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Abstract

The effects of solid solution on the strength and occurrence of fracture of nanocrystalline (NC) Ni and Ni-Zr alloy having average 7 nm
grain sizes are investigated using molecular dynamics simulations with embedded atom method potential. The tensile deformation of NC
Ni with Zr as solutes present in two different fashions (randomly distributed in specimen and segregated at grain boundary (GB) has been
performed for different temperatures at constant strain rate (108 s%). It is found that addition of Zr causes enhancement in the strength and
ductility as compared to NC Ni. In addition to that, increase in population fraction of Hirth and stair-rod partial dislocations aided in the
increased UTS in Ni-Zr alloy. Intergranular fracture has been found to be delayed for NC Ni-Zr alloy.
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strengthening.

1. INTRODUCTION

Nanocrystalline (NC) materials have a wide application,
because they have better physical, chemical, mechanical and
magnetic properties [1,2]. NC materials are single- or multi-
phase polycrystalline solids having grain size in the range of 1
nm — 100 nm [3]. These materials possess higher strength at
room temperature when compared to its coarse grained
counterpart due to the presence of larger volume fraction of
grain boundaries (GBs) and triple junctions [4]. According to
the Hall-Petch relationship, the vyield stress of materials
increases as the grain size decreases from 250 nm to 25 nm [5].
With further reduction in grain size below a critical value (i.e. ~
20-25 nm, which is also found to be dependent on the nature of
the material [6]), the yield stress is started to decrease [7]. This
phenomenon is known as the “inverse Hall-Petch effect”, and
has also been reported in literature studies [8]. Enhancement of
ductility [9] and strength [10] in case of NC materials is
because of the transition from the dislocation mediated to grain
boundary mediated deformation process [11,12,13]. The GB
mediated phenomena such as GB sliding [14], GB diffusional
creep [15], triple junction diffusion creep [16] and rotational
deformation [17] are prevalent mechanisms associated with the
deformation of NC materials. Introduction of solute particles in
NC metals is found to suppress the grain growth of NC metals
[18]. Schéfer et al. have performed MD simulations and found
that solute particles reduce the GB energies and thus decrease
the driving force for grain growth [19]. The presence of solute
particles as either segregated at GB [20] or randomly
distributed [21] has significant influence on the strength of the
NC material. Tensile deformation behavior of NC Ni having
different grain size such as 40 nm [22], 12 nm [23], 30 nm [24]
and 20-200 nm [25] are studied experimentally on a micro-
sized specimen. It is revealed that flow stress of NC Ni has
positive strain-rate sensitivity [22] and NC Ni exhibit local
plasticity [24]. The high strength and ductility of NC are
significantly influenced by grain refinement and restriction of
grain boundary sliding by solute carbon atoms [26]. Apart from
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carbon atoms, presence of refractory material such as Zr in
nanocrystalline material is known to inhibit grain growth and
also enhance the strength at high temperature [27,28]. Few
experimental studies have been performed to study the
influence of Zr in Fe-base alloys [27,28]. In another
experimental study, Zhang et al. have determined the
mechanical properties of NC Cu-Zr alloy (Zr segregation at GB
in Cu) and it has been revealed that strength is enhanced with
the addition of Zr at the cost of ductility [29]. However,
experimental investigations are very difficult and time
consuming to perform at nanoscale level. For instance, in case
of TEM analysis, sample preparation is difficult as the sample
size is very small and hampers the grain boundary structure,
thus giving erroneous results [30]. Moreover, the cost and time
required to perform experiments at nanoscale level is very high
[31,32]. To understand the variation in mechanical properties of
NC metal due to second metal addition, MD simulation can be
beneficial tool which can contribute towards detecting the
mechanisms involved in the plastic deformation processes [33].
The high temperature deformation of NC Ni-Zr alloy is
investigated by MD simulation and it is reported that creep
resistance is enhanced by addition Zr atom in NC Ni [34,35].

