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Abstract. A novel surface modification method, namely the surface nanocrystallization 

technology, is introduced to enhance the anti–buckling performance of the metal cylindrical 

shells under axial impact loading. The effects of local nanocrystallization layouts are explored 

by evaluating the critical buckling loads of four local nanocrystallization layouts including the 

local circumferential stripes (LCS), local axial stripes (LAS), spaced latticed blocks (SLB) and 

oblique latticed blocks (OLB). Numercial results show that, compared to the untreated 

cylindrical shells, the critical buckling loads of the local nanocrystallized ones are significantly 

improved by the local nanocrystallization treatment. The critical buckling loads for the LAS 

design is improved by 80%. It is concluded that the local nanocrystallization treatment is a 

very promising method to design and manufacture the metal cylindrical shells with high anti-

buckling performance. 

1. Introduction  

As a kind of fundamental thin-walled structure, the cylindrical shells are intensively applied in 

engineering areas such as aerospace industries, silo structures, architectural components, etc. While 

cylindrical shell tends to buckle when axial loading is applied on the structure, since the buckling 

deformation is a critical failure mode for cylindrical shells, the anti-buckling study and stability 

analysis have become significant problems and are widely investigated universally. In 1941, Karman 

[1] studied the post buckling behaviors both theoretically and experimentally, it is found that the 

cylindrical shell showed remarkably nonlinear properties under axial loading, which causing a 

dramatically decrease of anti-buckling resistance. Based on the perturbation method, Koiter [2] 

investigated the stability of cylindrical shells with initial imperfections and first proposed the 

imperfection sensitivity, which revealed that a minor imperfection will result in a sharp decrease for 

the structural bearing capacity. Since imperfections are unavoidable in practical engineering, it is 

advised to select the minimum post buckling load as the design criterion to evaluate the anti-buckling 

capacity. Yamaki [3] analyzed the elastic stability of cylindrical shells and gave a comprehensive 

treatise with accurate theoretical and experimental results, this work provided fundamental data for 

elastic stability study of cylindrical shells and has become a benchmark in buckling analysis. Due to 
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the extensively application of cylindrical shells in engineering, this kind of structures made by 

different materials and set with different boundary conditions or loadings are researched intensively. 

For a structure under axial loading, three stages occurs subsequently when the axial load increases, 

the maximum compression load usually indicates the critical load of this specimen which also reflects 

its buckling resistance. To enhance the buckling resistance of cylindrical shells, various approaches 

have been explored in the past years. For cylindrical shells, the common approach is to adhere 

reinforced stringers to the structures, the influence of stringers’ sizes, intervals, arrangement angles 

and skin thicknesses are mainly investigated [4,5]. The cylindrical shells with stiffened stringers or 

ribs showed a great improvement on buckling resistance compared with the origin one, however, the 

additional structures will increase extra mass and meanwhile enhance the manufacturing difficulty. 

Besides, employing composite materials is another common measure to improve the buckling 

resistance. The carbon fiber reinforced plastic (CFRP) is utilized to enhance the structural strength. 

With the increasing numbers of layers, the cylindrical shells exhibited different degrees of anti-

buckling resistance [6]. Even through the structures are strengthen by reinforced layers with specific 

arrangement, the delamination between layers still introduce defects in the shells and finally weakened 

the bearing capacity [7]. In consideration to the material cost, these methods need to be improved and 

modified for further application. 

Since the current methods for enhancing buckling resistance still reflect limitations and weaknesses, 

there is a great demand for a technique to enhance the buckling resistance without any modification on 

structural sizes and configurations. In this research, an advanced surface modification method, that is 

the surface nanocrystallization technology is introduced in the anti-buckling design. The 

nanocrystallization technology is a method of strengthening, modification and fine processing to the 

solid surface through high impact frequency and velocity, this technology is well applied by Lu [8, 9] 

and can be realized through surface mechanical attrition treatment (SMAT), ultrasonic impact 

treatment (UIT) and other methods. After nanocrystallization, the mechanical properties of hardness, 

toughness and yield stress can be improved dramatically, and this technique has been applied on 

conventional metal materials like pure iron, low carbon steel, stainless steel, magnesium alloy, 

aluminum alloy and titanium alloy with dramatically mechanical improvements. 

