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Atomic simulations are executed to investigate the creep responses of nano-polycrystalline (NC) niobium established
by using the Voronoi algorithm. The effects of varying temperature, applied stress, and grain size (GS) on creep properties
and mechanisms are investigated. Notably, the occurrence of tertiary creep is exclusively observed under conditions where
the applied stress exceeds 4.5 GPa and the temperature is higher than 1100 K. This phenomenon can be attributed to the
significant acceleration of grain boundary and lattice diffusion, driven by the elevated temperature and stress levels. It is
found that the strain rate increases with both temperature and stress increasing. However, an interesting trend is observed
in which the strain rate decreases as the grain size increases. The stress and temperature are crucial parameters governing
the creep behavior. As these factors intensify, the creep mechanism undergoes a sequential transformation: initially from
lattice diffusion under low stress and temperature conditions to a mixed mode combining grain boundaries (GBs) and lattice
diffusion at moderate stress and mid temperature levels, and ultimately leading to the failure of power-law controlled creep
behavior, inclusive of grain boundary recrystallization under high stress and temperature conditions. This comprehensive
analysis provides in more detail an understanding of the intricate creep behavior of nano-polycrystalline niobium and its
dependence on various physical parameters.

Keywords: creep behavior, molecular dynamics simulation, activation energy, stress exponent, nano-

polycrystalline niobium
PACS: 62.20.Hg, 87.15.ap, 61.82.Rx

1. Introduction

Widely applied nickel-based superalloys can no longer
meet the requirements of high-performance aviation engine
materials at temperatures above 1200 °C.['-3! Niobium-based
superalloys possess low density and remarkable elevated-
temperature properties, which gives them great potential in
the applications of aircraft engines.'*~”! Furthermore, nio-
bium acts as an essential alloying element in Zr—-niobium al-
loys widely used in fusion energy, particularly in the field
of fission-type space reactors.!®? At present, numerous re-
searchers have studied niobium and its alloys through exper-
imental and simulation methods. Tucker et al.!'%! investi-
gated the mechanical behavior of single-crystal niobium with
neutron-irradiated defects and discovered the mechanisms of
defect clearing. J6ni et al.l''! reported that the dislocation
density and grain size significantly affect the strength of poly-
crystalline niobium. The influence of tilt grain boundaries
(GBs) on the tensile properties of niobium was studied through
molecular dynamics (MD) simulations.!?]

The creep resistances of crystalline materials are strongly
related to the applied stress, ambient temperature, and crystal
size. Creep is an influential problem encountered in practi-
cal cryogenic applications. The creep properties of materi-
als under different conditions should be carefully examined
to predict possible failure. In recent years, numerous stud-
ies have concentrated on the creep behaviors of nanocrys-
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talline materials via experimental, computational and theo-
retical methods.!'3-!8] The diffusion and grain boundaries of
nanopolycrystalline materials are the main factors affecting

[19.201 van Swygen-

creep performance and creep mechanisms.
hoven and Caro!?!! discovered that the deformation of grain
boundaries is the main mechanism of nickel phase plas-
tic deformation under an extreme stress condition. At ele-
vated temperatures, grain-boundary diffusion dominates over
creep behavior, leading the fatigue lifes of numerous mate-
rials to decrease.?”) The creep mechanisms, including GB
slip, GB diffusion, and dislocation motion, were discussed via
molecular dynamics simulations.>3->>! The creep behaviors of
nanopolycrystalline materials can be adequately described by
the Bird—-Dorn-Mukherjee relation,?®! and expressed as fol-

. ADoGb (b\" [(c\" AQ
" (d> (c) e""(‘m)’ M

where Dy is the diffusion constant, G is the shear modulus, kg

lows:

is the Boltzmann constant, AQ is the activation energy, p is
the grain size exponent, 7 is the stress exponent, and T is the
temperature. Equation (1) can be used to study the influence
of crystal size, temperature, and stress.

