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ABSTRACT

Nanostructured tantalum (Ta)-based dental implants have recently attracted

significant attention thanks to their superior biocompatibility and bioactivity as

compared to their titanium-based counterparts. While the biological and

chemical aspects of Ta implants have been widely studied, their mechanical

features have been investigated more rarely. Additionally, the mechanical

behavior of these implants and, more importantly, their plastic deformation

mechanisms are still not fully understood. Accordingly, in the current research,

molecular dynamics simulation as a powerful tool for probing the atomic-scale

phenomena is utilized to explore the microstructural evolution of pure poly-

crystalline Ta samples under tensile loading conditions. Various samples with

an average grain size of 2–10 nm are systematically examined using various

crystal structure analysis tools to determine the underlying deformation

mechanisms. The results reveal that for the samples with an average grain size

larger than 8 nm, twinning and dislocation slip are the main sources of any

plasticity induced within the sample. For finer-grained samples, the activity of

grain boundaries—including grain elongation, rotation, migration, and slid-

ing—are the most important mechanisms governing the plastic deformation.

Finally, the temperature-dependent Hall–Petch breakdown is thoroughly

examined for the nanocrystalline samples via identification of the grain

boundary dynamics.
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Introduction

In recent years, implants have been recognized as one

of the most common treatment options to replace

decayed teeth. Using surgical methods, implants are

placed into the jawbone providing the required

strength for the installation of dental prostheses. It is

worth mentioning that the success of this technique is

highly dependent on the use of proper materials and

a suitable mechanical design. The metal used in the

implant body should be highly resistant to mechan-

ical stresses, wear, and corrosion. Additionally, it

must possess high biocompatibility without toxicity

[1, 2]. Considering the enumerated features, so far,

the majority of studies on dental implants have been

devoted to titanium (Ti) alloys. Compared to the

well-known Ti implants, their tantalum (Ta)-based

counterparts offer multiple benefits associated with

their higher corrosion and wear resistance, biocom-

patibility and bioactivity [3–6]. This metal also shows

enhanced phase stability and closer mechanical

properties to the jawbone. It should be noted that

based on Wolff’s law, modulus matching is needed to

reduce the stress-shielding in the load-bearing

metallic implants [7, 8]. Furthermore, based on the

biological in vitro and in vivo studies, Ta implants

have better osseointegration and cell adhesion, mak-

ing them ideal for therapeutic purposes [9, 10].

Hence, Ta-based implants are expected to be focal

research points in the near future. The major barrier

to extending the use of tantalum implants is the

possibility that bacterial adhesion to their surface

might lead to implant-associated infections. To

overcome this issue, in addition to pristine Ta, several

experimental investigations have been carried out to

examine the performance of their nanocomposite

systems in surgical implant applications. In this

context, previous studies have revealed that the

addition of copper and silver to the Ta structure can

considerably improve its antibacterial properties

[11, 12]. It has been established that these two

antibacterial agents can effectively destroy the bac-

terial cell wall preventing the inflammation after

treatment.

A review of the current literature shows that while

the biological and chemical aspects of Ta-based

nanocomposite implants have been widely investi-

gated in recent years, their mechanical features have

rarely been studied. Considering the importance of

the mechanical characteristics of dental implants, a

noticeable gap in this research area has been the lack

of a computational model to explore the load-bearing

features of tantalum implants in the presence of dif-

ferent antibacterial additives such as Cu and Ag.

More importantly, the proposed implants should be

designed such that no plastic deformation occurs

under the service conditions [13, 14]. Since the latter

is mainly influenced by the overall behavior of the

matrix, it seems that as the first step, a thorough

analysis should be performed to examine the strength

of polycrystalline tantalum and its plastic deforma-

tion behavior. As discussed in the literature, the

elasticity of polycrystalline metals considerably

depends on the type of their crystalline structure and

the density of grain boundaries (GBs) [15, 16]. Also,

the slip of dislocations and twinning has been rec-

ognized as the main sources of plastic deformation

within these nanostructured materials [17, 18]. It is

worth mentioning that the mechanisms governing

their plastic deformation deal with only a small

number of atoms or atomic layers, which cannot be

simply examined through experiment-based tech-

niques. Moreover, there are several limitations on the

precise control and measurement at the atomic scale.

Hence, numerical tools such as molecular dynamics

(MD) simulation would provide an efficient way to

characterize the microstructural evolution of these

materials at the atomic scale [19, 20].

