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Abstract 

In the present study, molecular dynamics simulations have been performed to investigate the creep-ratcheting 

deformation behavior of nanocrystalline aluminum (NC Al) having an average grain size of ~8 nm. The 

influence of deformation temperature on creep-ratcheting behavior has been studied and associated with 

underlying mechanisms based on the structural evolution of the material identified. The vacancy concentrations, 

strains and dislocation densities have been evaluated at the end of each stage of creep-ratcheting process for two 

ratcheting stress ratios and three different temperatures. In the mean time, the microstructural and defect 

evolution has been investigated. Accumulation of creep-ratcheting strain is found to increase with the 

deformation temperature in the range of temperature investigated: 10 K - 467 K. Cyclic hardening dominates in 

the initial stages of creep-ratcheting, whereas cyclic softening dominates in the final stages at a higher 

temperature. The creep-ratcheting plots exhibit a primary and steady state regions at room temperature (300 K). 

In addition, a tertiary region is also perceived at high temperature (467 K). The NC Al specimen is also found to 

be damaged earlier at a higher temperature (i.e., 467 K) than at 10 K and 300 K. The highest dislocation density 

is attained for room temperature creep-ratcheting deformation. Finally, it is seen from the dislocation analysis 

that the Shockley partial and full dislocations are the driving dislocations for the creep-ratcheting deformation 

process.  
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Introduction 

Nanocrystalline (NC) materials have a grain size of less than 100 nm ranges. They have a resilient flair 

towards structural applications due to their outstanding mechanical properties in contrast to conventional 

polycrystalline materials [1, 2, 3, 4, 5, 6]. NC materials exhibit higher strength as a result of the triple junction’s 

existence and a higher volume percentage of grain boundaries compared to polycrystalline materials [7, 8, 9, 10, 

11, 12]. They also exhibit different creep properties compared to bulk materials due to their triple junctions and 

grain boundaries. Creep is well-known as a time-dependent plastic deformation process occurring at constant 

stress/load. Creep deformation mechanisms have influenced by many parameters such as grain size, stress 

applied on the specimen, operative temperatures, etc. [13, 14, 15, 16, 17]. In nanocrystalline materials, the creep 

deformation is primarily caused by the diffusion process either with the aid of grain boundaries or in the bulk 

lattice [18, 19, 20]. Kong et al. have shown experimentally that creep mechanisms of nanocrystalline alloys (Fe-

B-Si and Ni-P) are influenced by the grain size [21]. Petegem et al. have performed a creep study on 

nanocrystalline Ni and observed two different mechanisms for creep deformation [22]. In the first mechanism, 

the strain is caused owing to dislocation propagation; in the other mechanism, the strain is created by grain 

boundary accommodation. 

Ratcheting is a progressive accumulation of plastic deformation processes observed in materials and 

structures during cyclic loading with non-zero mean stress, where the applied stresses are higher than materials 

yield stress [23, 24, 25, 26, 27, 28]. It is one of the critical factors that must have considered concerning the 

design of structural components. Srinivasan et al. have experimentally investigated the effect of accumulated 

ratcheting strain on Al 7075-T6 alloys through the low cycle fatigue process [29]. They reported that ratcheting 

strain increases when the stress amplitude increases and ratcheting deformation happens mainly with the aid of 

back stress [29]. On the other hand, Kreethi et al. performed the ratcheting and post-ratcheting tensile tests with 

different mean stresses and stress amplitudes on commercial aluminum at annealed and normalized conditions. 