Elevated temperature and pressure make the material sus-
ceptible to severe creep and erosion, which results in a deterio-
ration of the material’s load-bearing strength. It has been con-
firmed that MD is an efficient technique for understanding the
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creep characteristics of different compositions.!?”! Through
the aforementioned study, it becomes evident that niobium-
based alloys enjoy widespread utilization. Nevertheless, there
is still a gap in analyzing the creep behavior and potential
mechanisms of polycrystalline niobium under various creep
conditions and grain sizes. The lack of research could po-
tentially hamper the design, preparation, and application of
niobium-based alloys. The present study is to investigate into
the creep behavior and mechanisms of polycrystalline nio-
bium, by taking into account various grain sizes, different ap-
plied stresses, and system temperatures, through molecular dy-
namics simulations.

2. Computational details

All the
LAMMPS software.[>8! Three-dimensional nanopolycrys-

simulations were conducted by using
talline cubic BCC niobium structures with dimensions of
20 nmx20 nmx20 nm are created by Voronoi constructions
with the help of ATOMSK software.[>°! By meticulously man-
aging the number of grains, we have successfully derived
polycrystalline niobium models that possess distinct average
grain size ranges. Figure 1 shows the initial samples with dif-
ferent grain sizes, where blue and white represent BCC atoms

and GB atoms, respectively.

Fig. 1. Microstructures of nanopolycrystalline niobium sample with a
size of (a) 11.5 nm, (b) 10.1 nm, (c) 8.5 nm, (d) 7.3 nm, (e) 5.8 nm, and
(f) 5.3 nm, respectively.

When completing the establishment of models, the em-
bedded atom method (EAM) potential[30] was utilized to de-
scribe the Nb—Nb interactions, which make contribution to the
total energy E;, as described below:

Ei:Fa<ZPﬁ(rij)> +%Z¢aﬁ(rij)v @)
J#i e
where F is the embedding energy, p is the atomic electron
density, and ¥ is a pair potential interaction.

The periodic boundary conditions (PBCs) are applied to
the X, Y, and Z directions. The equations of motion were in-
tegrated by employing the Verlet algorithm, with time steps of

1 fs. Then, relaxation processes were conducted for 100 ps in
an isothermal—isobar ensemble at a given temperature ranging
from 300 K to 1200 K, with an interval of 100 K. As shown in
Fig. 1, in the relaxation process and creep process, the system
temperature only deviates significantly from the set tempera-
ture in the initial stage. However, after a brief period, the sys-
tem attains a stable condition, and the system temperature re-
mains unchanged in the designated temperature range. By us-
ing the Parrinello-Rahman method, different applied stresses
ranging from 0.5 GPa to 4.5 GPa with steps of 0.5 GPa, were
applied in the X direction (as shown in Fig. 2), while the pres-
sure applied in the other two directions was zero. The timestep
of creep deformation was set to 200 ps. The strain can be cal-
culated from the following formula:

€= (L, —1)/l, (3)

where [, denotes the instantaneous length at different
timesteps and [y is the initial length in the X direction.

Fig. 2. Schematic diagram of simulated system coordinates and loading
method.

The open visualization tool (OVITO)B!! with Wigner—
Seitz defect analysis and dislocation extraction algorithm
(DXA)?I were employed for microstructure evolution in
Additionally, the atomic diffu-
sion behavior of niobium atoms is explored via the calcula-

creep atomistic processes.

tion of the mean square distance (MSD). In addition, atomic
structures during deformation were investigated via common
neighbor analysis (CNA).[3?!

3. Results and discussion
3.1. Creep properties of nanopolycrystalline Nb

Temperature is an indispensable factor in creep. Creep
simulations were performed on NC Nb with a grain size of
11.5 nm, pressure of 3.0 GPa and various system temperatures.
Figure 3 shows the creep strain—time curves of the NC niobium
specimens at various temperatures. It can be clearly seen that
there is a steady-state creep stage on all the creep curves. At
elevated temperatures of 1100 K and 1200 K, a tertiary creep
phase can be found in the creep behavior of polycrystalline
niobium. This suggests that polycrystalline niobium is more
prone to creep failure at elevated temperatures. Both the creep
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strain and creep rate increase with temperature rising, and the
effect on the latter appears to be more significant. This may be
because the higher the temperature, the easier it is for vacan-
cies and atoms to diffuse, accelerating grain boundaries and
lattice diffusion.