As the present work aims to provide a compre-

hensive MD-based study on the mechanical features

of polycrystalline Ta systems under different service

conditions, we will look at the current trends in this

research area. Utilizing this approach, the mechanical

behavior of polycrystalline Ta under uniaxial tensile

loading has been investigated by Pan et al. [21]. It is

noted that in FCC metals, the nucleation of partial

dislocations with concurrent formation of stacking

faults between them leads to the formation of twins

as the main cause of plastic deformation. In contrast,

for nanocrystalline BCC Ta samples, the results [21]

revealed that owing to the GB movement, the defor-

mation twinning is observed within the grains.

Additionally, it was shown that in BCC metals,

twinning-based deformation is favored at higher

strain rates and/or lower temperature conditions.

Also, more recently, Sun et al. [22] conducted MD

simulations of tensile deformation on the Ta

nanolayered structures composed of alternating

nanocrystalline and coarse-grained layers. The main
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goal was to assess the governing deformation and

fracture mechanism of BCC nanolayered composites.

Their findings revealed that compared to the twin

nucleation, twin thickening is the favored mechanism

for these materials. It arises because the energy

required for the thickening of the twin domains is

lower than the formation energy of new twins. Sim-

ulating polycrystalline Ta samples with different

grain sizes in the range of 2–10 nm, Huang et al. [23]

found that the critical size at which the Hall–Petch

relationship is broken—at the temperature of 10 K—

is equal to 7 nm. It was deduced that the enhanced

activity of GBs in the samples with a grain size

smaller than the critical limit is the main factor

affecting the observed softening behavior passing the

introduced threshold value.

An important question that should arise at this

point is whether test factors such as type of loading,

strain rate, and temperature can have a remarkable

effect on the breakdown of the Hall–Petch relation-

ship or change the deformation mechanisms of this

material. In this regard, Tang et al. [24] showed that

polycrystalline Ta has a much softer behavior in

compressive loading than for tension that was ascri-

bed to the enhanced dislocation motion under com-

pression. In addition, Smith et al. [25] demonstrated

that no correlation exists between the GB sliding and

strain rate in this case. However, previous studies on

platinum [26] and magnesium [27] have reported that

increasing the temperature can noticeably facilitate

the plastic deformation of polycrystalline nanomate-

rials by activating the GB motion. Consequently, the

critical grain size introduced in the Hall–Petch rela-

tionship could be changed with temperature. To the

best of our knowledge, this issue has not been stud-

ied for polycrystalline Ta. Furthermore, it has been

shown that GBs may act as a place for the nucleation

of dislocations and/or for inhibiting their movement

in nanocrystalline materials [21, 24]. On the other

hand, GB sliding should be considered as a vital

grain size sensitive mechanism underlying the

deformation of these materials [28].

In the present paper, we employ a series of MD

simulations to precisely determine the exact role of

GBs on the microstructural evolution of Ta samples

under uniaxial tensile loadings. Considering the

unique biological properties of Ta-based implants, at

first, the critical grain size of polycrystalline Ta

resulting in the maximum strength is obtained for the

temperature of the human body. Targeting this

purpose, the mechanical response of various samples

with an average grain of 2–10 nm is examined. The

results are supported by a thorough inspection of the

governing mechanisms using several crystal struc-

ture analysis tools. Finally, to examine the effect of

temperature as a practical laboratory factor on the

plastic deformation of nanostructured materials, a

systematic study is performed at a higher tempera-

ture of 600 K to atomistically monitor the tempera-

ture-dependent Hall–Petch evolutions for the

introduced polycrystalline Ta samples.

Molecular dynamics model

Sample construction

This section is devoted to explaining the details of the

simulation processes along with introducing the

algorithm utilized for generating the computational

models. For this purpose, first, the procedure used

for the sample construction is briefly explained. All

polycrystalline Ta samples were built based on the

Voronoi tessellation technique, which has been suc-

cessfully utilized for the generation of representative

models of polycrystalline microstructures of metals

and their alloys [29, 30]. According to this method,

using random seeds, Ta grains in the average size

ranges from 2 to 10 nm were grown in 9 cubic sam-

ples having the same edge length of 30 nm. As pre-

viously discussed, the main aim of this study was to

examine the role of grain size on the stress–strain

response of Ta. Since the mechanical properties of

nanomaterials are also influenced by the sample size,

by keeping fixed the geometrical features of the

computational cell, we could properly address the

grain-size-dependent mechanical characteristics of

the introduced tantalum systems. Figure 1 represents

the microstructure of Ta sample with an average

grain size of 8 nm.

