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Abstract

Formation of solidification defects and their evolution in uniaxial tensile deformation of solidified
polycrystalline aluminum (Al) were investigated by molecular dynamics (MD) simulations. First,
solidification process was simulated both isothermally and with different quench rates. At the
initial stages of nucleation, coherent twin boundaries and/or fivefold twins formed depending on
the quench rate or the undercooling temperature. The solidified polycrystalline Al consisted of
randomly distributed grains, twin boundaries, and vacancies. Evolution of nanostructures and
defects in uniaxial tensile deformation of solidified Al under different temperatures and strain rates
were studied. Void formation at grain boundaries and detwinning of preexisting solidification
twins and deformation twins were observed during the uniaxial deformation. It was also found that
the temperature of deformation has a stronger effect than the applied strain rate on the strength of
solidified samples. For solidified cases with grain sizes lower than 10 nm, the yield strength and
Young’s modulus increased with increasing grain size, indicating an inverse Hall-Petch
relationship. Similar to experimental data, MD simulations showed a higher yield strength for

single crystal Al and a large plastic deformation for polycrystalline Al.
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1. Introduction

Solidification plays a significant role in various manufacturing processes such as casting
and additive manufacturing. The nano- and micro-structures that form during solidification
determine the mechanical response and deformation behavior of solidified materials, which can be
distinctly different from those of the single crystal counterparts. Study the process-mediated
defects at the nanoscale and their effect on deformation and mechanical response of materials is
very important for their reliable use in practical applications.

Crystal defects such as dislocations (one dimensional line defects) and twins (two
dimensional planar defects) form in metallic materials during the solidification process. These
defects play critical roles in facilitating plastic deformation and ultimately control various
mechanical behaviors of most polycrystalline metals and alloys [1-3]. Formation of twin phases in
metallic alloys by means of deformation has been reported quite frequently in the literature [4-8].
Formation of twins in solidified [9-11] and annealed [12-14] metals are also reported. The final
grain structure after solidification is modified by multiple twins and they can affect the distribution
of crystallographic orientations of grains in the ingot [15]. It is essential to know the evolution of
twin structures as the solidification progresses. However, the initial stages of formation of twins
during solidification have never been investigated in depth. Tracing the origin of the twin
formation in a manufacturing process is extremely difficult because the real-time monitoring of
nucleation and solidification process in metals and alloys at atomic scale is almost impossible
experimentally [16-19].

Controlling factors such as strain rate (SR) and temperature during plastic deformation
have critical effects on the deformation mechanisms (stacking faults, twinning, voids, dislocations,
and grain boundaries). These factors also affect the mechanical properties of metallic systems.
Usually dislocations govern the plastic deformation [20-22], but as grain size decreases the
dislocation activity is suppressed by the grain boundaries (GBs) and twinning. When a critical
average grain size is achieved, which was reported previously to be ~10 nm for Al [4, 23]), GB
related phenomena and twinning become the primary deformation mechanisms.

In the particular case of aluminum (Al), first efforts to study solidification twins were done
more than half a century ago [24, 25]. The study by Fredriksson and Hillert on Al showed how all

the twin tips grow in the same (112) growth direction, and this gives the tip a favorable shape. By
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producing sharp edges, feathery crystal growth is observed during continuous casting. This
proposed twining process during solidification of Al has never been explained in depth. The study
by Fredriksson and Hillert found a particularly interesting case to correlate twinning and feathery
growth of Al, and they reported twin boundary motions in both (112) and (110) directions. Few
other experimental studies reported both solidification and deformation twins in single crystal of
Al [4, 12, 26]. Also, a previous study reported fivefold twining of Al during nanoindentation based
on a quasicontinuum method [27]. Most studies related to twinning in Al are based on deformation
induced twins, but studying twinning during solidification is also important in order to understand
the origin and evolution of twins. However, five-fold twins are studied using MD simulations for

some other metals such as Cu [28, 29] and Fe [30].