0.30

—— 10K ——300K ——400 K

0.271 — 500 K ——600 K — 700 K
0.24F ——800 K ——900 K —— 1000 K
—— 1100 K —— 1200 K

0.21
0.18
0.15

Strain

0O 50 100 150 200
Timestep (ps)

Fig. 3. Strain—time curves for NC niobium at various temperatures.

To explore the influence of applied pressure on the creep
properties of NC niobium, the creep behavior was investi-
gated at 300 K and different pressures ranging from 0.5 GPa
to 4.5 GPa. Figure 4 shows the creep strain—time curves for
distinct applied stresses.

As seen from the curves, the creep rate is susceptible
to the applied stress, and the creep strain increases substan-
tially with external stress increasing, especially under extreme
stress conditions. When the applied stress reaches 4.5 GPa
(60% yield strength, which is obtained through uniaxial ten-
sile simulation), the creep behavior of polycrystalline niobium
can manifestly indicate the tertiary creep stage. Moreover, the
greater the applied stress, the shorter the secondary creep is.
Nonetheless, when the applied pressure is low, the creep be-
havior of polycrystalline niobium has only two phases within
the simulation time range. This may be because higher applied
stresses are more likely to overcome the energy barriers of va-
cancy diffusion, grain boundaries, and dislocation motion.

0.20

—— 0.5 GPa
—— 1.5 GPa
—— 2.5 GPa
0.15F— 3.5 GPa
—— 4.5 GPa

GS=11.5 nm
0.10F oc=3.0 GPa

——1.0 GPa
——2.0 GPa
——3.0 GPa
——4.0 GPa

Strain

0.05

O= 1 1 1
0 50 100 150 200
Timestep (ps)

Fig. 4. Strain—time curves for NC niobium under different applied
stresses.

Creep simulations of NC Nb with varying grain sizes
were performed at 300 K and 3 GPa. Figure 5 shows that

the strain increases with grain size decreasing. At a creep
time of 200 ps, the strain was 0.04022 for a grain size of
11.5 nm and 0.06223 for a grain size of 5.3 nm, an increase
of 55%. The creep rate is lower for larger grain size speci-
mens. The GBs are essential sources and sinks of dislocations
and serve as priority channels for atomic diffusion.>33* The
relationships between yield stress and Young’s modulus with
grain size in nano-crystalline niobium at 300 K as depicted
in Fig. 2, reveals that when the average grain size falls below
11.5 nm, a larger grain size corresponds to superior mechan-
ical properties in nano-polycrystalline niobium. This obser-
vation aligns with the inverse Hall-Petch relation. Previous
studies have consistently shown that, within the Hall-Petch
regime, a decrease in grain size is positively related to the in-
crease of strength and hardness in materials. This is attributed
to the increased density of GBs in smaller grains, which effec-
tively hinders dislocation movement and plastic deformation,
thereby enhancing the metal’s strength. However, it is cru-
cial to note that as the grain size reaches a critical threshold
within the inverse Hall-Petch regime, an excessive number of
GBs can lead to a preponderance of internal defects and dislo-
cations, ultimately resulting in a decline in tensile properties.
This could be attributed to the presence of numerous GBs in
the nano-crystalline niobium with minute grain sizes, resulting
in an augmentation of grain boundaries and lattice diffusion.

0.08
——11.5nm — 10.1 nm

0.07r — 8.5 nm — 7.3 nm
— —— 5.3
0.061 5.8 nm nm

0.05F

0.04

Strain

0.03

0.02} T=300 K

0.01f ’

9% 50 100 150 200
Timestep (ps)

Fig. 5. Strain—time curves of samples with different grain sizes under
3 GPa at 300 K.