They found that ratcheting strain accumulation increases due to an enhancement in dislocation density with rise 

in the number of cycles in both conditions [30]. Creep-ratcheting is one of the most important constraints for the 

design and safety assessment of the components when the temperature is involved [31, 32, 33]. Creep-ratcheting 

tests provide significant analysis of the elastic and plastic stress states of material during cyclic loading and 

creep deformation [34, 35]. 
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To meet the requirements of structural applications for automotive, aircraft and defence industries, 

aluminum (Al) material is preferred due to its lightweight, and secure processing. Furthermore, the deployment 

of Al material in all fields is increasing in recent years because of its excellent mechanical properties [36, 37, 

38, 39]. So, it is interesting to examine the mechanical behavior of nanocrystalline aluminum under high strain 

rate at various temperatures at nano or atomic level study. However, it is difficult to test the specimen at the 

nanolevel, because it is an expensive and time taking process. Molecular dynamics (MD) is one of the best tools 

available to model and analyse at the atomic level and thus it can be used to investigate the creep-ratcheting in 

nanocrystalline materials under different conditions [40, 41, 42, 43]. For instance, an MD simulation study of 

ultrafine-grained nanocrystalline nickel under uniaxial ratcheting has been carried out by Pal et al. [44]. They 

reported that both the ratcheting strain and the number of vacancies increase with the deformation temperature, 

whereas the dislocation density decreases [44]. Despite all the studies presented above, there is no clear or 

detailed assessment of the deformation behavior of nanocrystalline materials during the creep-ratcheting 

process.  

In this paper, we have investigated the deformation behavior of nanocrystalline aluminum under the 

creep-ratcheting process at the atomic-level. More precisely, we examine the mechanical behavior of 

nanocrystalline aluminum at three temperatures (10 K, 300 K, and 467 K) with a strain rate of 109 s-1 using MD 

simulations under creep-ratcheting loading for ten cycles following a uniaxial tensile loading. MD simulations 

provide a clear insight into the specimens in terms of their structural variation and the formation of defects 

during the deformation process. We examine the structural changes taking place during the deformation using 

different parameters: Common neighbor analysis, Centrosymmetry parameter, Dislocation analysis, and 

Wigner-Seitz defect analysis. 

Computational details 

Specimen preparation  

A face-centered cubic structure of nanocrystalline aluminum specimen is created with the dimensions 

of 20 nm × 20 nm × 20 nm by the Voronoi method [45] using the Atomeye software [46] (Fig. 1(a)). The 

specimen consists of 16 uniform grains with an average grain size of ~8 nm and contains 469064 atoms in a 

cubic simulation box. The orientations of x, y, and z axes have been taken as [100], [010], and [001]. The EAM 
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(Embedded Atom Method) potential developed by Mendelev et al. [47], has been chosen to describe the 

interatomic interactions of Al atoms. The Embedded Atom Method calculates the total energy Ei as per Eq. (1): 

   𝐸  𝐹 ∑ 𝜌 𝑟  ∑ ∅ 𝑟     (1) 

Where F denotes the embedding energy and depends on  (the atomic “electron density”); ∅ means pair 

potential function;  and  are elemental types of atoms i and j. 

 

Fig. 1: Illustration of (a) Three-dimensional CNA (common neighbor analysis) snapshot of the NC Al specimen 

for tensile and creep-ratcheting processes. (b) Creep-ratcheting stress program. C means creep, and R means 

ratcheting. 

Tensile test 

 To simulate uniaxial tensile loading, we apply periodic boundary conditions along all three directions 

and use a time step of 2 fs. Energy minimization is carried out to obtain minimum energy configurations using 

the conjugate gradient technique at 0 K after the specimen has been generated. Subsequently, the equilibration is 

performed with the NPT ensemble at 10 K, 300 K, and 467 K (~0.51 Tm). Nose Hoover barostat [48], as well as 

Nose Hoover thermostat [49], have been used to maintain the zero pressure and regulate the temperature. After 

equilibration, the tensile load has been applied to the specimens in the uniaxial Z direction at a 109 s-1 strain rate 

in the NVT ensemble, as shown in Fig. 1(a) [50]. 
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Creep-ratcheting test 

The first step of the creep ratcheting computer experiment is the tensile loading of the specimen in the 