Zhang et al. have performed tensile tests on bicrystal Cu
at 10K and revealed that the dislocations are emitted from the
grain boundaries [36]. The role of dislocation controlled
mechanism under tensile deformation for NC Al having grain
size in the range from 20 to 70 nm [37] is reported using MD
simulation. MD simulation is also implemented to investigate
the strain rate sensitivity of NC Cu having grain size ranging
between 3.8 to 27.3 nm [38]. Cao and Wei [39] have studied the
crack nucleation and intergranular fracture through MD
simulations in bulk NC Ni which is deformed through the
dynamic cyclic uniaxial tensile deformation. The MD
simulation of Ni single crystal is performed to understand the
deformation and fracture behavior during tension as reported in
literature [40]. The deformation behavior of NC Ni nanowires
having grain size 7 nm is studied during indentation and tension
process using MD simulation and it is reported that GB sliding

509


mailto:pals@nitrkl.ac.in
mailto:snehanshu.pal@gmail.com

and GB mediated dislocation emission are the mechanisms
responsible for deformation [41]. To sum up, however some
scattered attempts have been made previously to study the
effect of solute atoms on deformation feature of NC Ni and Ni-
Zr alloy, detailed and coherent study on tensile deformation
behavior of NC Ni with varying solute elements in two different
fashions such as solute atoms randomly distributed and
segregated at GB with different temperatures is still due. The
influence of presence of solute atoms (like Zr) on tensile
properties and deformation characteristics of NC Ni for three
different temperatures (i.e. 100K, 300K and 600K) has been
studied in this paper using molecular dynamics simulation.

2. COMPUTATIONAL DETAILS

A cubic specimen of NC Ni has been prepared via the Voronoi
construction [42] using AtomEye software [43] to study the
tensile deformation of NC Ni, Ni-3 at. % Zr alloy. Zr solute
atoms are distributed in the specimen in two different ways
such as random distribution and segregation at grain boundaries
as shown in Fig. 1. Each specimen contains 8 grains with
random orientation centered at random positions in the
simulation box. The specimens have an average grain size of 7
nm and the simulation box of 14 nm x 14 nm x 14 nm size is
taken. The total number of atoms present in the simulation box
is equal to 254,188.

Fig. 1. Three dimensional atomic configuration snapshots for
(a) NC Ni, (b) NC Ni-3 at. % Zr(r) alloy, (c) NC specimen
according to CSP and (d) NC Ni-3 at. % Zr(s) alloy.

Conjugate Gradient Algorithm is used for energy minimization
the specimen at different temperatures (e.g.100 K, 300 K and
600 K) and subsequently simulated tensile test is performed at
these temperatures. Time step of 0.002 ps is taken and periodic
boundary conditions are applied in all three directions for
performing the tensile test simulations. Uniaxial tensile loading
is applied along Y-direction (010) with a constant strain rate of
108 s, while keeping zero loads on the other two directions
(i.e. X- and Z- directions). The concentration of alloying
element in the specimen is considered to be 3 at. %.
Hereinafter, the NC alloys with GB segregations are designated
as Ni—Zr(s), while substitutional solid solutions with randomly
distributed alloying elements are denoted as Ni—Zr(r). For MD
simulations, LAMMPS [44] package has been used with an
embedded atom method (EAM) potentials developed by
Mendelev et al. [45] and Wilson and Mendelev [46] which is
applicable for Ni and Ni-Zr system respectively. OVITO
software platform [47] has been used in the analysis of the

tensile deformation which includes Wigner-Seitz defect
analysis, Dislocation analysis (DXA), Common neighbor
analysis (CNA), Centro-symmetry parameter (CSP) analysis,
and Cluster analysis. CNA has been performed to identify the
structural change in motifs during the tensile loading
deformation of NC Ni, Ni-Zr(s) and Ni-Zr(r) specimens. CSP
has been used to determine the local lattice disorder in the
specimen during tensile loading deformation [48]. For a perfect
specimen, the value of the CSP is equal to zero, and the value
of CSP is large for plastically deformed defective specimen.
The CSP is sensitive to the random thermal displacement of
atoms [49]. Wigner—Seitz defect analysis [50] has been carried
out for the investigation of vacancies generation during the
tensile loading. Wigner—Seitz cell method is an effective tool
for identifying the point defects. It identifies the displaced
position of the atoms with respect to perfect crystal structure as
a reference. ldentification of dislocations generated during the
tensile loading deformation has been performed by DXA. This
method identifies different dislocations along with its burger
vector by representing dislocated atoms in a form of a line [51].