3.2. Creep mechanism analysis

We analyze the influence of the applied pressure, ambi-
ent temperature, and GS on the creep strain rate to determine
the creep mechanism of the NC niobium. The creep rate is
calculated from the steady-state creep stage in the strain—time
curves. The treated creep deformations are displayed via the
OVITO software. The stress index n, creep activation energy
AQ, and GS exponent p can be calculated from the following
equations:

dlné

T ATy @
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dlogé

"= dlogo’ ®)
dlogé

P= dlogd’ ©

Typically, the creep deformation mechanism may be in-
fluenced by AQ, n, and p. For n = 1, the primary creep mech-
anism is lattice diffusion or GB diffusion.35-3%1 For n = 2, GB
sliding creep can be the staple deformation mechanism.!3!
For n = 3, dislocation motion may be the dominant creep
mechanism. 38

Figure 6 shows the plots of creep rate versus applied
stress at diverse temperatures ranging from 0.5 GPa to
4.5 GPa. The variations in the strain rate with stress are the
same for different temperatures, while the strain rate notice-
ably increases when the applied stress varies from low to high.
The plot of creep rate versus applied stress can be divided into
three stages with turning points of 2.0 GPa and 3.5 GPa and
can be fitted linearly separately. As the temperature and stress
increase, the stress index n also increases. At a temperature of
300 K, the value of n is approximately 0.73 for stresses below
2.0 GPa, which is referred to as the low stress range (LSR).
Within the stress range from 2.0 GPa to 3.5 GPa, known as the
medium stress range (MSR), n is approximately 2.56. How-
ever, when the stress exceeds 3.5 GPa, entering the high stress
range (HSR), n increases significantly to a value greater than
10.55. The stress range is divided into high, medium, and low,
the tensile stress—strain curves of niobium samples with vary-
ing grain sizes are displayed in Fig. 3 and the creep curves of
niobium samples under varying stresses as indicated in Fig. 2.
For 600 K, n is approximately 1.03 for LSR, 3.34 for MSR,
and 12.81 for HSR. For 900 K, n is about 1.45 for LSR, 3.77
for MSR, and 13.06 for HSR. It is clearly seen that the creep
rate is positively influenced by both applied stress and tem-
perature. Temperature exerts a notable influence on the stress
index n, with a rise in temperature leading to a corresponding
increase in the stress index. In the low stress regime (LSR), the
stress index n approximates 1, strongly indicating that lattice
diffusion is the primary creep mechanism at play. During the
transition to the medium stress regime (MSR), the stress index
n lies between 2 and 4, hinting at a combined creep mecha-
nism involving grain boundaries (GBs) and lattice diffusion.
However, in the high stress regime (HSR), n attains abnor-
mally high values exceeding 10, suggesting a breakdown of
the power-law controlled creep behavior. The magnitude of
the stress index serves as a proxy for diverse creep mecha-
nisms. Higher stress contributes to the diffusion of vacancies
and nucleation of dislocations in materials, thus accelerating
the creep deformation process. Furthermore, grain bound-

aries function as preferential diffusion paths for vacancies, en-

abling a higher creep rate under applied stress. Therefore, the
creep mechanism of polycrystalline niobium is significantly
influenced by the environmental temperature and the external

stress.

1010

109F

Creep rate (S71)
=
o
o0

10

Stress (GPa)

Fig. 6. Double-log plots of the creep rate versus applied stress for three
different temperatures.

We also explicitly relate the creep rate to the pressure at
900 K for two specimens with different grain sizes and cal-
culate the stress index, as shown in Fig. 7. Studies show that
for stresses below 2.0 GPa, the stress index is significantly af-
fected by the GS of the NC Nb. As the pressure increases,
the stress indices of the two specimens are significantly dif-
ferent from each other. The relationship between the creep
rate and stress can be linearly fitted in two stages for the sam-
ple with tiny grains (GS = 8.5 nm), while that of the sample
with large grains (GS = 11.5 nm) can be divided into three
segments, which proclaims that grain size has a momentous
influence on the stress exponent. For the NC niobium sample
with a grain size of 11.5 nm, # in the low-stress range (be-
low 2.0 GPa) is 1.65, whereas it is 6.15 in the high-stress zone
(exceeding 2.0 GPa). To the best of our knowledge, different
n values indicate dissimilar deformation mechanisms. 37491 Tt
can be inferred that the combined effect of GS and ambient

temperature modifies the creep mechanism.