Details of MD simulation

All simulations were carried out using LAMMPS

[31], and the angular-dependent potential (ADP) was

employed to model the interatomic interactions

within the Ta samples. Pun et al. [32] were the first

who introduced the ADP format as a modified ver-

sion of the well-known embedded-atom-method

(EAM) potential function to analyze the structural
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stability and strength of polycrystalline Ta structures.

It has been demonstrated that using the newly

developed ADP potential for tantalum, more accurate

outcomes regarding the microstructural changes of

elemental Ta and its alloys can be achieved at a more

reasonable computational cost [33–36]. Before start-

ing any mechanical test, the samples should be in

thermodynamical equilibrium. Performing relaxation

via suitable equilibrium ensembles allows the sam-

ples to attain the equilibrated structure starting from

their geometrically constructed initial model.

Regarding this issue, we designed a hybrid relaxation

scheme to guarantee the system equilibrium. First, a

minimization step using the conjugate gradient

method was applied to avoid any atomic overlap-

ping. Then, relaxation was followed by an annealing

process at the temperature of 310 K (i.e., body tem-

perature) for 200 ps. Finally, to equilibrate the grain

boundaries, the samples experienced a further high-

temperature annealing at 1000 K for 200 ps. Detailed

explanation about this extra relaxation stage can be

found in Ref. [37]. The pressure was set at zero dur-

ing the whole equilibration procedure in the three

directions of X, Y, and Z using an isothermal-isobaric

(NPT) ensemble. The initial velocities were randomly

sampled from a Maxwell–Boltzmann distribution at

the desired temperature, and the velocity-Verlet

integration algorithm with a time-step of 1 fs was

utilized to advance the system variables [38]. Also,

periodic boundary conditions were applied in all

directions.

Figure 2 compares the microstructural features of

annealed Ta polycrystals with an average grain size

of 10 nm with those of the initial model. As seen, all

the straight GBs exhibit curved morphology after the

annealing procedure, demonstrating that the equili-

brated samples have a similar configuration to the

real microstructures detected in the experimental

observations [39]. We were also concerned about the

grain growth during the prescribed annealing stage.

As such, having in hand the average value of initial

grain size (d0), the grain size after relaxation (d) can

be determined using the following relation intro-

duced in detail in Ref. [32]:

d ¼ d0X0=X ð1Þ

where X0 and X are the number of GB atoms in the

initial sample and in the fully relaxed structure,

respectively. Substituting the data provided by the

crystal structure analysis tools into Eq. (1), an aver-

age grain size of * 10.2 nm was obtained, indicating

no sign of any grain growth during the relaxation

stage. In addition, for further assessment of the

morphological changes of the tantalum sample after

the equilibration process, we monitored the grain

rotation based on the axis-angle grain orientation

algorithm [40, 41]. As thoroughly discussed in Refs.

[42–44], employing this approach, the mean orienta-

tion of each grain can be computed based on the local

structural environment and orientation of atoms

within the grain. As illustrated in Fig. 2, a minor

grain rotation was observed during the proposed

hybrid annealing process.

After verifying the equilibrium stage, uniaxial

elongation was carried out for all samples along

opposite sides of the simulation box with a strain rate

of 5 9 108 s-1 until the strain level of 40% [23, 45, 46].

It is worth noting that the stress components in the

lateral directions were kept constant at zero using the

NPT ensemble during the whole procedure.

Crystal structure analysis tools

To visualize the microstructure of all samples, the

OVITO software package was implemented [47]. To

better display and characterize the microstructural

changes, the polyhedral template matching (PTM)

was utilized. This modifier provides a direct calcu-

lation of local (per-atom) crystal orientation, elastic

deformation, and strain in the presence of strong

thermal fluctuations [42]. Additionally, to identify the

dislocations and to calculate the dislocation density

within the systems, the dislocation extraction algo-

rithm (DXA) developed by Stukowski and Albe was

employed [48]. Also, the determination of the von

Mises stress distribution helped us determine the

stress concentration in the GBs and grain interiors.

Moreover, concerning the crucial role of twin for-

mation on the results and the underlying mecha-

nisms, twinning boundaries were monitored by

means of the Centro-Symmetry Parameter (CSP),

which provides a measure for deviation of a typical

atom from its symmetric crystal structure [49].