3. RESULTS AND DISCUSSION

MD simulations of tensile deformation behavior for NC Ni
having Zr additions in two different fashions (i.e. solutes atoms
randomly distributed and segregated at GB in the specimen) are
reported here. Deviation in maximum stress for different
temperature of ~7nm grain size NC Ni due to the additions of
Zr in two different fashions has been critically investigated. The
influence of structural changes of specimen on formation of
cluster, vacancy and dislocation evolution has been studied
during tensile loading.

3.1. Influence of Zr addition on stress-strain behavior of
NC Ni and fracture under tensile loading

The stress-strain curves of NC Ni having 3 at. % of Zr addition
distributed in random fashion and segregated at GB is presented
in Fig. 2. The plots show that the stress-strain curves increase
till ultimate tensile stress (UTS). Once UTS is reached, the
stress-strain plot shows a steep drop which is attributed to the
reduction in flow stress, and then the curves decrease gradually
up to fracture. The decrease of stress after UTS shows a zigzag
pattern which indicates that strain hardening is operative at this
stage of deformation process. It is observed that yield strength
and UTS are enhanced with addition of Zr atoms in NC Ni
specimen when compared with pure NC Ni specimen. This is
because of higher resistance to coupled GB motion due to the
presence of solutes [52]. This is attributed to the fact that, for
nanocrystalline solids with grain size less than ~15 nm, it has
been found that solute atom which stiffens the lattice helps in
increasing the strength of the material [21]. Mechanical
properties obtained from stress-strain curves such as yield
strength, Young’s modulus, UTS are plotted vs. temperature in
Fig. 3 to show the influence of temperature on the mechanical
properties of NC Ni and Ni-Zr alloy. It is observed that the
yield stress and Young’s modulus (which is obtained from the
slope of the stress—strain curves near zero strain) decreases
gradually as temperature increases from 100 K to 600 K, shown
in Fig. 3 (a) and Fig. 3 (b) respectively.

It is observed from Fig. 3(c) that the ultimate tensile strength
(UTS) is decreased monotonically with increasing temperature
from 100 K to 600 K for all the specimens studied here. The
decrease in UTS with temperature is attributed to the softening
phenomena occurring with increasing temperature during
tensile loading deformation. Overall, the UTS of NC Ni is
increased with addition of Zr atoms as evident in Fig. 3(c).
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Fig. 2. True stress-strain curves for (a) NC Ni, (b) NC Ni-3 at.
% Zr(r) alloy and (c) NC Ni-3 at.% Zr(s) alloy at three different
temperatures.
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Fig. 3. Plots of (a) yield strength vs. temperature, (b) Young’s

modulus vs. temperature, (c) ultimate tensile strength vs. temperature
and (e) Strain at ultimate tensile strength vs. temperature.

Fig. 3(d) represents the strain at UTS vs. temperature plots for
NC Ni and Ni-Zr alloys. It is observed that strain at UTS for
NC Ni and Ni-Zr alloys are found to increase as the temperature
is increased. It is due to the softening of the specimen which
results in enhancement of ductility with increasing temperature
during tensile loading. It is also observed that strain at UTS is
enhanced with addition of Zr atoms in all the specimens having
randomly distributed and segregated at grain boundary except
NC Ni-Zr(r) for different temperature. Atomic snapshots of all
the nanocrystalline specimens at 300 K for four different stages
of strain are shown in Fig. 4. The atoms are colored according
to the CSP for NC Ni and NC Ni-Zr alloy at 300 K temperature.
The snapshots shows that several different deformation
mechanisms are activated such as nanotwin formation, grain
boundary sliding, intergranular crack origination and fracture
during tensile deformation. It is observed in Fig. 4 that cracks
have been originated at intergranular region for all cases during
tensile deformation. It is because when a dislocation is absorbed
by GBs, a stress concentration develops at the absorbing site
and a potential crack is nucleated [53].

Intergranular cracks originated at 11, 9 and 13% strain for NC
Ni, Ni-Zr(r) and Ni-Zr(s) respectively. It is then propagated
with increasing strain and finally the fracture occurred at 27, 27
and 50% strain for NC Ni, Ni-Zr(r) and Ni-Zr(s) respectively.

Intergranular crck
-,/ propagationt R

_\ ¥
) Intergrandier
<o

fracture { ,

Fig. 4. Atomic snapshots of the nanocrystal at four different
stages of strain for (a) NC Ni, (b) NC Ni-3 at. % Zr(r) alloy and
(c) NC Ni-3 at.% Zr(s) alloy at 300 K temperature. Atomic
snapshot of crystal structure according to CNA is given in inset.