100
= GS=11.5 nm " I~

N e GS=8.5 nm Qﬁ.,/ ) '3?
7109 T=900K S/ ",
n 7 &
~ Q 7 n N
2 bliPie
% 108F DR SN
o /X~()§",' 7
2 n_.-% &
5 107H e _-®
o 10 -7 a7 4.4

o« - =

»

1 10
Stress (GPa)

Fig. 7. Double-log plot of the relation between the creep rate and pres-
sure of NC Nb for two different GSs.

We compute the grain size exponent p using Eq. (6) from

the creep curves, the results are shown in Fig. 8, which indi-
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cates the double-log plots of the creep rate versus GS in differ-
ent simulation environments. It is obvious that the creep rate
declines gradually as the GS increases at various temperatures
and stresses. A decrease in the GB volume with GS increas-
ing results in a decrease in the creep rate, which enhances the
diffusion of point defects, leading to dislocation emission and
absorption. The influence of pressure on the GS index varies
depending on elevated temperature environment and low tem-
perature environment. For low temperatures of 300 K, the size
parameter increases from 1.657 to 2.649 as the imposed stress
increases, suggesting that the greater the stress in the cryo-
genic environment, the greater the effect of GS on the creep
rate is. For the elevated temperatures of 900 K, the size pa-
rameter drops sharply from 4.305 to 1.414 with the increase of
applied pressure, indicating that GS has a greater effect under
the conditions of elevated temperatures and low stress . There-
fore, the influence of GS on the creep mechanism is dependent

on temperature and stress.

1010 (a) m 0=3.0 GPa
Te~- e 0 =4.5 GPa
. ~~-.1=2¢
! ~ e ‘419.‘ T=300 K
n T QL
2 -
2
© 108F
—~
a *l--_r\‘f.)_:\l.657
8 ..... - -
S 107¢ ST
5 6 7 8 9 10 11 1213
Grain size (nm)
11
10 (b) m 0=3.0 GPa
P e 0=4.5 GPa
? 1010, ~&-e—._._ :{%14 T=900 K
<2 - —.e_
o} }"\
+ 9L S~
g 10 P
g §4.305\!‘\\\.~
3 108k N
107 1 L L L L ! L
5 6 7 8 9 10 111213

Grain size (nm)
Fig. 8. Double-log plots of creep rate versus GS at two pressure levels
and (a) 300 K and (b) 900 K.

The relation between the natural logarithmic creep rate
and 1/(kgT) is obtained to calculate the creep activation en-
ergy AQ, which is derived from the Arrhenius equation, as
shown in Fig. 9. The slope of each fit line is regarded as AQ.
Three segments are shown, with 500 K and 900 K as turn-
ing points. Previous studies have shown that vacancies remain
stationary at up to 700 K and diffuse at 1200 K.[*1#2 The

creep activation energy AQ is 0.0453 eV for low temperature,

0.13 eV for middle temperature and 0.55 eV for high temper-
ature. This may suggest a coupling mechanism involving GB
diffusion, atom diffusion and dislocation gliding.

21

3 = GS=11.5 nm
20 W c=3.0 GPa

. ©
19F e %

18F MY AN
‘®

Iné (S-1)

17k ‘."--‘__AQLT\

16

155 10 15 20 25 30 35 40

l/kiBT (erl)

Fig. 9. Plot of In€ versus 1/(kgT') between 300 K and 1200 K.

To study the diffusion mechanisms of nanocrystalline nio-

bium, the mean square displacement (MSD) was also acquired

through the following formula: [43.44]
N
MSD:Z[:l((ri (1) —r:(0))%, @)
MSD = 6Dt, 8)
dlnD
Op = WARY ©)]
ol —
(kB T)

where r; (0) and r; (¢) are the original and current positions of
atom i, respectively; D is the diffusion coefficient; Qp is the
diffusion activation energy; kp is Boltzmann’s constant. We
calculated the diffusion coefficient via Eq. (8) from the MSD
values. The Op can be obtained via Eq. (9). Figure 10 shows
the plots of MSD versus timestep for NC niobium at differ-
ent temperatures. The curves show that the MSD per atom
increases with time going by and grows steeply with tempera-
ture rising. As shown in Fig. 10, at temperatures below 900 K,
atomic diffusion is maintained at a stable and relatively low
level. The mean square displacement expands significantly
with time increasing in the whole creep process when the tem-

perature is above 1000 K.