Finally, to probe the grain orientations at the desired

strain level, we used the grain segmentation analysis

tool in the OVITO software.
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Results and discussion

Polycrystalline Ta samples under tension:
mechanical properties

At the start of the results part, we are going to look at

the validation test. For this purpose, a polycrystalline

tantalum sample with an average grain size of 3 nm

was analyzed under the developed tensile test, and

the results were compared with the data reported by

Huang et al. [23] performed with an EAM potential at

10 K. To facilitate a better comparison, most of our

simulation parameters, including the loading rate,

temperature, geometrical characteristics of the com-

putational model, and the average grain size, were

similar to those of Ref. [23]. As seen in Table 1, the

results are in good agreement with the presented

data verifying the developed code. The small differ-

ences between the results may be associated with the

different potential functions and relaxation schemes

implemented in these two works. Employing the

verified tensile code, the next step involved analysis

of the effect of grain size on the mechanical charac-

teristics of the Ta samples introduced in Sect. 2.1.

Figure 3 displays the corresponding stress–strain

curves that can be utilized to determine the elastic

modulus and the flow stress of the samples. In the

present work, the elastic modulus was directly com-

puted as the initial slope of the stress–strain curve in

the elastic region (i.e., e\ 2%). Additionally, the yield

strength is defined as the stress level at which the first

plastic deformations occurred within the samples. As

seen in this figure, passing the yield point, the stress

values decrease continuously toward a steady-state

level representing the flow stress. As discussed in

detail in Ref. [26], there is a strong correlation

between this parameter and the plastic deformation

mechanisms of nanostructured metals. To avoid the

effect of fluctuations on the results, here, the average

of the stress values in the strain range of 0.2–0.4 was

considered as the flow stress, which is a common

procedure in the literature [23]. It is noted that in this

deformation stage, plastic flow took place in all Ta

samples examined in Fig. 3.

As illustrated in Fig. 3, the values of yield strength

and maximum stress reduce as the grain size

decreases. Figures 4 and 5 show the variations of

elastic modulus and flow stress with the average

grain size of the Ta sample, respectively. As seen, the

elastic modulus shows an inverse correlation with the

GB density, and it decreases as the average grain size

decreases (i.e., the number of GB atoms increases). As

discussed by Li et al. [26], this is attributed to the

larger potential energy of atoms in GBs compared to

those within the grains. As such, the contribution of

GB atoms to elastic resistance is lower than the atoms

within the grains. Comparing the variation of flow

stress with Ta grain size in the present study with

that of the samples analyzed at 10 K by Huang et al.

[23] (see Fig. 5), it is found that the breakdown in the

Hall–Petch relationship occurs for larger grain-sized

sample at 310 K. We plotted in Fig. 6 the flow stress

against the inverse square root of the grain size at the

strain of 0.05 for the samples with grain sizes smaller

than 8 nm, in accordance with Pan et al. [21]. The

linear trend of the fit curve demonstrates the grain-

boundary-based plastic deformation mechanisms in

fine-grained samples. Also, the flow stress values are

Figure 1 Initial configuration

of polycrystalline Ta sample

with an average grain size of

8 nm. Atoms are colored

based on the CNA method.

Dark blue color denotes GBs,

and yellow color indicates

BCC Ta grain atoms.
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considerably decreased at higher temperature con-

ditions. In this context, the effect of temperature on

the flow stress will be discussed in Sect. 3.4.

Deformation of coarse-grained samples:
twinning-based mechanisms

It has been demonstrated that the twinning-based

plastic deformation is a favorable mechanism in

nanostructured Ta at room temperature and high

strain rates [22, 50, 51]. Accordingly, we wanted to

check whether this mechanism is operative in our

samples. This was achieved through inspection of the

PTM analysis depicted in Fig. 7. In this figure, the

letters D and T denote ‘‘dislocation’’ and ‘‘twin,’’

respectively. Also, the white lines in the zoomed

regions of Figs. 7c–6f show the atomic arrangement at

the two sides of the twin boundaries. Through anal-

ysis of the microstructural evolutions represented in

Fig. 7, the following observations can be

summarized:

• Twinning is the main mechanism governing the

plastic deformation of the samples with an aver-

age grain size larger than 8 nm.

• With increasing strain, the density of twins

increases. This feature is deduced by comparing

parts b and f of Fig. 7.

• Triple junction (TJ) points are favorite sites for

nucleation of twins (see T1, T3, and T4). This is

attributed to the high stress level of TJs compared

to the other regions of GBs, as demonstrated by

Thomas et al. [52].