Materials with a high stacking fault energy (SFE) have difficulty undergoing twinning by
deformation. Al for example with a high SFE of 104-142 mJ m™ has difficulty twinning [4, 31-
34]. This is due to the much higher shear stress needed for nucleation of the twinning partial
dislocations than the trailing partial dislocations , and also because of the large amount of slip
systems in the fcc structure, which make the slip a dominant deformation mechanism [26, 35].
However, it has been shown that twinning in nanocrystalline Al is quite possible [32, 35, 36].
Plastically deformed Al with a thickness between 200 nm and 400 nm and an average grain size
between 10 nm and 35nm [4] shows deformation twins, dislocations and stacking faults. The
interplay between twinning, stacking faults and dislocations was also revealed extensively in
nanocrystalline Al by MD simulations of tensile testing with a load of 2.5 GPa and at 300 K [35].
Nanocrystalline twinning can be explained by a dislocation based model. Glides of Shockley
partial dislocations, with a Burges vector = a,<112>/6 (a. is the lattice constant), on consecutive
planes create multilayered intrinsic stacking faults which produces a twin [37]. Even though
twinning in bulk Al is less common, twinning in nanocrystalline Al is frequently reported in the
literature. Twinning is generally a permanent deformation, but under high SRs detwinning has
been observed in Al [32, 38]. Detwinning is usually a two-step process. First, the twin boundaries
come closer together causing the twin to get thinner, and then the twin boundaries will get shorter

and eventually disappear [38].

In the literature, there are several studies done on deformation of polycrystalline metals by

MD simulations. But in these studies, the polycrystalline metals were created artificially by
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building the initial polycrystalline structure using Voronoi tessellation methods [39-42] or
introducing multiple nanotwins [3, 8]. The artificially created GBs can have partial twins in their
initial configuration. But majority of twins and dislocations appear when the deformation process
starts. The initial type, amount and distribution of defects in previous MD simulations may not be
comparable to those observed in experiments. In reality, the solidified metals have different type
of defects and solidification twins. The other disadvantages of artificially created grains are that
the initial twins and dislocations do not have any interactions with other defects other than the

GBs.

In this work, we study twins that formed during solidification of Al melt and the
deformation twins caused by deformation of nanocrystalline Al. The twinning defects are captured
during crystal nucleation at the early stages of solidification and twinning growth directions are
identified as the solidification proceeds. Due to formation of defects and GBs during the
solidification, spontaneous formation of polycrystalline Al is achieved. The solidified
polycrystalline Al is deformed by a uniaxial tensile load. The effect of solidification quenching
rate, tensile testing temperature, and SR are investigated. Also, the evolution of defects (twinning,

detwinning, and voids) are studied under different tensile loading conditions.

2. Computational Methodology
2.1 Interatomic potential

Second nearest neighbor modified embedded atom method (2NN-MEAM) potential is one
of the most advanced and efficient semi-empirical interatomic potentials for predicting both low
temperature properties (e.g., elastic properties, stable-unstable stacking fault energy, vacancy
formation energy, and surface energy) and high temperature properties (e.g., thermal expansion
coefficient, solid-liquid interface free energy, and melting point) of metals very accurately [34, 43-
45]. The 2NN-MEAM was initially developed by Lee and Baskes [43], and recently we evaluated
its performance in calculating high temperature and solid-liquid coexistence properties of Al [34,
46], showing good agreement with the experimental data. We used the OVITO to investigate
nucleation, solidification and deformation processes [47]. The local crystalline environment of the

crystalline atoms were studied by using common neighbor analysis (CNA) in OVITO [48]. The
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CNA algorithm identifies the closet neighbor and calculate number of neighbor atoms, then group

them as fcc, bee, hep or other crystal structures [48].

2.2 Simulation details

MD simulations of solidification and uniaxial deformation of solidified pure Al were
completed using simulation boxes consisting of ~1 M atoms (25x25x25 nm? or 64x64x64 unit
cells). We utilized periodic boundary conditions for solidification simulations and free boundary
conditions for deformation simulations in all three directions. The time step of simulations was
0.003 ps. Nose-Hoover thermostat governed the temperature and the Parrinello-Rahman barostat
to maintain the pressure [49]. We utilized the LAMMPS code [50] (Large-scale Atomic/Molecular
Massively Parallel Simulator) for our MD simulations. The melt and a polycrystalline solidified
structure are shown in Fig. 1. The melt (Fig. 1(a)) is equilibrated for 100 ps to create a homogenous
liquid. As shown in Fig. 1(b), the solidified Al is having GBs and twin boundaries (TBs), which

can be easily determined by visual investigation.
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Fig. 1. Simulation box at (a) initial melt with temperature of 1,325 K, and (b) after the solidification
with the quench rate of 2.5x10"" Ks™!' to 300 K. Green atoms are fcc, and red atoms are hcp.
Amorphous solid and liquid atoms are presented by grey color. (c) Stress-strain curves for tensile
deformation in x, y and z direction at the strain-rate of 10° s™!; temperatures show the tensile testing
temperature.