Z direction up to 1.68 GPa (i.e., 75% of the yield strength) at a 109 s-1 strain rate. The creep deformation process 

is then simulated for 50 ps at that stress using Berendsen barostat [51]. The ratcheting sequences are simulated 

considering two stress ratios (R = - 0.4 and -0.6) for all the three different deformation temperatures (low 

temperature: 10 K, room temperature: 300 K, and high temperature: 467 K). Stress ranges are chosen based on 

the maximum stress (σmax), and minimum stress (σmin) values. The maximum stress (σmax) applied is chosen to 

be 90% of the ultimate tensile strength (determined by the corresponding tensile tests at the chosen 

temperature). Corresponding minimum stress (σmin) values are then evaluated based on the stress ratios: σmin = -

0.4σmax for R = - 0.4; σmin = -0.6σmax for R = - 0.6. The ratcheting deformation simulation is initiated after the 

simulated creep deformation process (i.e., after 50 ps). The applied stress is chosen to rise from the constant 

creep stress to the maximum stress value; then, the stress is reduced to attain the minimum stress value and 

subsequently increased again, repeated for a total of 5 cycles, as illustrated in Fig. 1(b). The complete simulation 

consists of ten alternative creep and ratcheting loading cycles. 

Post-processing and analysis 

All the MD (molecular dynamics) simulations are carried out with LAMMPS [52], and the 

visualization along with post-processing is performed with the aid of OVITO [53]. For the present work, the 

preferred analysis tools of OVITO are: the Centro-Symmetry Parameter (CSP) used to analyze the lattice 

disorder of atoms [54]; the Common Neighbor Analysis (CNA) [55, 56] used to search the local structure of 

atoms and twin boundaries existence in the specimen; the Wigner-Seitz defect analysis is used to identify the 

points defects (i.e., the vacancies) [57, 58]; the Dislocation extraction Algorithm (DXA) [59] is implemented to 

find the dislocations and subsequently determine their types. 

Results and discussion 

Pure tensile tests 

The stress-strain plots of the NC Al specimens obtained for the simulated tensile test performed at the 

three different temperatures are illustrated in Fig. 2(a). The ultimate tensile strengths (UTS): 4.24 GPa, 3.48 

GPa, and 3.04 GPa are attained at strains of 0.05 (for 10 K), and 0.043 (for both 300 K and 467 K). A sudden 
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drop in stress is observed for low temperature, whereas the stress is found to drop steadily and gradually for the 

tensile deformation occurring at room and high temperatures. The maximum ultimate tensile strength is obtained 

at 10 K due to the truncated motion of dislocations as well as the low rate of dislocation generation. The 

dislocation density decreases just after the ultimate tensile strength as shown in Fig. 2(b). Beyond the UTS 

points, the dislocation density increases at 300 K and 467 K due to the rise in the dislocation generation. 

 

Fig. 2: (a) Stress-strain plots, (b) Dislocation density-strain plots, and (c) vacancy concentrations-strain plots 

during uniaxial tensile loading for 10 K, 300 K, and 467 K. (Brown color circles indicate the UTS points in (b 

and c)). 

The structural variations and line defect evolution during uniaxial tensile loading are shown in Fig. 3. 

Vacancies are produced in the specimen by the motion of dislocations, and voids are generated by vacancies 

accumulation at the grain boundaries intersections. A similar finding has been formerly reported by Li et al. 

[60]. The formation of voids in the specimen leads to the initiation of the fracture process. In general, 

dislocation motion takes place due to the loading of the nanocrystalline specimen and triggers the formation of 
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vacancies. The vacancy population is small at the initial stage of loading and increases as deformation 

progresses (Fig. 2(c)). The voids are found to be formed at 0.07 strain for 10 K temperature and 0.05 strain for 

both temperatures (300 K and 467 K), as evident from Fig. 3(a1-c1). There is a major decline in the dislocation 

density during the void formation stage compared to the initial stage (Fig. 2(b)). Cracks develop in the specimen 

by the accumulation/connection of voids at the intergranular grain boundaries. At strains of 0.24, 0.16, and 0.14, 

crack propagation has been initiated as the result of crack inceptions. Finally, the specimens fracture at 0.34, 