• By scanning the morphology of T1–T3, it is

revealed that with increasing the strain level, old

twins become thicker and thus twinned areas

extend into the grains.

• High-angle grain boundaries can be considered as

active sites for twin and dislocation nucleation as

observed in Fig. 7a, e.

• Twin transmission and twin-GB interactions have

not been observed in the studied samples up to

the strain of 40%.

In this context, Jiang et al. [53] have experimentally

analyzed the twin nucleation and growth over time in

Ta samples under tensile loading. To facilitate com-

parison, we also monitored the twin nucleation and

thickening for T3, as shown in Fig. 8a–e. In this case,

the observed lateral growth reveals the coherent

nature of twin boundaries. This issue agrees with the

mentioned HRTEM observations provided in Fig. 8f–

j showing the twin lamellae growth during the

imposed strain. Such a twin growth phenomenon can

successfully stabilize the twin structure within the

grains in the deformation of polycrystalline materials.

As mentioned before, the discussed twin nucle-

ation and growth processes are not unique for the

sample with 8 nm grain size. Similarly, the high-an-

gle GBs and TJ points are favorable sites for twin

nucleation in the samples with 9 and 10 nm grain

sizes. To have quantitative evidence of the twin

nucleation and growth stages for all of the coarse-

grained samples, we compared their fraction of twin

atoms with respect to all atoms at various strains. As

illustrated in Fig. 9a, decreasing the grain size limits

twin thickening during the deformation, which leads

to the reduction of the twin- atom density [54].

Generally speaking, considering the small values of

strain in the present work, a low density of twins

would be expected to appear in the coarse-grained

models. Therefore, no twin–twin interactions were

detected in these samples. To shed more light on the

twin growth mechanisms, we also calculated the

density of twin partial dislocations, 1/6 111h i, for the

Figure 2 Grain orientations

and average grain size

(denoted by d) of the

polycrystalline Ta sample

a before and b after the hybrid

annealing procedure. Atoms

are colored based on the CNA

method. Grain atoms are

colored in yellow and GB

atoms are distinguished by

dark blue color.
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sample with an average grain size of 8 nm. As thor-

oughly discussed in the literature [55–57], the slip of

mentioned dislocations at the twin tip results in the

twin growth within the grains. As seen in Fig. 9b,

there is a direct correlation between the twin partial

dislocation line length and the imposed strain level.

This finding has a good agreement with the fraction

of twin atoms shown in Fig. 9a. In summary, it was

deduced that twin partial dislocations play a signifi-

cant role in the twin growth phenomenon in nanos-

tructured tantalum.

As observed in Fig. 7, GBs are the main sources of

dislocation emission. This phenomenon is probed in

more detail in Fig. 10 using the DXA analysis

method. While most of the grains are free from dis-

locations, our simulations provide direct evidence for

the appearance of dislocations in the GB regions in all

strain levels. With increasing strain, dislocation

emission from GBs to the grain interiors is promoted.

The mentioned dislocations are highlighted by red

dashed circles in Fig. 10. Referring to the literature

[58–60], GBs are regions with high energy, stress

concentration, and microstrains. Accordingly, dislo-

cations need lower stress values to be nucleated from

these sites. Our findings can be well supported by

analyzing the stress distribution pattern illustrated in

Fig. 10f. The von Mises stress map in the strain of 0.1

shows that GBs experience more stress levels than

grain interiors. Also, as we expected, stress is much

more pronounced in the crystalline defects, namely

twins and dislocations, compared to the perfect

crystal parts. In summary, we found that for the

sample with an average grain size of 8 nm, the main

plastic deformation mechanisms are twinning and

dislocation slip. Since the governing mechanisms are

similar up to the breakdown point, the mentioned

findings can be generalized to the samples with

average grain size larger than 8 nm (see Fig. 5). It is

worthy to note that although the dislocation–GB

Table 1 Mechanical properties of the Ta sample in the current study compared to the data given in the literature

Study Assessment method Yield strength (GPa) Elastic modulus (GPa) Maximum stress (GPa) Flow stress (GPa)

Huang [23] MD (EAM) 2.2 110.0 5.4 4.15

Present work MD (ADP) 2.4 116.2 5.3 4.53

Figure 3 Stress–strain diagram of polycrystalline Ta samples

with various grain sizes under tension at 310 K.