70 —300 K —400 K

— 500 K —600 K

60— 700 K —800 K

0 50 100 150 200
Timestep (ps)

Fig. 10. Plots of MSD versus time at different temperatures for a strain
of 11.5 nm under an applied stress of 3.0 GPa.
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Figure 11 shows Arrhenius plots of the diffusion coeffi-
cient versus 1/(kgT) for NC niobium with a GS of 11.5 nm
at various temperatures. The diffusion coefficient can be fitted
linearly to 1/(kgT) in three segments with 500 K and 900 K
as turning points. The activation energy values of the diffu-
sive Op are calculated by using a piecewise linear fit. Qp is
0.0609 eV at low temperature, 0.19 eV at intermediate temper-
ature, and 0.53 eV at elevated temperature, which is equivalent
to the creep activation energy AQ, as described above. Qp is
the summation of the atomic diffusion and the GB diffusion.
This may suggest that the creep mechanism can involve the
coexistence of dislocation motion, GB diffusion, and lattice
diffusion.

5.6X1079¢ o

7.6x10-10F &\
2.8x10- 10} L
1.0xX10-19¢ ®..
3.8x10-11F r e
1.4x10-11} "
5.1x10-12F -
1.9x10- 12}

5 10 15 20 25 30 35 40
1/kBT(eV*1)

Diffusion coefficient (m?-s~1)

Fig. 11. Arrhenius plot of diffusion coefficient versus 1/(kg7) in a
temperatures range from 300 K to 1200 K.

Fig. 12. Cross-sectional snapshots depicting creep process of NC Nb with a
grain size of 11.5 nm at 4.5 GPa and 300 K for (a) O ps, (b) 10 ps, (c) 50 ps,
and (d) 120 ps.

Cross-sectional snapshots depicting the creep process at
300 K under a stress of 4.5 GPa for nanocrystalline nio-
bium with a grain size of 11.5 nm are illustrated in Fig. 12.
Figure 12(a) shows the initial configuration of nanopolycrys-
talline niobium (0 ps), which features grain boundary stacking
faults and dislocations. A snapshot of the primary stage (10 ps)
is shown in Fig. 12(b), where the sample extends slightly in the
X direction. Owing to the diffusion of atoms, grain boundary

thickening also occurs distinctly, which is the creep mecha-

U7l Figure 12(c) shows the

nism in polycrystalline materials.
structure of the sample entering the steady-state creep stage
(50 ps). The grain boundaries are obviously elongated and
thickened. In this phase, the sliding and diffusion of atoms
across the grain boundaries become more intense. Remark-
ably, recrystallization at large grain boundaries allow disor-
dered atoms to develop into BCC structures. When creep de-
formation enters the tertiary creep phase, recrystallization and
thickening of the grain boundaries become distinct. Moreover,
intracrystalline deformation and GB sliding also occur in this
process as shown in Fig. 12(d). It can be concluded that atom
diffusion, grain boundary thickening and recrystallization are
the creep mechanisms at high applied stresses.

DXA atomic snapshots of NC Nb with a GS of 11.5 nm
at 300 K under different applied stresses are obtained via
OVITO software to explore the effect of stress on deforma-
tion, and initial snapshots are used for comparison as shown in
Fig. 13. The GBs are not significantly deformed after 100 ps at
1 GPa. The creep mechanism can be lattice-diffusion creep as
discussed for the stress index. When the stress is increased
to 3 GPa, slight grain boundary slip occurs, but the main
deformational behavior is also GB diffusion. Only at pres-
sures up to 4.5 GPa are the pronounced deformations such as
grain boundary thickening and sliding with recrystallization
observed. We can conclude that high stress can significantly

change the creep mechanism.

Fig. 13. DXA atomic snapshots of nanocrystalline Nb with a GS of 11.5 nm
at 300 K under various pressures: (a) initial(unpressured), (b) 1.0 GPa—
100 ps, (c) 3.0 GPa-100 ps, and (d) 4.5 GPa—-100 ps.