0.25, and 0.2 strains for 10 K, 300 K, and 467 K, respectively, as seen in Fig. 3(a3-c3) and (a4-c4). An increase 

in the deformation temperature (from 10 K to 467 K) leads to a decrease in the strain required to reach the 

different stages (i.e., void formation, crack inception, crack propagation, and fracture) of the deformation 

process as shown in Fig. 3. The fracture in the specimen takes place along the grain boundaries, leading to 

intergranular fracture (Fig. 3(a4-c4)). 
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Fig. 3: Atomic snapshots illustrating the deformation behavior of the NC Al specimen during uniaxial tensile 

loading at various strains for three different temperatures: (a) low temperature (10 K), (b) room temperature 

(300 K), and (c) high temperature (467 K). 
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Creep ratcheting tests 

 The low-temperature case: 10 K 

The strain vs. time and stress vs. strain curves for the stress ratios (R= -0.4 and R= -0.6) are implemented for 

ratcheting deformation during the creep-ratcheting theoretical experiment performed at 10 K, as shown in Fig. 

4(a1-a2) and (b1-b2). The strain-time plots exhibit an almost linear strain, and only a very slight increase in the 

strain is observed at this temperature, as seen in the insets of Fig. 4(a1) and (b1) in the creep regions. The 

evaluated accumulated strain is smaller for the ratcheting stress ratio R = -0.6 compared to the ratcheting stress 

ratio R = -0.4, as seen in Fig. 4(a1) and (b1). Insets of Fig. 4(a2) and Fig. 4(b2) shows the portion of plastic 

deformation, where the hysteresis loops are thin. 

 

Fig. 4: Strain vs. time and stress vs. strain plots of the NC Al specimen during the creep-ratcheting deformation 

for the ratcheting stress ratios of (a) R = -0.4 and (b) R = -0.6 at 10 K. (Insets in Fig. of (a1) and (b1) show 

zooms on three-time steps.  
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Fig. 5 illustrates the evolution of dislocation density, vacancy concentrations, as well as the evolution 

of each kind of dislocations at 10 K. Fig. 5(a) shows that the total dislocation density is lower at the final stages 

of the simulations than at the initial stages because the dislocation annihilation rate is higher than the 

dislocations generation rate. Fig. 5(b) shows that the population of vacancies fluctuates: the vacancy 

concentrations decreases during creep and rises and falls (increases and decreases) during ratcheting: it follows 

the creep and ratcheting stages. Overall, the vacancy concentrations increase slightly from beginning to the end 

of the simulation, as shown in Fig. 5(b). The dislocations existing in the nanocrystalline specimen are of two 

types: perfect dislocations and partial dislocations: Shockley, Frank, Hirth, and Stair-rod dislocations. Shockley 

dislocations are known as glissile (mobile) dislocations, whereas the Stair-rod, Hirth, and Frank dislocations are 

known as sessile (immobile) dislocations. Our results indicate that the majority of the dislocations present and 

created in the material are perfect dislocations and Shockley dislocations. Their densities decrease first and 

increase later during the initial stages of loading then fluctuate up to the last stage of loading. The fluctuation of 

the densities of Frank and stair-rod dislocations is less pronounced, and the amount of stair-rod dislocations is 

minimal. The stress ratio seems to hardly affect the dislocation density evolution, i.e., both stress ratios display a 

similar range of dislocation densities, as seen in Fig. 5(c-d). For both ratios, the perfect and Shockley partial 

dislocations appear to facilitate the deformation process. 
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Fig. 5: (a) Overall dislocation density-time plots, (b) vacancy concentrations-time plots, and (c-d) Dislocation 

density of different types of dislocations-time plots for the two ratcheting stress ratios at 10 K. 