It is observed that the intergranular fracture occurs along the
grain boundary perpendicular to the loading direction.
Propagation of an intergranular fracture in the presence of an
existing crack is reported in literature by MD simulations on
NC Ni [54]. Here, however, the intergranular crack nucleation
is influenced by only the applied strain in the presence of the
grain boundary. Similar finding has also been reported in
literature for NC Mo using MD simulation [55]. The
intergranular nucleation and fracture is found to be delayed for
NC Ni-Zr(s) alloy specimens as compared to NC Ni specimen
at 300 K temperature, as evident from Fig. 4. Table 1 provides
the fracture strain during deformation at different temperatures
for all the specimen. It has been found that NC Ni fractures at
higher strain during 100 K and 600 K deformation.

Table 1: Fracture strain for different specimens and
temperatures

Specimen type True strain at the point of

fracture
100 K 300 K 600 K
NC Ni 0.52 0.27 0.62
NC Ni-3 at. % Zr 0.46 0.27 0.54
(Zr randomly distributed)
NC Ni-3 at. % Zr 0.28 0.50 0.40

(Zr segregated at GB)

Cluster analysis has been performed by considering the
cut off radius range of 2.45 At02.50 A, as per the first peak of
the RDF plots. Numbers of clusters vs. true strain plots at
different temperatures (i.e. 100 K, 300 K and 600K) are
presented in Fig. 5. It is observed that with increase in strain,
number of clusters increased initially and then dropped
suddenly followed by gradually decrease up to fracture for all
cases. The increase in number of clusters indicates the
formation of twins in the specimen [56]. The peak of clusters
formation curves is shifted downward with increasing
temperature for all specimens as similar trend is also followed
during stress-strain curves. Comparing Fig. 2 and Fig. 5, we
can say that maximum number of clusters is formed at the point
of maximum stress and its values decreases with the increase of
temperature. From Fig. 5, it is evident that maximum number of
cluster formation is for NC Ni-Zr(s) at all temperature followed
by Ni-Zr(r), and the least number of clusters is for NC Ni.
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Fig. 5. Plots of number of cluster vs. true strain for (a) NC Ni,
(b) NC Ni-3 at. % Zr(r) alloy and (c) NC Ni-3 at. % Zr(s) alloy
at three different temperatures.
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Fig. 6. Plots of number of vacancies vs. true strain for (a) NC
Ni, (b) NC Ni-3 at. % Zr(r) alloy and (c) NC Ni-3 at. % Zr(s)
alloy at three different temperatures.

Number of vacancies generated vs. true strain plots under
tensile loading for NC Ni and Ni Zr alloys are presented in Fig.
6. Number of generated vacancies increases up to certain value
of strain, then decreases with increasing strain, as evident from
Fig. 6. The vacancies shifted upward with increasing
temperature during tensile loading for almost all cases of NC
specimens. It is also observed that for NC Ni-Zr(s), number of
vacancies formation is decreased after 11.62 % strain and
shifted downward at 600 K as compared to 100 K and 300 K
temperature as shown in Fig. 6(c). Maximum number of
vacancies generation occurred more in NC Ni-Zr(s) specimen at
300 K temperature.

3.2. Influence of Zr addition on generation of dislocation
type of NC Ni under tensile loading

The dislocation density during deformation under tensile
loading conditions has been presented for NC Ni and NC Ni-Zr
alloy at 100, 300 and 600 K in Fig.7. Dislocation density of NC
Ni and NC Ni-Zr alloy initially shifts downward with increase
in temperature due to increasing diffusivity with the increase in
temperature.