The effect of temperature on deformation is also tested at
moderate stresses. Figures 14(a)—14(d) show the DXA struc-
tures of the NC Nb samples for 100 ps at various tempera-
tures under 3.0 GPa. Comparing with the scenario at 300 K,
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the sample experiences significant grain boundary coarsening,
recrystallization in the GB region (as indicated by the red ar-
row in the figure), and slight grain boundary sliding at 600 K.
For higher temperatures (900 K and 1200 K), the GB thicken-
ing, recrystallization in the grain boundaries, GB sliding, and
atom diffusion (as indicated by the orange arrow in the fig-
ure) become more intense. The higher the temperature, the
more intense the atomic diffusion is, with the atomic diffusion
significantly stronger at 1200 K than at 900 K as shown in
Figs. 13(c) and 13(d). Interestingly, figure 13(e) shows that the

total dislocation density of the NC Nb decreases with tempera-
ture increasing, while figure 13(f) shows that the proportion of
disordered atoms increases with temperature increasing. The
higher the temperature, the easier it is for atoms to diffuse,
leading to dislocation slip and annihilation, which lowers the
total dislocation density and increases the number of disor-
dered atoms. A high temperature facilitates dislocation nucle-
ation and atomic diffusion as a result of a higher creep proba-

bility. The increase in temperature leads the creep mechanism

to change.
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Fig. 14. DXA atomic snapshots of NC Nb with GS of 11.5 nm under 3 GPa at (a) 300 K, (b) 600 K, (c) 900 K, (d) 1200 K, (e) total dislocation

density, and (f) disordered atom ratio.

From the aforementioned research, we can draw the con-
clusion that the applied stress and temperature are pivotal fac-
tors influencing the creep mechanism of polycrystalline nio-
bium. As stress levels ascend, the creep mechanism undergoes
a transition initially from lattice diffusion to a combination of
GBs and lattice diffusion, and ultimately to a disruption of the
power-law controlled creep behavior. Notably, the transition
thresholds occur approximately at 2 GPa and 3.5 GPa, respec-
tively. Furthermore, within different temperature ranges, the
diffusion activation energy and the creep activation energy of
polycrystalline niobium are comparable, with higher values
observed in the high temperature range. This suggests that the
creep deformation of polycrystalline niobium is a composite
process encompassing atomic diffusion, grain boundary diffu-
sion, and lattice diffusion.

4. Conclusions

The creep behavior of nano-polycrystalline niobium is
thoroughly investigated under varying creep conditions, in-

cluding different levels of applied stress, temperature, and
grain size. The findings can be summarized below.

(1) The tertiary creep is exclusively observable under
conditions of pressures exceeding 4.5 GPa and temperatures
higher than 1100 K. This can be attributed to the remarkable
acceleration of grain boundary and lattice diffusion due to the
elevated temperature and stress levels. In addition, a decrease
in grain size leads to an increase in creep deformation, primar-
ily due to the increased frequency of grain boundaries, which
is conducive to the generation generation and elimination of
dislocations.

(i1) The stress index n exhibits different behaviors across
three distinct regions, with 2.0 GPa and 3.5 GPa serving as
critical thresholds, respectively. As stress increases, the creep
mechanism shifts from lattice diffusion to a combined process
including grain boundaries and lattice diffusion, ultimately
leading to the failure of the power-law controlled creep be-
havior.

(iii) In different temperature ranges, delineated by the
turning points of 500 K and 900 K, the diffusion activation
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energy and creep activation energy of polycrystalline niobium
exhibit comparable values. The creep phenomena exhibited by
nanocrystalline niobium are diverse, encompassing atomic dif-
fusion, grain boundary coarsening, grain boundary diffusion,
and dislocation sliding.

(iv) Compared with grain size, temperature and applied
stress exert a great profound influence on the creep deforma-
tion behavior and underlying mechanisms of polycrystalline
niobium.

The insights gained from this study contribute to a
profound understanding of the creep behavior of nano-
polycrystalline niobium at the atomic level, which may po-
tentially conduce to the design and development of niobium
and niobium alloys for various engineering applications.
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