Fig. 6 shows the structural evolution during the creep-ratcheting loading conditions at 10 K. Fig. 6(a) 

represents the specimen before the creep ratcheting loading. At this stage, the dislocations are quite numerous 

(i.e., Shockley partial dislocations and perfect dislocations), and clearly shown in Fig. 6(a3). After ten cycles of 

creep-ratcheting loading, the dislocation density has decreased in the specimen (Fig. 6(b3-c3)), and the grain 

boundaries have thickened in the specimen. All these data are typical of cyclic hardening, where the strain 

accumulation rate is low due to an increase in resistance for deformation, which causes small deformation to the 

specimen (i.e., grain boundary thickening and sliding only) and leads to a high dislocation density. 
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Fig. 6: Atomic snapshots of the NC Al specimen with CNA, CSP, and DXA illustrating the creep-ratcheting 

deformation behavior at 10 K, (a) specimen before loading, and (b-c) specimens subjected to two ratcheting 

stress ratios after loading. 

The room temperature case: 300 K 

Fig. 7 shows the strain-time and stress-strain plots at room temperature. Fig. 7(a1) and (b1) illustrates 

the gradual rise in strain during the creep-ratcheting deformation process. At this temperature, two 
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regimes/stages can be identified: the first one that starts during the preliminary stage of loadings and lasts up to 

522 ps is characterized by low accumulation of plastic strain; the second one is described by a steady and more 

pronounced increase of the strain. The first stage corresponds to cyclic hardening: the resistance to deformation 

is high, and strain accumulation is low during the creep-ratcheting deformation. During the second stage, the 

deformation is moderate, and the strain accumulation is steady and dominated by cyclic hardening. An increase 

of the strain vs. time at this temperature compared to that for 10 K temperature can be accounted for by the fact 

that dislocation generation is more pronounced at room temperature than at 10 K, as shown in Fig. 8, which 

represents the overall evolution of the dislocation density, vacancy population, and the different types of 

dislocations. 

 

Fig. 7: Strain-time and stress-strain plots of the NC Al specimen during the creep-ratcheting deformation for the 

ratcheting stress ratios (a) R = -0.4 and (b) R = -0.6 at 300 K. 
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At room temperature, an increase in dislocation generation and dislocation motion leads to a rise in the 

dislocation density, as shown in Fig. 8(a). The vacancy population is also higher than at 10 K (Fig. 8(b)). Still, it 

follows the same pattern: the vacancy concentrations decreases during creep and rises and falls (increases and 

decreases) during ratcheting. Similar to what is observed at 10 K, the density of Shockley partial and perfect 

dislocations is higher than the density of Frank and stair rods dislocations (Fig. 8(c-d)). 

 

Fig. 8: (a) Overall dislocation density-time plots, (b) vacancy concentrations-time plots, and (c-d) Dislocation 

density of different types of dislocations vs. time plots at 300 K. 

Fig. 9 illustrates the structural variation and defect evolution under creep-ratcheting loading conditions 

for room temperature. During the simulation, the dislocation entanglements have increased, and multiple 

dislocations have been generated due to a rise in the rate of dislocation generation and dislocation movement. 

Grain boundary thickening, grain boundary sliding, and twin boundaries have been identified in the specimen 

after completion of the simulation (Fig. 9(b1-c1)). The atomic strain snapshot in the inset shows that the 

deformation is carried out along the grain boundaries. It indicates the existence of grain boundary diffusion in 

the nanocrystalline structure, as seen in Fig. 9(b1-c1). Furthermore, the accumulation of atoms at the grain 



15 
 

boundaries leads to grain boundary thickening in the specimen, as seen in Fig. 9(b1-b2 and c1-c2). Grain 

boundary motion has been accelerated with the temperature increase, leading to the deformation of the specimen 

through grain boundary diffusion. 