Figure 4 Dependence of the elastic modulus of polycrystalline Ta

on the average grain size at 310 K.

Figure 5 Comparison of the obtained flow stress for the

polycrystalline Ta samples at 310 K with those reported by

Huang et al. at 10 K.
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interaction is an important phenomenon in such

nanomaterials, no dislocation transmission was

observed from one grain to the others in the present

study. Additionally, we found that the perfect dislo-

cations were stopped by GBs during the slip process.

Consequently, it was deduced that GB regions act as

a source/obstacle for the dislocation nucleation/slip

for the coarse-grained Ta samples.

Considering the role of twins and dislocations on

the mechanical response of these samples, it seems

that changing the grain size would affect the pro-

posed mechanism underlying their plastic deforma-

tion. To have a quantitative tool supporting this idea,

the dislocation density and GB atoms fraction were

obtained using DXA analysis for the samples with

different grain sizes ranging from 2 to 10 nm. Fig-

ure 11a displays the calculated dislocation density for

the introduced samples at 310 K. The dislocation

density is defined as the total dislocation length per

unit volume of the simulation box, ignoring the

contribution of GB dislocations. As depicted in this

figure, decreasing the grain size would lead to the

reduction of dislocation density. Especially for the

sample with a 2 nm average grain size, the disloca-

tion density is much lower compared to the other

cases, demonstrating that a different deformation

mechanism governs its plastic deformation. On the

other hand, as illustrated in Fig. 11b, there is an

inverse correlation between the grain size and the

fraction of GB atoms. Accordingly, it was concluded

that GB-based mechanisms dominate the plastic

deformation of Ta samples with smaller grain sizes.

Deformation of fine-grained samples: grain-
boundary-based mechanisms

The plastic deformation of polycrystalline Ta com-

prising small grains has been investigated previously

in several studies. Tang et al. [24] studied the

microstructural evolution of polycrystalline Ta with

an average grain size of 5 nm under compressive

loading conditions. It was revealed that the grain

boundary rotation and grain elongation in the direc-

tion perpendicular to the imposed loading are the

main plastic mechanisms in this case study.

Employing MD simulation, Pan et al. [21] followed

the motion of atoms for a strain of 0.15 compared to

their initial configuration for a polycrystalline Ta

sample with an average grain size of 6.5 nm. They

successfully detected grain rotation and GB sliding

utilizing the displacement vector map. Grain

boundary motion was also reported by Huang et al.

[23] in a polycrystalline Ta sample with 3 nm grain

size during uniaxial tensile loading. Therefore, it

seems that the best method to characterize the GB-

dependent deformation mechanisms would be

probing the atomic motion in the grains at different

strain levels. As such, we inspected the movement of

GB atoms for the sample with 4 nm grain size upon

increasing the strain level from 0.1 to 0.4, as depicted

in Fig. 12. In this figure, blue and red arrows indicate

the movement direction of GB and interior atoms,

respectively. Additionally, small black arrows in the

red dashed boxes represent the atomic displacement

vector of each atom.

The first mechanism detected in parts (a) and (b) of

this figure is the grain elongation in the tensile

direction, which is observed in the yellow grains. As

disclosed in grains G1 and G2, it is ascribed to the GB

motion arising from the atomic movements inside

these grains. In addition, in several grains marked in

red color (e.g., grain G3 in Fig. 12c), grain-size

reduction perpendicular to the loading direction is

found. Additionally, as thoroughly discussed in the

literature, when a polycrystalline structure is under

mechanical loading, grain boundaries may be impe-

ded by the triple junctions leading to the bending of

the entire boundary [61]. This issue would manifest

itself for the orange grain shown in Fig. 12c. As seen,

Figure 6 Flow stress versus the inverse square root of the grain

size, d, at a strain of 0.05 for the samples with grain sizes smaller

than 8 nm.

J Mater Sci (2022) 57:16490–16506 16497



due to the GB migration, this grain would be boun-

ded by the curved boundaries, as illustrated in

Fig. 12d. Grain rotation is another GB-based phe-

nomenon during tension for the introduced poly-

crystalline samples. It occurs when sliding of GBs in

the opposite direction leads to the grain shear and,

thus, grain rotation. Considering the data reported in

Fig. 12, grain rotation was observed only in two

grains (G4 and G5).

Consequently, it was concluded that GB sliding

and migration are more dominant mechanisms than

grain rotation during the deformation of small grain-

sized tantalum samples. It is worth mentioning that

grain rotation causes strain hardening in metals [50].