In this paper, the cylindrical shells with different local nanocrystallization layouts are investigated 

and the critical loads under axial loading are compared with the untreated models. The influence of 

local nanocrystallization distributions will provide a guidance for anti-buckling design of cylindrical 

shells. In addition, the nanocrystallization effect on cylindrical shells with various radius-thickness and 

radius-length ratios are also studied to explore the applicability of nanocrystallization for structures 

with diverse dimensions. 

2. Local nanocrystallization distributions 

The cylindrical shell with the diameter of 80mm, length of 160mm and thickness of 2mm is mainly 

studied in this paper, the material mechanical properties are set based on the stainless steel 304SS, the 

density, Young’s modulus and Possion’s ratio are set as 7960kg/m3, 196GPa and 0.27 respectively. 

According to the study on nanocrystallization [10], the engineering yield stress is enhanced from 

287MPa to 878Mpa after surface nanocrystallization and the ultimate stress will reach to 929MPa. 

Based on the material properties, the simulation models are established via finite element software 

ABAQUS and the buckling deformation and critical loads are obtained. 

Based on the geometric properties of cylindrical shells, various local nanocrystallization layouts, 

together with the untreated model, are designed and shown in figure 1. Four local nanocrystallization 

layouts, including the local circumferential stripes (LCS), local axial stripes (LAS), spaced latticed 

blocks (SLB) and oblique latticed blocks (OLB) are investigated first. The LCS model consists of four 

circumferential stripes with the same size, two stripes of them are nanocrystallized, while the other 

two stripes remain untreated. The nanocrystallized and untreated areas are stagger arranged, and the 

dark part and white part in figure 1(b) indicate the nanocrystallization and untreated areas respectively. 

Similarly, the model with four same-sized axial stripes including two of them nanocrystallized and the 
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other two untreated, is named as LAS and displayed in figure 1(c). As a combination of 

circumferential and axial distributions, the cylindrical shell can be divided into latticed blocks which 

contains 64 same-sized blocks. According to the arrangement of local nanocrystallization areas, two 

models named as SLB and OLB are designed for anti-buckling resistance, which are shown in figure 

1(d) and (e). In all models, the dark parts demonstrate the nanocrystallized areas and the local 

nanocrystallization part keeps as the same degree of 50%, so that the critical loads of these four 

models can be compared and analyzed. 

The models are established with shell elements and a rigid body is established to apply axial 

loading with the impact velocity of 10 m/s. The buckling displacement is set as 20mm, which is about 

16.67% of the total length. The buckling modes and stress contours for the cylindrical shells are 

exhibited in figure 2. 

 

     
(a) (b) (c) (d) (e) 

Figure 1. Local nanocrystallization design: (a) Untreated; (b) LCS; (c) LAS; (d) SLB; (e) OLB. 

 

From the buckling modes, it is found that with different local nanocrystallization layouts, the 

cylindrical shells show distinctive buckling modes. For the untreated model, there is a circumferential 

buckling deformation near the bottom of the structure. Since the structure is completely symmetric, the 

buckling deformation exhibits symmetric properties as well. The LCS model exhibits similar buckling 

deformation with the untreated one, which with a circumferential buckling fold. However, the top and 

bottom parts for this structure are nanocrystallized and strengthened while the middle part remained 

untreated. Thus, the buckling deformation is generated in the middle position of the model. In 

summary, the buckling position can be induced by local circumferential nanocrystallization layouts, 

the buckling deformation will first occur on the untreated part and then transit to otherwhere. 

 

     
(a) (b) (c) (d) (e) 

Figure 2. Buckling modes of local nanocrystallization design: (a) Untreated; (b) LCS; (b) LAS; (c) 

SLB; (d) OLB. 
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For the LAS, the buckling deformation occurs on the top of the structure. The nanocrystallized part 

undertakes more loads thus the deformation is a little different from the untreated parts. Compared 

with the untreated model and LCS, which display symmetric circumferential folds, the LCS shows an 

elliptical bending buckling fold instead of a circular one. Additionally, the models of SLB and OLB, 

which with latticed blocks nanocrystallization layouts show different buckling deformation with others. 

The SLB is designed with uniformly-spaced local nanocrystallization patterns and it is a symmetric 

local nanocrystallization design, thus the buckling deformation is similar to that of the untreated model. 