 

Fig. 9: Atomic snapshots of the NC Al specimen with CNA, CSP, and DXA illustrating the creep-ratcheting 

deformation behavior at 300 K, (a) specimen before loading, and (b-c) specimens after loading. Insets (b1) and 

(c1) show the grain boundary deformation using atomic strain snapshot and twin boundary using CNA snapshot 

subjected to the two ratcheting stress ratios. 
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The high-temperature case: 467 K 

Fig. 10(a1) and (b1) represent the strain versus time and the stress versus strain curves obtained at 467 

K. At this temperature, three different stages are observed: cyclic hardening up to 522 ps, characterized by the 

low accumulation of plastic strain; An intermediate stage: where the increase of strain is steady and more 

pronounced, up to 1772 ps; and a final stage where the strain accumulation is high due to a decrease in the 

resistance to deformation that lasts until the end of the simulation (2522 ps). These three stages have been 

reported for the SA333 C-Mn steel in literature [61]. The strain vs. time plots have shifted towards higher values 

of strain compared with the other temperatures, and the maximum accumulated plastic strain is obtained for the 

stress ratio of R= -0.4. Fig. 10(a2) and (b2) shows the stress-strain hysteresis loops of a plastic region in steady 

propagation mode: the hysteresis loops spread in a vast zone with strain and the strain accumulation area 

increases regarding the number of cycles. 

 

Fig. 10: Strain vs. time and stress vs. strain of the NC Al specimen during the creep-ratcheting deformation for 

the ratcheting stress ratios of (a) R = -0.4 and (b) R = -0.6 at 467 K. 
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At 467 K, the overall dislocation density is low compared to the densities 10 K and 300 K (Fig. 11(a)), 

because the dislocation annihilation rate is more than the dislocation generation rate at high temperature. It is in 

agreement with the literature findings [62]. The corresponding dislocation density vs. strain plots is shown in 

Fig. S1. Regarding the population of vacancies, Fig. 11(b) shows that the vacancy concentrations is higher at 

high temperatures, and the deviations much less pronounced than at 10 K and 300 K owing to higher diffusion 

rate as well rapid dislocation motion and generation. Fig. 11(c-d) represents the evolution of the dislocation 

densities at 467 K. It is observed that a rise in temperature causes a decrease in the quantity of Shockley partial, 

perfect, and other dislocations (Fig. 11(c-d)). The Shockley partial and perfect dislocations still have a leading 

role in the creep-ratcheting deformation process at this temperature. 

 

Fig. 11: (a) Overall dislocation density vs. time plots, (b) vacancy concentrations vs. time plots, and (c-d) 

Dislocation density of different types of dislocations vs. time plots at 467 K. 
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Fig. 12 illustrates the structural evolution of the NC Al at 467 K. The dislocation quantity has 

decreased in the specimen after the completion of ten creep-ratcheting deformation cycles (Fig. 12(b3-c3)) in 

contrast to before the loading stage (Fig. 12(a3)). At 467 K temperature, higher deformation takes place in the 

specimen through grain boundary motion, sliding, and grain boundary thickening. Void initiation (highlighted 

with a white circle) is observed in the specimen as well as grain boundary broadening. Twin boundaries are also 

noticed (Fig. 12(b1-c1) and (b2-c2)). 

 

Fig. 12: Atomic snapshots of the NC Al specimen with CNA, CSP, and DXA illustrate the creep-ratcheting 

deformation behavior at 467 K, (a) specimen before loading and (b-c) specimens after loading subjected to two 

stress ratios of ratcheting. Inset CNA snapshot of (b1) shows the zoom mode of twin boundary. 
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Table 1 contains a summary of the behaviors observed for the three temperatures during the creep-

ratcheting deformation process. At 10 K temperature, there is grain boundary thickening. On the other hand, at 

300 K temperature, grain boundary thickening, sliding, and twin boundaries based mechanisms are operative. At 

467 K temperature, the microstructures show void initiation, grain boundary thickening, sliding, and twin 

boundaries. 

Both Fig. 13 and Table 2 summarize the operative mechanism correlating along with strain evolution. 