Solidified polycrystalline samples were prepared by both isothermal condition and
quenching. The isothermal samples were prepared by keeping the Al melt at a constant
undercooling temperature such as 300, 400 and 500 K for 3ns (3,000 ps). Average grain size
increases with increasing the undercooling temperature. The results on the effect of undercooling
temperature on the average grain size was provided in our previous work [46], showing that the
average grain size increases with increasing the undercooling temperature. In a later part of our
article, the grain-size dependent mechanical properties of Al are studied. In the same way, Al melt
is quenched from a high temperature such as, 1,325 K to 300 K at constant cooling rates of 10!,
2.5x10'"' and 5x10'! Ks™!. Six polycrystalline samples are created, three for isothermal and three

for quenching cases. All the polycrystalline Al models are deformed at three different deformation
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temperatures (300, 400 and 500 K) and three SRs (10%, 10°and 10'° s'), as shown in Table 2. For
the purpose of comparison, we also deform a single crystal Al at the same SRs and temperatures
(9 cases). To calculate the statistical error from all the simulations, each uniaxial tensile simulation
is replicated in (100), (010) and (001) directions. So, overall 195 simulations (6 solidification
cases, and 63 deformation cases each at 3 directions) were performed to analyze the deformation

behavior and mechanical properties of solidified polycrystalline Al.

Table 2. The quench rate and isothermal temperature of solidification cases, as well as the SR and
temperature of deformation cases (54 deformation cases); a single crystal Al is also deformed at
the same SRs and temperatures (9 cases). Each uniaxial tensile deformation simulation is
replicated in (100), (010) and (001) directions.

Quench rate of solidification 10" Ks!, 2.5x10" Ks™!, and 5x10'"' Ks'!
Isothermal solidification at 300 K, 400 K, and 500 K
SR (s 108, 10%, and 10'°
Deformation temperature 300 K, 400 K, and 500 K

The polycrystalline samples are prepared by spontaneous solidification. The location, size,
and orientation of grains or twins are not controlled in this method. Due to the arbitrary locations
of the GBs and TBs, each of the polycrystalline samples are deformed separately in three
orthogonal directions to get the statistical scatter. Fig. 1(c) shows a sample that is created by
isothermal solidification at 400 K, and then deformed at 300 K and 500 K with a SR of 10° s”'. For
each tensile testing temperature, Fig. 1(c) shows slight differences in the elastic region, but more
visible differences in the plastic region based on different directions. The difference in stress-strain
curves indicates that the evolution of the pre-existing GBs and TBs are different and dependent on
the applied load direction. Therefore, the statistical error from direction-dependence is considered

in analyzing the mechanical properties of polycrystalline Al.

3. Results and Discussion
3.1. Formation of coherent and five-fold twins during rapid solidification

The magnified crystalline nucleus in Fig. 2(a-b) displays atoms with different crystal
structures, calculated by CNA [48]. In Fig. 2 (a-b), the distance between two nearest-neighbor
atoms in Al matrix is ~ 2.86 A, and this is consistent with the lattice constant of 4.05 A for Al.

There is a small amount of thermal fluctuation of energy during the solidification of Al melt. The
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fce to hep energy difference is only 0.03 eV whereas the fcc to bee energy difference is 0.12 eV
[34]. During solidification while thermal fluctuations happen, hcp stacking faults form in the Al
system, and no bcc phase forms. Depending on the cooling rate, different types of twins form
within the critical nuclei. In the quenching process when the crystallization occurs by homogenous
nucleation, two types of twinning are observed. Fivefold twins form for the relatively higher
quench rate of 2.5x10'! Ks™! (Fig. 2a), and coherent twin boundaries (CTBs) form for the quench
rare of 10'! Ks! (Fig. 2b). The isothermally solidified Al also shows fivefold twins for all the
examined solidification temperatures. It takes about 60 ps from the formation of initial stacking
faults to formation of fivefold twins. Unlike the multifold twins by deformation, the solidification
twins are not assisted by sequential emission of Shockley partial dislocations. CTBs and multifold
twins both form spontaneously in the fcc crystal nuclei during solidification. The twins grow

further in the same direction of growth of the fcc crystalline solid.

