17]. FEA can be used to optimize the 

process parameters and equipment design. A 3D 

non-linear FE model can be used to understand the 

impact of various parameters on the dimensional 

accuracy of hydroformed components made from 

cryo-rolled alloys [7]. 

 

Material Models 

Accurate material models are essential for FEA 

simulations of cryo-rolling. These models should 

account for the temperature-dependent mechanical 

properties of the material, as well as the effects of 

strain rate and large plastic deformation [22]. 

 

Friction Models 

Friction between the rolls and the material being 

rolled can significantly affect the stress and strain 

distributions [22]. Accurate friction models are 

needed to capture these effects in FEA simulations. 

A position-dependent friction model can be used to 

analyze cold composite sheet rolling, considering 

the anisotropic effect [22]. 

 

Thermal Analysis 

Thermal analysis is important for understanding the 

temperature distribution during cryo-rolling. FEA 

simulations can be used to model the heat transfer 

between the cryogenic fluid, the rolls, and the 

material being rolled [18]. This information can be 

used to optimize the cooling system and maintain 

the desired cryogenic temperature. 

 

Applications of Cryo-Rolling 

Aerospace Industry 

Cryo-rolled aluminum alloys with high strength-to-

weight ratios are invaluable in the aerospace 

industry [7]. These materials are used in aircraft 

structures, engine components, and other critical 

applications where weight reduction and high 

performance are required. 

 

 

 

Automotive Industry 

Cryo-rolled materials are also used in the 

automotive industry to improve fuel efficiency and 

enhance safety. High-strength steel and aluminum 

alloys processed by cryo-rolling can be used in 

vehicle frames, body panels, and suspension 

components [7]. 

Biomedical Implants 

Magnesium alloys processed by cryo-rolling show 

promise as biodegradable implant materials due to 

their good biocompatibility and mechanical 

compatibility [23]. These materials can be used in 

orthopedic implants, cardiovascular stents, and 

other medical devices [23]. 

 

Cryogenic Applications 

Materials processed by cryo-rolling are well-suited 

for cryogenic applications, such as liquid natural 

gas (LNG) storage tanks and superconducting 

magnets. The enhanced strength and toughness at 

low temperatures make these materials ideal for 

these demanding applications [12]. 

 

Cutting Tools 

Cryogenic machining, which involves cooling the 

cutting tool and workpiece to cryogenic 

temperatures, can improve the machinability of 

difficult-to-cut materials and enhance surface 

integrity [24]. Cryogenic turning has been used to 

modify the surface morphology of metastable 

austenitic steel, resulting in a hardened surface 

layer [25]. 

 

Recent Advances and Future Trends 

Hybrid Rolling Techniques 

Combining cryo-rolling with other processing 

techniques, such as warm rolling or friction stir 

processing, can lead to synergistic effects and 

further improvements in mechanical properties [9]. 

Hybrid rolling techniques allow for greater control 

over the microstructure and properties of the 

material [10]. 

 

Surface Modification 

Cryo-rolling can be used to create gradient 

nanostructured (GNS) layers on the surface of 

materials, enhancing their wear resistance and 

fatigue life [26]. Ultrasonic surface rolling process 
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(USRP) integrates ultrasonic impact peening and 

deep rolling to induce GNS layers [26]. 

 

Modeling and Simulation 

Advanced modeling and simulation techniques, 

such as crystal plasticity finite element analysis 

(CPFEM), are being used to gain a deeper 

understanding of the microstructural evolution 

during cryo-rolling [17]. These models can be used 

to optimize the process parameters and predict the 

resulting mechanical properties with greater 

accuracy. 

 

Additive Manufacturing 

Combining additive manufacturing with cryo-rolling 

offers new possibilities for creating complex-shaped 

parts with tailored microstructures and properties 

[27]. This approach allows for the creation of parts 

with high strength and fatigue resistance for 

demanding applications [27]. 

 

Cryo-EM 

Cryo-electron microscopy (cryo-EM) is an advanced 

imaging technique that allows researchers to 

examine biomolecular structures at near-atomic 

resolution [28]. Cryo-EM is being used to study the 

microstructural changes in materials processed by 

cryo-rolling [29]. This technique provides valuable 

insights into the relationship between 

microstructure and mechanical properties [30]. 

 

II. CONCLUSION 

 
Cryo-rolling is a powerful technique for enhancing 

the mechanical properties and refining the 

microstructure of various metals and alloys. The 

design and analysis of cryo-rolling involve careful 

consideration of material selection, process 

parameters, equipment design, and the resulting 

microstructural and mechanical property changes. 

Recent advances in hybrid rolling techniques, 

surface modification, modeling and simulation, and 

additive manufacturing are expanding the 

capabilities and applications of cryo-rolling. As 

cryo-EM continues to advance, it holds great 

promise for revealing how materials work at a 

molecular level, understanding their behavior under 

extreme conditions, and discovering new materials 

with enhanced properties 
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