As such, since no sign of strain hardening was

observed in our stress–strain curves (see Fig. 3), we

would not expect significant grain rotation in these

case studies. To provide a picture of how the grain

rotation influences the plastic deformation of small

grain-sized polycrystalline metals, Wang et al. [62]

studied a nanocrystalline platinum microstructure

under tension using HRTEM. They found that

increasing the dislocation length enhances the

misorientation angle in these regions, which is the

Figure 7 PTM analysis results for the polycrystalline sample with an average grain size of 8 nm: a–f Detected twins and dislocations

during tension. Blue color denotes BCC Ta grains, and green/red colors indicate GB atoms.
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main driving force to rotate the grains. Therefore,

considering the fact that for the discussed sample

(i.e., the sample with 4 nm grain size), the dislocation

density shows an increasing trend in the strain range

of 0.3–0.4 (Fig. 11), the observed grain rotation at the

higher levels of imposed strain is a reasonable

phenomenon.

Temperature-dependent Hall–Petch
evolutions

In this part, the role of temperature on the mechanical

properties and microstructural evolution of poly-

crystalline Ta samples is discussed. To this aim, the

corresponding stress–strain curves are provided at

the temperature of 600 K, as shown in Fig. 13. Com-

paring the results with those of the samples that

experienced the human-body temperature (see

Fig. 3), one can notice that yield strength and maxi-

mum stress values decrease with the temperature

rise. Such a declining trend was also found for the

elastic modulus of the samples, as illustrated in

Fig. 14. This is attributed to the enhanced atomic

fluctuations at the elevated temperature conditions

leading to increased interatomic distances, which is

the main reason for the observed elastic modulus

reduction. Flow stress is another crucial factor that

would be affected by the temperature. Regarding this

issue, Fig. 15 displays the variations of flow stress for

the introduced polycrystalline tantalum samples

Figure 8 Twin growth over time: a–e The present simulation

data, f–j HRTEM analysis by Jiang et al. [53], reproduced with the

permission of Elsevier. The atoms in figures a–e are colored by the

CSP method. The dark atoms represent grain areas, and light atoms

show GB and twin regions.

Figure 9 Quantitative

analysis of the twins in the

coarse-grained samples:

a Fraction of twin boundary

atoms with respect to all

atoms. b Twin dislocation line

length of the sample with

8 nm grain size at different

strains.
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analyzed at different temperatures of 10, 310, and

600 K. The results show the strong temperature

dependence of the Hall–Petch breakdown threshold

for Ta samples. As seen, with increasing the tem-

perature, the discussed GB-based mechanisms are

activated for samples with larger grain size.

Zhang et al. reported a similar behavior for high-

entropy alloys upon increasing the temperature from

10 to 600 K [63]. They attributed this phenomenon to

the limitation of dislocation glide at low temperatures

due to increased frictional stress in these conditions.

As Zhao et al. [64] have thoroughly discussed, GB

migration and grain rotation play a significant role in

the microscopic plastic deformation mechanisms at

high-temperature processes. Overall, these phenom-

ena reduce the flow stress making the polycrystalline

materials exhibit the inverse Hall–Petch effect in

larger grain-sized samples.

To shed more light on this issue, GB movements

have been atomistically probed for the sample with

8 nm grain size at various temperatures (Fig. 16). It

should be pointed out that at 310 K, the sample has

the critical grain size of the Hall–Petch relationship.

However, as depicted in Fig. 15, due to the change of

the breakdown point, this sample experiences the

inverse Hall–Petch effect at 600 K. In Fig. 16, the blue

and red maps represent the GB locations of the

sample at 310 and 600 K, respectively. To facilitate

better comparison, the microstructural evolutions

have been monitored at the same levels of imposed

tensile strain. In this figure, black arrows show the

movement direction of red GBs compared to their

Figure 10 DXA results for

the polycrystalline sample

with an average grain size of

8 nm: a–e Representation of

the dislocation emission from

the GB areas, f von Mises

stress map at the strain of 0.1.