Fig. 2. Formation of (a) five-fold twins and (b) CTBs during solidification at the nuclei; the cooling
rate is 2.5x10"! Ks™' and 10'! Ks™!, respectively. Green atoms indicate fcc, and red atoms are hcp.
Amorphous solid liquid atoms are removed to only show the nuclei.
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The instability in the solidification process caused by thermal fluctuations at solid-liquid
interfaces is the only reason that creates the twins. In general, Al has a relatively high SFE which
makes it difficult for twins to form in pure Al. But, this high theoretical SFE happens at 0 K. It is
a well-known that SFE gradually decreases as the temperature increases [51, 52]. Recent studies
by Bhogra et al. [53] showed that the SFE of Al reduces drastically by increasing the temperature.
At higher temperatures, the SFE of Al is almost equivalent to that of Nickel (Ni) [54], and
formation of fivefold twins was observed during electrodeposition of Ni thin films [55]. During
solidification, crystal nucleation occurs at very high temperatures where SFE is significantly lower

that its value at 0 K, thus formation of twins is probable.

In general the multifold twinning happens in different scenarios such as layer-by-layer
growth during nucleation, successive growth twinning, or deformation twinning [55]. Twining
during growth is observed in semiconductor growth process, but it is extremely difficult to
experimentally observe the same for metals due to the much higher temperatures during
solidification. The formation steps and direction of five-fold twins and the CTBs are presented in
Fig 4(a-f). To study the formation of five-fold structure in the nucleus, we present only a sliced
portion of the simulation box between 15-100 ps in Fig. 3. In the initial stages of nucleation, a
solid cluster consisting of nearly 50 fcc and hep atoms was formed at ~15 ps inside the undercooled
Al met, which can be regarded as the seed for both the nucleus and the twin. Then the initial TB1
seed (hcp atoms) elongates and forms a complete TB1 while the nucleus becomes critical
simultaneously. Between 30 and 45 ps, as the nucleus grows in size and TB2 began to form.
Subsequently at ~45 ps, a lamellar twined structure with two hcp planes apart by 73 © formed at
the bottom right of the particle. The initial stage of formation of TB3 is noticeable by the extension
of upper hcp plane to connect at the junction of TB1 and TB2, forming a three-fold twin. The TB4
and TBS5 subsequently appears after ~60 ps, whereas TB1, TB2 and TB3 were still growing. At
the three-point twin junction, the hcp atoms start forming two other TBs, namely TB4 and TBS.
As the solidification proceeds, these twins are arranged into a closed five-membered circle at the
twinning axis. Finally, the entire five-fold twins were formed at ~75 ps, when the TB4 and TBS

are fully stretched out.

The five-fold twins should be producing 360 © while distributed in a circle, but the average

twin angle remains in a range of 70 to 73°. The twins also has a thickness, which leave a gap
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while closing 360 ° (Fig. 3(f)), and that later result in elastic strain during deformation. The result
shows consistency with the literature values of other fcc metals [55-57]. Fivefold twin structure
formations by successive twinning growth on alternate cozonal twin planes also has been
previously observed in the solid phase crystallization of metal [52]. During the nucleation and
growth of the noncrystallographic packing of atoms to a crystalline fcc Al, small size ordered
subunits of hcp atoms form as a twin to compensate the angular misfit between different fcc growth

planes.

Fig. 3. The sequence of formation of (a-f) five-fold twins at the nuclei at 500 K isothermal
temperature. The steps of twin formation is shown for (a) 15 ps, (b) 30 ps, (¢) 45 ps, (d) 60 ps, (e)
75 ps and (f) 100 ps. The angle between the twins are measured which remains between 70 ° and
73°.

Along with the fivefold twins, several CTBs are also identified during both isothermal and
quenching solidification (see Fig. 4 for example). Some initial CTBs occur within the fcc nuclei
during solidification, Fig. 4(b). In the annealing stage, more twins form on the GBs, see Fig. 4(a)
and Fig. 4(b) for example. Some TBs connect with each other at the GBs, see Fig. 4(c) and Fig.
4(d) for example. As the grain size increases with annealing, the smaller grains combine with the
larger ones and some GBs vanish, and during this process some hcp TBs form within the fcc Al

grains.