0] —=—NC Ni - 100 K| ] NG Ni-3 at% Zr alloy - 100
797 (a) a—NCNI-100K 454 (1) [ ey doaas
= 65 —e—NC Ni - 300 K| 464 ~e—NC Ni-3 at% 2r alloy - 300K
2 ol A —A—NC Ni-600 K|>_ (21 randomiy distributed)
o \ e 14— NC Ni-3 at.% Zr aloy - 600
o~ 554 o 3 w0 & (2r randomly distributed)
E 50] oo /’Y\.’ L A a2
£ A S ™ €
2454 %0 <40
t Y gL W >
2 40 . s £ s
3 35] 5
§ 3.0 \ 2 8
3 25] \ % 34
2 20] 832
Q1.5 \MM. 3 0]
Lo T : - - - : 28 - - - . v
00 01 02 03 04 05 06 0.0 04 02 03 04 05
True strain True strain
22+
© —a—NC Ni-3 at.% Zr alloy - 100K
(Zr segregated at grain boundary)|
5, 20 —e—NC Ni-3 at.% Zr alloy - 300K
5 (2r at grain y
~ 18 —a—NC Ni-3 at.% Zr alloy - 600K
E (Zr segregated at grain boundary)|
2
]
2
]
3 1.
c
S
®
3
2o
2
o

0.0 0.4 0.2 0.3 0.4 0.5
True strain

Fig. 7. Plots of evaluated dislocation density vs. true strain for
(a) NC Ni, (b) NC Ni-3 at. % Zr(r) alloy and (c) NC Ni-3 at.%
Zr(s) alloy at three different temperatures.

From Fig. 7(a), it is observed that dislocation density of NC Ni
decreases with increase in strain for 100 K and 300 K
temperatures, but dislocation density for 600 K temperature
initially increased from 5 % strain to 22 % strain and then
decreases up till fracture. This is because of strain hardening
which occurred more in NC Ni at 600 K temperature, as evident
from Fig. 2 (a). Dislocation density of NC Ni-Zr(r) is observed
to increase up to a certain point of strain after which it
decreases up to fracture for 300 K and 600 K temperatures. It is
attributed to the annihilation of dislocations which results in
decrease in dislocation density. On the other hand, dislocation
density of NC Ni-Zr(r) is decreased from initial point of strain
to fracture only for 100 K temperature, as shown in Fig. 7(b).
Due to the higher amount of dislocations in the range of ~0.12 -
0.35 strain, more strain hardening occurs in case of NC Ni-3 at.
% Zr (r) specimen at 600 K. Therefore, in this case more
amount of stress is observed to be required for occurring same
amount of deformation (refer Fig. 2(b)). Dislocation density for
NC Ni-Zr(s) is first decreased, after which it has increased and
again decreased with increasing strain for different temperature
due to quasi-stationary balance between dislocations slip and
grain boundary (GB) accommodation mechanisms [57], as
shown in Fig. 7(c). In the case of NC Ni-3 at. % Zr(s),
dislocation density of specimens deformed at 100 K and 600 K
temperature become almost same after the UTS (refer Fig.
7(c)). Correspondingly, the stress strain curve also shows a
similar decreasing trend after UTS (refer Fig. 2(c)). The
population fraction of different types of dislocation (such as
Stair-rod, Hirth partial, and Frank partial) at the UTS point
under tensile loading conditions has been shown for NC Ni and
Ni-Zr alloy at 100, 300 and 600 K temperatures in Fig. 8.
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Fig. 8. Plots of population fraction vs. dislocation type at the
UTS point for (a) NC Ni, (b) NC Ni-Zr(r) alloy and (c) NC Ni-
Zr(s) alloy at three different temperatures.

The presence of Frank partials initiates the cavity formation
which in turn leads to fracture of the specimen. Whereas Stair-
rod and Hirth partial cause locking of dislocations leading to

512



strain hardening. In NC-Ni, the population fraction of Frank
partial dislocations is higher during tensile deformation at 300
K followed by 100 K and 600 K temperatures as evident from
Fig. 8(a). This indicates an early failure of the specimen during
deformation at 300 K followed by 100 K and 600 K which can
be validated from stress-strain curve in Fig. 2(a). The presence
of high population fraction of Frank partial dislocations in Ni-
Zr(s) alloy (as shown in Fig. 8(c)) results in an early failure of
the specimen. Fig. 9 shows the variation in Frank partial
density after UTS with respect to strain at 300 K temperature
for all the specimens. It is observed that at initial strain value
(~0.06 strain), Frank partial density is the lowest for NC Ni-3
at. % Zr (r) specimen. But with increase in strain value, the
Frank partial density increases rapidly for NC Ni-3 at. % Zr (r)
specimen and reaches a maximum at ~0.12 strain. On the other
hand, the density of Frank partial dislocations in NC Ni-3 at. %
Zr(s) shows a decreasing trend. It is known that the presence of
Frank dislocations assists in void and crack formation which
leads to fracture of the specimen [58,59]. This phenomenon is
also observed in this study as the crack is first initiated in NC
Ni-3 at. % Zr (r) specimen at 300 K due to the presence of
higher density of Frank partial dislocation density with respect
to other specimens (as seen in Fig. 4).
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Fig. 9. Plots of Frank partial dislocation density vs. strain for

NC Ni, NC Ni-3 at. % Zr(r) alloy and NC Ni-3 at. % Zr(s)
alloy at 300 K temperature.