At 10 K, minimal strain accumulation is observed during the simulations. At 300 K, the strain accumulation is 

higher than at 10 K. At 467 K, three stages are visible: cyclic hardening during the initial phase, a balance 

between cyclic hardening and cyclic softening during the intermediate stage, and cyclic softening during the 

final stages. The end of the primary stage arrives close to 522 ps, the secondary/intermediate stage lasts from 

522 ps to 1772 ps and tertiary stage from 1772 ps to the end of the simulation, i.e., 2522 ps. 

 

 

Fig. 13: Strain vs. the number of cycles for the two stress ratios of ratcheting during creep-ratcheting 

deformation for three different temperatures (C means creep and R denote ratcheting). 
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Dislocations motion causes materials to deform plastically. During creep-ratcheting deformation, 

dislocations have generated and annihilated. The overall dislocation density is the highest at room temperature. 

Shockley partial dislocations have formed because of the high strain rate, nanocrystalline structure, glissile 

(mobile) nature, and supportive for dislocation movement and whereas other partial dislocations have sessile 

nature and also provide an obstruction to dislocations motion during the deformation. The density of Shockley 

partial and perfect dislocations is always much larger than the density of Frank and stair rod partial dislocations, 

whatever the deformation temperature and the stress ratio. The Shockley partial and perfect dislocations are thus 

predominantly engaged for the driving of the creep-ratcheting deformation process. Our simulations also show 

that at higher temperatures, dislocation annihilation is even higher. It leads to a decrease in the overall 

dislocation density. The stress ratio does not seem to impact the dislocation density much. 

Table 1: Summary of the findings involved in the creep-ratcheting deformation process. 

Temperature Microstructure evolution Stages Dislocation density 
Vacancy 

concentrations 

10 K 

 

 
Grain boundary thickening 

 
Cyclic hardening observes 
throughout the whole 
simulation (0-2522 ps). 
 

 
For both stress ratios, the 
overall dislocation 
density is high at the 
starting point and low at 
the end. 
 
The overall dislocation 
density (~28 m-2) is 
moderate. 

 
The vacancy 
population 
fluctuates, and the 
overall population 
of vacancy is low. 

300 K 

 
Grain boundary thickening 

 
Grain boundary sliding 

 
Twin boundaries 
 

 
Cyclic hardening notices up to 
522 ps, and consistent 
enrichment of accumulation of 
plastic strain observes from 
522 to 2522 ps. 

 
For both stress ratios, the 
overall dislocation 
density is an increasing 
manner subjected to 
time. 
 
The overall dislocation 
density (~31 m-2) is high. 

 
The vacancy 
population 
fluctuates, and the 
overall population 
of vacancies is 
moderate. 

467 K 

 
Void initiation 
 
Grain boundary thickening 

 
Grain boundary sliding 
 
Twin boundaries 

 
Cyclic hardening observes up 
to 522 ps; the balance between 
cyclic hardening and cyclic 
softening from 522 to 1772 ps; 
cyclic softening from 1772 to 
2522 ps. 

 
For both stress ratios, the 
overall dislocation 
density decreases with 
time. 
 
The overall dislocation 
density (~22 m-2) is low. 

 
The vacancy 
population 
fluctuates much 
less than at lower 
temperatures, and 
the overall 
population of 
vacancy is high. 
 

 

Regarding vacancies, our study shows that, as the deformation progresses, the vacancy population 

increases and decreases during ratcheting. The fluctuations are very pronounced at 10 K and 300 K and less 
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visible at 467 K. The variations in the vacancy population are higher at low and room deformation temperatures 

during the creep and ratcheting sequences than at high temperature. At 10 K, the average vacancy density hardly 

changes; at 300 K, it increases slightly, whereas at high temperature, the increase in the vacancy concentrations 

is evident, and grain boundaries act as diffusion paths in the nanocrystalline materials. Unlike the dislocation 

density, the stress ratio appears to have an impact, and the vacancy population is larger for stress ratio R=-0.4 

than for stress ratio R=-0.6. 