10
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Fig. 4. The formation steps of coherent TBs at (a) 15 ps, (b) 50 ps, (c) 100 ps, (d) 250 ps at 400
K. The circles show the hcp TB formation and merger at a GB.

3.2. Twinning and detwinning during tensile loading

Several phenomena simultaneously happen during the tensile loading of polycrystalline
Al. New deformation twins form and some of the preexisting solidification twins detwin. Then
some of the deformation twins also detwin while the simulation box is stretched in a uniaxial
direction. Along with the formation of usual CTBs, we also observed formation of several fivefold
twins during the deformation. Snapshots of formation of a fivefold twin during deformation at
300 K and SR of 10® s! are revealed in Fig. 5; the initial nanostructures for this deformation
simulation was for the solidification case with the quench rate of 2.5x10'! Ks'. The angles
between the TBs of the fivefold twin remain between 70 and 73°, which is similar to those of the
fivefold twins in solidification cases. No fivefold twins were detected in planes perpendicular to
the loading direction. Formation of Fivefold twins has been observed for several nanocrystalline
materials during experimental deformation [58-60]. The arrow in Fig. 5(a) shows one of the
preexisting solidification TB (TB1). This pretexting twin can be referred to as a microtwin, as it
grows in length when the uniaxial tension applied. Below the TB1 several other twins are present

but during the deformation some of them detwin by the GB movement; however, in this case one

11
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of them forms the TB2 (shown in Fig. 5(b)). The emission of partial dislocations from GBs in
different grains results in formation of other twins of the fivefold twin. By simply applying uniaxial
tension in a perfect single crystal Al, multifold twins cannot be created, however by introducing
pretwins in grain regions, multifold/fivefold deformation twins can form in grains of a

nanocrystalline system which undergoes a uniaxial tension [61].

In Fig. 5 formation of several coherent and incoherent TBs can be seem as well. A pair of
CTBs are shown in Fig. 5 with a dotted circle. The thickness (distance between two twin planes)
of the TB reduces from ~2.23 nm at 0.15 strain to 1.35 nm at 0.25 strain. As shown in the dotted
circle some gray atoms at the front end of the TB. These atoms can be referred to as partial
dislocations [62, 63]. As shown in Fig. 5(c) and Fig. 5(d), a partial dislocation glides in the opposite
direction of TB growth. Consequently, detwinning happens with a combination of both reduction
in twin thickness and the layer-by-layer TB removal by the opposite glide of partial dislocations

having a Burgers vector identical to that of the twinning partial dislocations.

12
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l(a) 0 ps, € =0.00

(d) 2500 ps, € = 0.25

Fig. 5. Fivefold twin formation during tensile deformation (in x direction) of polycrystalline Al
created from a quench rate of 2.5x10!'! Ks! at SR of 10 s™!. The normal black circle shows the
fivefold twin formation and the dotted circle shows the formation of CTB.

The solidification TBs detwin by GB movements and dissolution into to the fcc matrix,
Fig. 6(a)-(d). Once TBs are present from the solidification process, the subsequent tensile
deformation favors detwinning of the TBs over activating dislocation slip. Since the TBs are
already present from the solidification defects, it is not required to generate new partial
dislocations, and the trailing partial dislocations can dismantle the stacking fault on the TBs. In

this particular case, which was solidified at 400 K and then deformed at 300K with SR of 10° Ks

13
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! (Fig. 6), the initial GB transformed to one CTB, then as the simulation box stretched up to total
strain of strain ~0.45 (Fig. 6(d)), the TB dissolved back into the primary fcc Al matrix.

The deformation temperature influences the detwinning process. When the TBs dissolve
into the fcc Al matrix, the detwinning process mostly happens due to the stretching of the TBs in
the direction of applied uniaxial tension, and SR controls this process. But when the detwinning
happens due to GB movement, the detwinning process is mostly influenced by the deformation
temperature; as the temperature of deformation increases from 300 K to 500 K, the detwinning
happens more frequently. Multiple twins at the GB are absorbed by both the GB and the fcc Al
matrix. This detwinning phenomena is observed for all the different samples prepared by
isothermal annealing or quenching. The detwinning process during deformation identified by MD
simulations is similar to the results obtained from previous experimental works on various fcc
metals such as Al, Cu, Ni [64], etc. So MD simulations of polycrystalline metals can replicate the
detwinning observed in experiments such as thinning of the twins and shortening, and GB

movement during deformation [38].