However, the nanocrystallized blocks exhibit higher strength for anti-buckling and the buckling 

deformation is different from the untreated blocks, where the buckling fold is polygonal for this 

situation. While for the OLB design, the nanocrystallization layout is oblique arranged, thus the 

structure exhibits a combination of compression and bending deformation. It is observed that the 

twisted deformation generates along the untreated parts, and the asymmetric buckling mode indicates 

instable anti-buckling properties. 

The corresponding critical loads of the above five models are analyzed and listed in table 1, the 

enhancements of the local nanocrystallized structures are also calculated compared with the untreated 

model. From table 1, it is found that the LCS displays equivalent critical load as the untreated one. 

Due to the local nanocrystallization layout of LCS, the buckling deformation occurs on the untreated 

position. Even through this kind of local nanocrystallization design is capable of inducing buckling 

deformation on specific position, there is no help for the LCS design to enhance buckling resistance. 

However, the critical load of LAS design is significantly increased compared to the untreated model, 

where an 85.14% enhancement is observed for this condition. Since the nanocrystallization stripes are 

arranged with the same direction along the loading compression, this type of local nanocrystallization 

stripes can bear more impact and enhance the buckling resistance effectively. For the SLB, the critical 

load is increased by 25.58%, even the buckling resistance is improved, the enhancement is much lower 

than the LAS model. Moreover, this kind of local nanocrystallization design is difficult to manufacture 

in practical engineering application. Lastly, regarding to the OLB, the critical load only increases in 

low degree and this local nanocrystallization design is not preferred for its local bending and instable 

asymmetric buckling modes. 

 

Table 1. Critical loads of different local nanocrystallization layouts. 

Specimen Untreated LCS LAS SLB OLB 

Critical load (kN) 166.9 167.0 309.0 214.6 177.0 

Enhancement (%) — 0.06 85.14 28.58 6.05 

3. Effect of axial stripe numbers 

Based on the analysis results in previous section, it is demonstrated that the LAS design, which the 

local nanocrystallization stripes lay axially along the loading direction, exhibits the best anti-buckling 

properties under axial impact loading. To investigate the effect of axial stripe numbers on the 

structural critical loads, the cylindrical shells with different local nanocrystallization stripe numbers 

are further studied. Based on the LAS design, the cylindrical shells are circumferentially divided into 6, 

8 and 10 same-sized stripes, which are named as LAS-6, LAS-8 and LAS-10 and their schematic 

diagrams are shown in figure 3. The nanocrystallized parts and untreated parts are alternating arranged 

so that the nanocrystallization areas keep as 50% for all models. It should be noticed that the LAS-4 in 

figure 3(a) is the same model with the LAS in previous section, and the LAS series with different 

stripes are analysed for anti-buckling properties. 

The corresponding buckling modes are also displayed in figure 4 and the critical loads for 

cylindrical shells with different stripe numbers are shown in figure 5. From the buckling modes, it is 

observed that these models present similar buckling deformation which the circumferential folds come 

out on the top of the structures. Considering the gap between nanocrystallized areas and the untreated 

parts, the folds are not totally circular, and an obvious bending deformation can be observed for the 
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LAS-6. While with the increasing of stripe numbers, the structure tends to be uniformity and the 

buckling deformation is more symmetric and stable. From the stress contour plots, it is shown that 

when the stripe number increases, the stress concentrates to the top part of the structure and the bottom 

part remain undeformed. 

 

    
(a) (b) (c) (d) 

Figure 3. LAS with varying axial stripe numbers: (a) LAS-4; (b) LAS-6; (c) LAS-8; (d) LAS-10. 

 

    
(a) (b) (c) (d) 

Figure 4. Buckling modes of LAS series: (a) LAS-4; (b) LAS-6; (c) LAS-8; (d) LAS-10. 

 

 

Figure 5. Buckling resistances of LAS model with varying stripe numbers. 

 

Compared with the critical loads of the LAS series design with the untreated model, a dramatically 

anti-buckling enhancement can be found through figure 5. From the figure, it is discovered that for 

local nanocrystallized cylindrical shells with different axial stripe numbers, there is not a big 
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difference on critical loads. After local axial nanocrystallization, the critical loads increase to over 

300kN, which indicate over 80% of enhancement compared with the untreated structure. Results 

reveal that the LAS layouts are effective for anti-buckling design, for superior buckling deformation 

with better symmetricity and stability, the axial local nanocrystallized shells with more stripes are 

preferred, while on the other hand, since the critical loads between them are on the same level, it is 

advised to select LAS-6 as the optimized design since it shows excellent buckling resistance both on 

critical load and buckling deformation, besides, the nanocrystallized areas are concentrated and this 

design is relatively easier for manufacturing. 