Table 2: Strains, vacancy, and dislocation densities at the end of each stage for the three temperatures and the 
two ratcheting stress ratios (where N.A: Not Applicable). 

Parameters 

R=-0.4 R=-0.6 

Initial 
point 

End of 
the 
primary 
stage 

End of the 
secondary 
stage 

End of 
tertiary 
stage 

Initial 
point 

End of 
the 
primary 
stage 

End of the 
secondary 
stage 

End of 
tertiary 
stage 

10K 

Strain (%) 0.01833 0.02415 N.A N.A 0.01833 0.02224 N.A N.A 

Vacancy density 
(m-3) 

0.0099 0.00239 
N.A N.A 

0.0099 0.00235 N.A N.A 

Shockley  dislocation 
density 
(m-2) × 1016 

7.1 6 
N.A N.A 

7.1 6.4 N.A N.A 

Perfect dislocation 
density  
(m-2) × 1016 

6.4 5.5 
N.A N.A 

6.4 5.62 N.A N.A 

Frank  dislocation 
density 
(m-2) × 1016 

1.03 0.86 
N.A N.A 

1.03 0.76 N.A N.A 

Stair rod  dislocation  
density 
(m-2) × 1016 

0.001 0.001 
N.A N.A 

0.001 0.011 N.A N.A 

 

300 K 

Strain (%) 0.02176 0.02981 0.03109 N.A 0.02176 0.02757 0.02911 N.A 

Vacancy density 
(m-3) 

0.00188 0.0045 0.00473 N.A 0.00188 0.00445 0.00456 N.A 

Shockley  dislocation 
density 
(m-2) × 1016 

3.9 8.01 4.95 N.A 3.8 4.66 6.7 N.A 

Perfect dislocation 
density 
(m-2) × 1016 

7 6.4 7.24 N.A 6.8 6.4 6.24 N.A 

Frank  dislocation 
density 
(m-2) × 1016 

0.82 1.23 0.86 N.A 0.82 0.79 1.18 N.A 

Stair rod  dislocation  
density  
(m-2) × 1016 

0.018 0.016 0.022 N.A 0.013 0.029 0.019 N.A 

 

467 K 

Strain (%) 0.02654 0.04526 0.05688 0.06405 0.02657 0.04356 0.05218 0.05618 

Vacancy density 
(m-3) 

0.00258 0.00668 0.0072 0.00752 0.00249 0.00675 0.007 0.00719 

Shockley  dislocation 
density (m-2) × 1016 

3.3 5.58 5.4 4.8 4.5 5.08 6.72 5.7 

Perfect dislocation 5 4.1 4.2 3.75 4.8 4 4.7 4.15 



22 
 

density 
(m-2) × 1016 
Frank dislocation 
density 
(m-2) × 1016 

0.6 0.69 0.69 0.59 0.73 0.71 0.76 0.62 

Stair rod  dislocation  
density  
(m-2) × 1016 

0.02 0.029 0.008 0.021 0.038 0.017 0.016 0.012 

 

Conclusions 

A molecular dynamics simulation-based study has been performed to investigate the creep-ratcheting 

deformation behavior of nanocrystalline aluminum at three different temperatures (10 K, 300 K, and 467 K). 

The highest accumulation of creep-ratcheting strain is obtained at the highest temperature after ten creep-

ratcheting deformation cycles. Grain boundary diffusion process is identified as a dominant mechanism for 

creep ratcheting deformation occurring at room temperature and above. At 467 K, void initiation occurs in the 

specimen at the early stages and initiates failure. Cyclic hardening in the preliminary stage and cyclic softening 

in the final stage of creep ratcheting are also observed in the case of high-temperature deformation. We also 

found that a rise in temperature leads to a reduction in the dislocation density. The results of this study provide a 

better understanding of the creep-ratcheting mechanism at the atomic-scale. Such knowledge will help extend 

the improvement in design aspects as well as expand the life of the specimen.  
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