14
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Fig. 6. A solidification twin detwin as tensile deformation in x direction proceeds. (a) The initial
condition (t=0) is the nanostructure of an isothermally solidified sample at 400 K, and (b-d) the
SR of 10°Ks™! is applied at 300 K. (e) A typical Stress-strain plot of polycrystalline Al produced
by 400 K isothermal annealing, deformed at SR of 10° s and 300 K. The inset images shows
twinning-detwinning during plastic deformation. The microstructures are removed for clarity.

Typical detwinning of deformation twins is observed while the sample is plastically
deformed, which is similar to the observations in experimental work [38]. The stages of detwinning
of deformation twins is similar to those of the solidification TBs. It should be noted that during the
deformation only smaller sized TBs detwin. The small sized twins at high SRs do not entangle
with other defects (such as dislocations and GBs) in the Al matrix. The length of TBs do not
increase significantly during deformation due to the high SFE of Al [65] at low temperatures.

15
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Some of the fivefold twins also detwin as the tensile deformation continues. The driving
force behind the detwinning comes from the excess energy variation of the system during the
tensile deformation. But for the detwinning of fivefold twins, grain sizes also play a significant
role. In Fig. 7(a), the double fivefold twins are developed inside a much larger grain during
isothermal solidification of Al melt at 500 K. While tensile strain is applied in [100] direction, the
grain is stretched. During the grain elongation, the GBs shrink the size of the fivefold twins. For
nanocrystalline metals with average grain sizes between 10 and 100 nm, it is recognized that the
competition between dislocation- and GB-mediated deformation mechanisms govern the
deformation mechanism. Previous works by MD simulations suggested that GBs in
nanocrystalline metals act as both source and sink for crystal defects such as dislocation, vacancy,
and twins [66, 67]. The snapshots in Fig. 7 show how GBs absorb the twins as the polycrystalline
Al becomes plastic (See the stress-strain plot of a typical polycrystalline sample in Fig. 6(e)).

¢é
e

(d) 300 ps, £=0.03 (e) 425 ps, £=0.04

Fig. 7. At 500 K with a SR of 10° s in the single crystal Al a twin formed and then detwinned in
the direction. The sample is quenched at 10! Ks™.

16
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3.3 Void formation

The void formation process and the associated strain levels during the tensile deformation
are shown in Fig. 8. The solid circle in Fig 8 shows the formation of a void at a GB with increasing
strain. The increase of void volume in a stretched area starts during the plastic flow of
polycrystalline Al. The void under tensile load generally happens due to local shear stress by the
GB movement. Comparing Fig. 8(a) and (b), we see several full and partial dislocation emission
at a strain of 0.16. The emission of dislocation loops from the GBs leads to void nucleation. Upon
increased loading and strain, voids grow while other dislocations are consumed by increasing void
and GB volumes. In general, ductile metals normally fail in monotonic loading through nucleation,
growth and coalescence of voids. The evidence of ductile fracture behavior via void
formation/growth at GBs has also been observed on facture surfaces by scanning electron

microcopy in monocrystalline Al under uniaxial tension [68, 69].

(b) 1600 ps, £=0.16

Fig. 8. Atomistic illustration of the onset of void under the tensile stress. The solid black circle
shows formation of void at the grain boundary. The sample is solidified at 500 K, and the
deformation is done at 10° s at 300 K.

17
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3.4 Mechanical Properties of Solidified Polycrystals

In this sub-section, we investigate the mechanical behavior of the polycrystalline Al created
by solidification at different isothermal temperatures and quench rates. Utilizing uniaxial tension
of polycrystalline Al samples having different solidified structures, the stress-strain plots are
obtained. From these curves, the mechanical properties such as yield strength, Young’s modulus,
and ultimate tensile strength (UTS) are derived. The yield strength is found from the linear
regression of the stress data with 0.2% offset on strain. The intersecting point of the linear fit from
the regression and the actual stress-strain curve is the yield strength. No permanent deformation
happens in the elastic (linear) part of the curve. The highest point in the stress-strain curve is the
UTS. The inverse Hall-Petch relationship is discussed in this context of increasing yield strength
with increasing grain size for solidification at higher solidification temperatures or slower quench

rates (Fig. 10).