In this figure, yellow atoms

show grains, dark yellow

atoms reveal GBs, and green

color represents the dislocation

lines.
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state in the previous strain. As seen, in the strain

range of 0.15–0.25, higher amounts of GB migration

can be observed in grains G1–G3 and G5 of the

sample at 600 K. Thereafter, as the strain increases to

the range of 0.3–0.4, the grain boundary movement

increases in all grains (see Fig. 16d–f). Accordingly, it

was concluded that the plastic deformation mecha-

nisms in the sample with an average grain size of

8 nm change from dislocation slip and twinning at

310 K to GB-based mechanisms at 600 K.

It is worthy of mention that in addition to the

coarse-grained samples, the plastic deformation of

ultra-fine-grained models is also influenced by tem-

perature. As shown in Fig. 13, the strain-hardening

phenomenon is observed for the sample with the

smallest grain size at high values of imposed strain.

This issue is attributed to the forest-hardening at high

strain levels, which is a direct result of partial dislo-

cation interactions and dislocation multi-junctions

[46, 65–67]. To provide a better understanding of this

issue, we compared the line length of partial and

perfect dislocations for the sample with 2 nm grain

size at the temperatures of 310 and 600 K. As depic-

ted in Fig. 17, the density of partial dislocations

increases as the temperature rises. As discussed by

Du et al. [68], this phenomenon is associated with the

reduction of the stress required for dislocation

nucleation from the GB areas at higher temperature

conditions. Therefore, in the case of ultra-fine-grained

Ta structures, a large number of dislocations can be

formed within the samples due to the presence of a

high density of GBs and thermal energy activation,

leading to the observed strain hardening, especially

at elevated temperatures.

Summary

In this paper, a series of MD simulations were carried

out to characterize the tensile mechanical properties

and plastic deformation behavior of polycrystalline

Ta implants. To this aim, at first, several Ta samples

with an average grain size in the range of 2–10 nm

were systematically examined at the human-body

temperature (i.e., 310 K). The results demonstrated

that the elastic modulus and yield strength of the

samples decrease monotonically if the grain size is

reduced. This behavior was attributed to the increase

of GB density, which weakens the elastic resistance of

the whole sample. Furthermore, the critical grain size

of polycrystalline tantalum samples resulting in the

maximum strength was determined for this temper-

ature. It was concluded that the sample with an

average grain size of 8 nm could be considered as the

case with the best mechanical performance. To com-

prehensively address this issue, using various crystal

structure analysis tools provided by the OVITO

software, we probed the microstructural evolution in

Figure 11 Quantitative analysis of structural defects for polycrystalline Ta samples with various average grain sizes: dependence of

a dislocation density and b fraction of GB atoms on the strain.
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the samples with an average grain size of 8 and 4 nm.

It was revealed that in the former sample, the plastic

deformation occurs by twinning formation and dis-

location slip. In contrast, GB-based phenomena such

as sliding, rotation, and migration are responsible for

the deformation of fine-grained samples. Moreover,

to explore the temperature effects on the GB-based

mechanisms, we further proceeded to simulate the

sample with an average grain size of 8 nm at 600 K.

Comparing the results with those of the sample at the

human-body temperature, it was deduced that at

higher temperature conditions, GB migration and

grain rotation play a significant role in the micro-

scopic plasticity induced within the nanostructured

polycrystalline Ta samples. This phenomenon would

manifest itself as a shift observed in the breakpoint of

Figure 12 GB-based microstructural evolution during tension for the polycrystalline sample with an average grain size of 4 nm at

different strains: a e = 0.1, b e = 0.2, c e = 0.3, and d e = 0.4. The green atoms distinguished by the CNA analysis represent GB areas.

Figure 13 Stress–strain diagram of polycrystalline Ta samples

with various grain sizes under tension at 600 K. Figure 14 Grain-size dependence of the elastic modulus for the

polycrystalline Ta samples at two temperatures.
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the Hall–Petch relationship from 8 to 9 nm. As such,

it was concluded that the governing plastic defor-

mation mechanisms in the sample with 8 nm grain

size change from dislocation slip and twinning at

310 K to GB-based mechanisms at 600 K. We believe

that the framework developed here could be helpful

not only to explore the governing plastic deformation

mechanisms of nanostructured metals, but also to

tailor the mechanical performance of polycrystalline

Ta samples as medical implants.

Figure 15 Shift of the Hall–Petch breakdown for the

polycrystalline Ta samples at various temperatures.

Figure 16 Evolution of GBs

of the Ta sample with an

average grain size of 8 nm

during tension at the

temperatures of 310 and

600 K at different strains:

a e = 0.15, b e = 0.2,

c e = 0.25, d e = 0.3, e

e = 0.35, and f e = 0.4. Blue

and red colors denote GBs at

310 and 600 K, respectively.
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