Variation of local crystal structure under tensile loading
conditions is identified using common neighbor analysis
(CNA). The fractions of different crystal structures present in
specimen during deformation under tensile loading conditions
for NC Ni and Ni-Zr alloy at 100, 300 and 600 K has been
shown in Fig. 9. It is observed that the fraction of FCC atoms
decreases up to the point of maximum stress and then increases
up to the fracture point with progress of deformation. The
fractions of HCP and other (disordered) atoms increase up to
the point of maximum stress and then decrease up to the
fracture point with progress of deformation under tensile
loading conditions. This can be attributed to formation of
nanotwins (represented as HCP structure in CNA) which helps
in retaining the plasticity up to UTS. Once UTS is reached, the
fracture mechanism initiates resulting in decrease of HCP
structures [60]. The fraction of FCC atoms is shifted downward
with increasing temperature, whereas the fraction of HCP and
other atoms is shifted upward with increasing temperature
under tensile loading conditions.

This is because diffusion is enhanced with the increase in
temperature and consequently structural change becomes faster
for higher temperature under tensile loading conditions. On the
other hand, the fraction of crystal structures is found to be
almost constant after ~0.14 strain at 100 K temperature for NC

Ni specimen, as shown in Fig. 9(a). The fraction of HCP atoms
increased for NC Ni-Zr alloy as compared to the NC Ni system,
The HCP structure indicates the twins and stacking faults. The
generation of HCP structure can also be validated through
cluster analysis in Fig. 5.

90 80 22
8,
I, oeos sV eoross
- "0 .\\ ,l.t”“' o0
0 NCNI- 100K 704 %o 0 e0® c 00
.
3
-
~

1 (a) —-wees | g9 (b)

2 N
3 3
z
H
H

o
t
3
M

8
3
g
2

2>y,

» > >y, -
s S na e s g e ddhA e >

g
g
*

Crystal structure, %

Crystal structure, %
N ow & oo

! T4

*

o

3 3
a2 N oW
s 3

- . 0 v’
0.0 0.1 0.2 03 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5
True strain True strain
80

[
[
S

70

16

Crystal structure, %
N @ a oo

1 .;;’,'.T.;'?ﬁ?ﬂwmvw

DDA,
03 e y T T T
0.0 0.1 0.2 0.3 04 0.5
True strain

Fig. 10. Plots of crystal structure vs. true strain for (a) NC Ni,
(b) NC Ni-3 at. % Zr(r) alloy and (c) NC Ni-3 at. % Zr(s) alloy
at three different temperatures.

4. CONCLUSIONS

MD simulations of tensile tests for NC Ni and Ni-Zr alloys
have been carried out in this study to investigate the influence
of Zr solute addition on the mechanical properties of NC Ni
specimen. The following conclusions can be drawn:

e  Yield strength and UTS are enhanced with addition of Zr
atoms in NC Ni specimen having randomly distributed
and segregated at grain boundary.

e  Young’s modulus is increased with increasing of yield
strength during tensile loading for NC Ni and Ni-Zr
alloy.

e Ultimate tensile strength (UTS) is decreased
monotonically with increasing temperature from 100 K to
600 K temperature for NC Ni and Ni-Zr alloy.

e Increase of dislocation density after UTS causes strain
hardening in the NC Ni-3 at. % Zr(r) specimen.

e  Cracks are originated at intergranular region at 300 K for
a strain value of 0.11, 0.10 and 0.13 for Ni NC, Ni-Zr(r)
and Ni-Zr(s) respectively.

e The intergranular nucleation and fracture are found to be
delayed for NC Ni-Zr(s) specimens as compared to NC
Ni and Ni-Zr(r) specimen at 300 K temperature.

e  Early fracture occurs in NC Ni-3 at. % Zr(r) at 300 K
because comparatively higher amount of Frank partial
dislocations are present.
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