Young’s modulus of the solidified polycrystalline samples is compared with that of the
single crystall Al in Fig. 9(a)-(d). The expected decline of Young’s modulus is observed with
increasing the deformation temperature when the SR is kept constant (between 10% to 10'°s). A
higher SR and/or a lower deformation temperature produced a stronger sample in all the cases; for
example, compare cases in Fig. 9(a) with SR of 10'°s™! to those in Fig. 9(a) with SR of 10*s™. In
tension at 300 K and the SR of 10'° s}, the single crystal has a Young’s modulus of ~60-65 GPa
which is comparable to the previous experimental and computational results [70-72]. Under the
same tensile loading conditions, the polycrystalline samples prepared by isothermal solidification
at 500 K could reach a maximum Young’s modulus of 58 GPa (Fig. 9 (a)). Overall the Young’s
modulus remains between 46-65 GPa; these values are similar to those achieved by experiments
performed on nanocrystalline Al by Haque et al. [73]. Table 2 shows a comparison of the Young’s
modulus determined by our MDs simulations to those for single crystal and nanocrystalline
experiments. The margin of error is less than 5% for Young’s modulus of a single crystal Al

determined by indentation test [70, 74].
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Table 2. Young’s modulus values at 300K for single crystal and nanocrystalline Al determined by
MD calculations or experiments. The average grain size of polycrystalline cases is given in the
parenthesis.

Young’s Modulus (GPa)
Al Bulk

Current MD work Previous Results (Methods)

67.2-69.5 (Expt.) [70], 64 (MD)

Single Crystal 58-64
[72], 62.3 = 3.1 (Expt.) [74]

o 67 (MD, Grain size 11.1nm)
) 40-65 (Average grain size: 5- )
Nanocrystalline [72], 60.2 (Expt., Average grain

11nm
) size: 11.1nm) [73]

The UTS for single and polycrystals are shown in Fig. 9(e) and (f). The UTS for single
crystal is much higher than the polycrystalline Al. The UTS of single crystal remains between 5.5
GPa and 7.5 GPa (Fig. 9(e-f)), and when the deformation temperature increases by 200 K a
decrease of strength by almost 24% is observed. However, this change in UTS in polycrystalline
samples solidified isothermally or by quenching is only less than 10%; for example in Fig. 9(e) for
the isothermal solidification at 500 K, the strength goes down from 3.5 GPa to 3.25 GPa from
deformation temperature of 300K to 500 K. A detailed discussion of mechanical properties of
nanocrystalline metals by Meyers et al. [31] shows the extremely high strength of 3.5-4 GPa for
nanocrystalline Al with an average grain size between 5 nm and 10 nm. The high strength results

from our MD simulations are comparable to the reported experimental data for nanocrystalline Al.
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Fig. 9. (a) Young’s modulus of isothermally solidified polycrystalline samples in tension at the SR
of 10'%s!, (b) Young’s modulus of solidified polycrystalline samples prepared by quenching in
tension at the SR of 10' s, (¢) Young’s modulus of isothermally solidified polycrystalline
samples in tension at the SR of 10®s™!, (d) Young’s modulus of solidified polycrystalline samples
prepared by quenching in tension at the SR of 10®s7!, (e) Ultimate tensile strength of isothermally
solidified polycrystalline samples in tension at the SR of 10'°s™!, (f) Ultimate tensile strength of
solidified polycrystalline samples prepared by quenching in tension at the SR of 10'°s™!. Single
crystal results are also plotted for comparison.
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The yield strength of single and polycrystals can be studied by direct relationship between
the grain size of a metal and its yield strength, which is known as the Hall-Petch (HP) relation.
When the grain size is above its critical value, the strength increases as the grain size decreases.
At the critical grain size, the material has its maximum strength [20, 75]. Below the critical grain
size, an inverse HP relationship is expected: the smaller the grain size the weaker the metal [20,

76]. This is because an alternative deformation mechanisms take over [31].