4. Effect of geometric dimensions 

The previous work mainly focuses on cylindrical shells with specific geometry sizes, in order to verify 

the effect of local nanocrystallization on anti-buckling design for cylindrical shells with different 

geometric dimensions, cylindrical shells with varying radius-thickness and length-radius ratios are 

studied in this section. 

The cylindrical shells with the diameter of 80mm, length of 120mm and varying thicknesses of 

0.5mm, 1.0mm, 2mm, 3mm are first studied, the shells with LAS-6 design and the corresponding 

untreated structures are analysed, the critical loads are exhibited in figure 6(a). With the rising of 

thickness, the critical loads also increase linearly for both the untreated model and the LAS-6 one. 

Figure shows that the local axial nanocrystallization is validated for cylindrical shells with different 

thicknesses, and the critical loads are enhanced by over 90%. Nevertheless, the surface 

nanocrystallization treatment is a manufacturing process and only applied on the surface layer of the 

material, thus the improvement of mechanical properties will decrease when the thickness is 

increasing. In practical manufacturing, the yield stress of thick shell is lower than that of the thin shell, 

and the discount on yield stress of thick shell after nanocrystallization will eventually reduce the anti-

buckling effectiveness. Since the cylindrical shell of 0.5mm thickness presents inferior buckling 

resistance and ultra thin-walled shells are vulnerable by minor imperfections during the 

nanocrystallization process, thus it is concluded that the local nanocrystallization technique is best 

applied for cylindrical shells with the thicknesses between 1mm to 2mm. 

 

  
(a) (b) 

Figure 6. Critical loads of LAS-6 model with varying (a) thicknesses and (b) lengths. 

 

The cylindrical shells with the diameter of 80mm, thickness of 120mm and varying lengths of 

80mm, 120mm, 160mm, 200mm are investigated subsequently, their critical loads are displayed in 

figure 6(b). For the untreated models, the critical loads keep at the same level while there is a little 

decrease on critical loads for LAS-6 when the length increases. The reason for this difference is that 

after local axial nanocrystallization, the completely structural symmetricity is changed because of the 

material properties discrepancy between nanocrystallization parts and the untreated sections. The 

material difference in the structure will result in local buckling and subsequently lose its bearing 
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capacity. Despite of the slightly decrease for the critical loads of LAS-6 when its length increasing, 

this kind of design still provides an efficient anti-buckling enhancement. According to the analysis 

results, the enhancements of critical load reach to over 90% for lower length-radius ratios and 80% for 

higher ratios. From these results, it can be concluded that the local nanocrystallization is validated for 

cylindrical shells with varying geometric dimensions, and the critical loads are enhanced dramatically 

through LAS design. 

5. Discussion 

In this paper, the surface nanocrystallization technique is introduced in anti-buckling design and the 

cylindrical shells with different local nanocrystallization layouts and varying geometric dimensions 

are mainly investigated. Four local nanocrystallization layouts including the local circumferential 

stripes (LCS), local axial stripes (LAS), spaced latticed blocks (SLB) and oblique latticed blocks 

(OLB) are designed first to explore the influence of local nanocrystallization on critical loads 

enhancements. Results reveal that among the four layouts, the LAS exhibits excellent buckling 

resistance improvement compared with the untreated structure, where an over 80% enhancement on 

critical load is observed. The LAS design with various stripes are studied as well to evaluate the 

impact of stripe numbers on the anti-buckling resistance. Research results show that the stripes do not 

make a difference on the critical load while more local axial nanocrystallization stripes unify the 

material properties and generate more symmetric buckling modes. The LAS-6 model is selected for 

further investigation for size effect on cylindrical shells, and it is revealed that this kind of design 

maintain stable and valid for anti-buckling design of cylindrical shells with varying geometric sizes. 

Therefore, the local nanocrystallization treatment method is effective for enhancing critical loads of 

cylindrical shells under axial loading, and this study provides a new approach for anti-buckling design 

and can be well applied in practical engineering. 
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