In general, the yield strength (o) increases by creasing the average grain size based on

the HP equation [77, 78]:

6, =0,+kd"?, (1)

where G, is a materials constant which can be calculated in the absence of GBs, £ is strengthening

coefficient and d refers to the grain size. The dislocation density becomes a more dominating
factor than the total number of dislocations, so when the grain size is decreased the dislocation
density increases. Due to that the dislocation pile up increases with finer grain size and the yield
strength increases. However, for very small grain sizes, this mechanism will fail because grains
are not able to support dislocation pile-ups. Usually for Al, this is anticipated to happen for average
grain sizes below 25 nm [71]. Additionally, the shift in the HP slope usually happens for grain
sizes larger than 10 nm. The inverse HP relationship is shown in Fig. 10; as the grain size increases
(with increasing isothermal solidification temperature from 300K to 500K) the tensile yield
strength increases for all the polycrystalline samples. The similar behavior is observed for the
samples prepared by quenching; in higher quench rates resulting in smaller grain sizes, the yield

strength is lower. The average grain sizes are also shown in the inset table of Fig. 10.

21



Computational Materials Science 163 (2019) 176-185.

o
W

o

Yield Stress (GPa)

-

| Solidification Grain Size (nm)

500 K 13.87+1.424
400 K 5.33+0.905
300 K 4.0040.935
0.5 jorks 11.6741.865 T
25x101 Ks!  9.16+1.865
0 5x101 Ks!  6.16+1.362
0 0.2 0.4 0.6 0.8
-1/2 -1
d (nm )

Fig. 10. (a) Inverse HP relationship is shown for different grain size (nm) and yield stress (GPa);
data for the uniaxial tensile deformation at 300 K and the SR of 10'°s! are used to plot this figure.
The average grain sizes for 3 isothermal and 3 quenching solidification cases are shown in the
inset table.

4. Conclusion

We performed MD simulations utilizing 2NN MEAM interatomic potential to study defect
evolution process and deformation mechanisms of solidified polycrystalline Al under uniaxial
tension. The polycrystalline Al samples were created by solidification at different quench rates
and at different isothermal solidification temperatures. Several SRs and deformation temperatures
were investigated. Since the GBs, vacancies, and TBs form spontaneously in arbitrary directions,
the solidified polycrystalline Al was deformed in three different (100), (010) and (001) directions

to account for potential statistical errors.

For all different simulations at various isothermal temperatures and cooling rates several
defects such as twinning, dislocations, voids have been observed. The instability in the
solidification process caused by thermal fluctuations at solid-liquid interfaces is the primary reason
for twin formation. The primary Al is identified as fcc whereas the twins are hcp crystal structures.
The evolution of solidification defects such as CTBs and fivefold twins were analyzed. In case of

the fivefold twins, the average twin angle was ~70-73 * to form almost 360" . Ideally it should be
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fully circular, but during the spontenous solidfication the nuclei are not pefectly spherical and also
TBs have have a few Angstrom thickness themsleves, leaving a few degrees gap in the five-fold
twins. Overall, our simulations confirm the formation of CTB and multifold twins during
solidification, which is extremely difficult to observe in experiments as the entire process of layer
by layer twin formation happens in the interior part of the liquid metal. During the tensile
deformation, detwinning occurred for both solidification and deformation twins. The detwinning
during plastic straining is more evident at higher deformation temperatures. Nucleation of voids at

GBs were also observed due to the emission of dislocation loops from the GBs.

The effect of tensile testing temperature and SR was taken into account in analyzing the
mechanical properties of solidified samples. The Young’s modulus, yield strength, and ultimate
tensile strength reduced by increasing the deformation temperature. However, the effect of SR is
opposite, and the Young’s modulus and ultimate tensile strength increased by increasing the SR
of deformation. The uniaxial tensile strength of single crystal Al was determined to be almost twice
as that of the polycrystalline Al, but single crystal Al is brittle in nature whereas the polycrystalline
Al can be plastically deformed considerably. Lower quench rates and higher isothermal
solidification temperatures created larger grains during solidification, and samples with larger
grains showed higher yield strength and Young’s modulus, and this is an indication of an Inverse
Hall-Petch relationship. In the literature, there are several studies predicted the inverse Hall Petch

for metals with average grain sizes less than 10 nm which is consistence with our predications.

Overall the polycrystalline model prepared by spontaneous solidification can reproduce the
similar mechanical behavior of Al (i.e., dependency on temperature, SR effects, etc.) expected
from experimental or other simulation studies. This also indicates that with larger computational
resources the studies of polycrystalline Al and its alloys can be extended to microstructural level

comparable to experimentally available data.
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